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Introduction

Malignant melanoma with gastric metastasis is extremely rare. We report a case of gastric metastasis caused by malignant melanoma of the lower limb.





Case presentation

A 60-year-old woman was hospitalized for left plantar pain. The patient found a black maculopapular eruption on the left sole of her left foot, which caused pain when pressed, and the pain was aggravated by walking, so she went to our hospital for treatment. On the second day of admission, the lesion of the left foot was removed under local anesthesia, and the removed tissue was sent for pathological examination. Combined with immunohistochemistry, it was consistent with malignant melanoma. During hospitalization, the patient developed abdominal pain and asked for gastroscopy. Gastroscopy revealed two 0.5 cm × 0.6 cm spots that can be seen arising from the stomach mucosa which were slightly swollen, slightly black in the center, and without erosion, and no abnormality was found in the other parts. At the same time, a biopsy was taken under a gastroscope and pathology suggests malignant melanoma. The patient could not undergo subsequent treatment due to cost. The patient was followed up until February 2022 and was within the survival period.





Conclusion

Malignant melanoma gastric metastasis is extremely rare. When a patient has a previous history of melanoma surgery, this needs to be considered when gastrointestinal symptoms are present, and regular endoscopic screening is recommended. Early surgical treatment and postoperative chemotherapy or combined targeted therapy may improve the prognosis of patients.
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Introduction

Malignant melanoma (MM) is a common malignant tumor in the limbs, which is highly invasive, often occurs as metastatic cancer, and has a very poor prognosis (1). A study shows that the overall survival rate at 2 years was only 4% (2). The common metastatic sites of MM are the inguinal, lungs, liver, and brain, which can also metastasize to the gastrointestinal tract (3). The small intestine is the common metastatic site of MM in the gastrointestinal tract, and metastasis to the stomach is rare (4). Gastrointestinal metastases often delay the diagnosis due to the lack of specific symptoms and signs, and most MM transferred to the stomach is detected at autopsy (5). Reggiani et al. (2) found that 56% of MM had gastrointestinal metastasis, so gastrointestinal metastasis of MM needs great attention. We present this 60-year-old woman with MM to remind us that we need to pay attention to MM with gastric metastasis in clinical work and reduce unnecessary medical disputes.





Case presentation

A 60-year-old woman was admitted to our hospital with left plantar pain. The patient found a black maculopapular rash on the left foot with pressing pain, and the pain was aggravated by walking, so she was hospitalized for further treatment. On physical examination, the visible size of the black tumor on the left plantar was approximately 2 × 1 cm, with an outward expansive growth and tough texture, which cannot be pushed and does not touch the blood vessel (Figure 1). Based on the patient’s medical history, she was previously healthy.




Figure 1 | The visible size of the black tumor on the left plantar was approximately 2 × 1 cm.



Because the patient has a strong desire to undergo operation, on the second day after admission, the lesion of the left foot was removed under local anesthesia, and the removed tissue was sent for pathological examination. The pathological findings showed that there were nests of abnormal cells in the epidermis and subcutaneous tissue, accompanied by pigmentation. The results of immunohistochemistry were as follows: PCK (−), HMB45 (+), S-100 (+), P53 (+), Ki-67 (+), CyclinD1 (+), Bcl-2 (+), and P16 (+). Combined with immunohistochemistry, it was consistent with MM. During hospitalization, the patient developed abdominal pain and asked for gastroscopy. Gastroscopy revealed two 0.5 cm × 0.6 cm spots that can be seen arising from the stomach mucosa which were slightly swollen, slightly black in the center, and without erosion, and no abnormality was found in the other parts (Figure 2). At the same time, a biopsy was taken under a gastroscope. Pathology suggests MM (Figure 3). Abdominal enhanced computed tomography (CT) indicates space-occupying lesions in the gastric body, and malignant tumors were considered (Figure 4). No obvious abnormality was found on chest CT. Due to cost, the patient refused further treatment and was discharged automatically. The patient was followed up until February 2022 and she was well until that period of time.




Figure 2 | Gastroscopy revealed two 0.5 cm × 0.6 cm spots that can be seen arising from the stomach mucosa which were slightly swollen and slightly black in the center.






Figure 3 | The pathological findings showed that there were nests of abnormal cells, accompanied by pigmentation (H&E, ×10).






Figure 4 | Location of the stomach tumor in abdominal enhanced CT. (A) Plain scan; (B) arterial phase; (C) venous phase.







Discussion

MM is clinically a common malignancy originating from the skin and mucosal tissues and is highly malignant (6). Although the incidence rate of melanoma in China is lower than that in Europe and the United States, it has shown a rapid growth trend in recent years (7). MM has the characteristics of high malignancy, high mortality, poor prognosis, and being prone to distant metastasis. It was reported in the literature that the 2-year survival rate of advanced metastatic malignant melanoma was 15%, the 5-year survival rate was 5%, and the median survival time was only 7.5 months (8). Malignant melanoma mostly occurs in the head and neck, accounting for approximately 50%, and in the gastrointestinal tract and urinary tract each accounting for approximately 25% (9). Melanoma metastasis in the gastrointestinal tract was more common in the small intestine (50%), colon (31.3%), and rectum (25%) and rarely in the stomach (10).

Generally, patients with metastatic MM of the stomach have atypical clinical symptoms (11), including abdominal distension, acid reflux, and other symptoms, as well as complications such as bleeding and perforation (12). They are easy to be confused with various benign and malignant diseases of the digestive tract, resulting in missed diagnosis and misdiagnosis and missing the best treatment period (13). Therefore, if the patient has a history of surgical resection of “melanoma” in the past, finds black tumors in the skin and mucosa during physical examination, and is hospitalized due to digestive system symptoms, MM should be highly suspected.

From the perspective of pathological diagnosis, the diagnosis of gastric metastatic MM is extremely rare clinically, and it has various pathological microscopic manifestations, which are really challenging (14). For microscopic diffuse heteroid cells, in addition to the primary poorly differentiated gastrointestinal carcinoma, we should consider small cell carcinoma, neuroendocrine carcinoma, lymphoma, rare myeloid cell sarcoma, and MM (15). Immunohistochemical examination was helpful for differentiation; for example, the diagnostic specificity and sensitivity of the immunohistochemical index HMB45 for malignant melanoma were 100% and 93%, and the S-100 protein has a strong response to oligopigmented or amelanotic malignant melanoma (16).

In patients with malignant melanoma, patients with metastasis are often in the late stage of the tumor, and the median survival time of patients with metastasis or recurrence is less than 10 months (17). At present, the preferred treatment for melanoma is still surgical resection of all primary lesions and resectable metastases. The study of Ollila et al. (18) found that gastrointestinal metastatic malignant melanoma has a median survival period ranging from 5.4 to 48.9 months after undergoing surgery. High-dose and high-risk patients can be simultaneously assisted in high-dose interferon α-2b (19). It is generally believed that melanoma is not very sensitive to radiotherapy, but it is still a special treatment method in some special cases, which is mainly used for lymph node dissection and postoperative complementary treatment of some head and neck melanoma (especially at the nasal cavity) (20). For MM and metastatic MM that cannot be surgically removed, chemotherapy and targeted treatment can be selected. In recent years, due to the in-depth study of oncogenes and signaling pathways in the pathogenesis and development of melanoma, targeted therapy has become a hot spot, with targeted drugs for genes and signaling pathways, such as BRAF, MEK, and ERK inhibitors (21). The literature shows that regardless of BRAF/NRAS status, small molecule mitochondrial uncoupling agents such as SR4 and niclosamide may become the first-line drugs for the treatment of melanoma and can also be used as adjuvant therapy for patients with failed MAPK inhibitors. In addition, there is also literature indicating that melatonin can serve as one of the drugs to improve the prognosis of melanoma (22).





Conclusion

MM gastric metastasis is extremely rare. When MM is considered for diagnosis, endoscopic screening should be recommended. Early surgical treatment, postoperative chemotherapy, or combined targeted therapy may improve the prognosis of patients with MM.
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The present study was to explore the association between lipoprotein(a) [Lp(a)] and colorectal cancer (CRC) among inpatients. This study included 2822 participants (393 cases vs. 2429 controls) between April 2015 and June 2022. Logistic regression models, smooth curve fitting, and sensitivity analyses were performed to investigate the relationship between Lp(a) and CRC. Compared with the lower Lp(a) quantile 1 (<79.6 mg/L), the adjusted odds ratios (ORs) in quantile 2 (79.6-145.0 mg/L), quantile 3 (146.0-299.0 mg/L), and quantile 4 (≥300.0 mg/L) were 1.41 (95% confidence interval [CI]: 0.95–2.09), 1.54 (95% CI: 1.04–2.27), 1.84 (95% CI: 1.25–2.7), respectively. A linear relationship between lipoprotein(a) and CRC was observed. The finding that Lp(a) has a positive association with CRC supports the “common soil” hypothesis of cardiovascular disease (CVD) and CRC.
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1 Introduction

CRC is the third most prevalent and second most fatal cancer worldwide, responsible for approximately one in ten cancer cases and deaths in 2020, and is a significant burden on health systems (1). Current evidence supports the so-called “common soil” hypothesis in the pathogenesis of CVD and CRC (2–7), implying that the two conditions share several pathophysiological mechanisms and risk factors. Due to the thrombogenic and atherogenic properties of Lp(a) (8, 9), a prospective cohort study has shown that a high Lp(a) level is a risk factor for CVD. Therefore, we proposed the hypothesis that Lp(a) may be associated with CRC.

Lp(a) is made up of a low-density lipoprotein (LDL) core, which is produced by the liver, and an apolipoprotein B-100 molecule, which is covalently bonded to apolipoprotein(a) [Apo(a)] (10). The Lp(a) level is genetically determined, only slightly influenced by age, gender, and environmental factors, and is stable in healthy (11, 12). Recently, the role of Lp(a) in tumors has attracted increasing attention due to its potential role in tumor angiogenesis, which is a key step in tumor expansion and metastasis (13–18). However, experimental studies have also reported anti-angiogenic and anti-tumor effects (14, 19, 20).

The association between Lp(a) and CVD is well documented (21–25), while the relationship between Lp(a) and cancers (including breast, lung, prostate, colorectal, and liver cancers) has been reported (26–30), but is sparse and controversial. Furthermore, the relationship between lipoprotein(a) and CRC has not been reported in the study with a large sample size.

Given the unclear relationship between Lp(a) and CRC, we conducted the present study based on clinical data from a tertiary hospital in northern China, to explore the association between Lp(a) and CRC.



2 Materials and methods

All consecutive inpatients who underwent colonoscopies were included between April 2015 and June 2022. Each patient was included only once. Subjects with CRC (initial diagnosis) or normal colonoscopy were considered cases or controls, respectively. The detailed inclusion and exclusion criteria are shown in Figure 1. Finally, 2822 individuals (393 individuals with CRC vs. 2429 controls) were enrolled.




Figure 1 | Flowchart of participants.



Several potential covariates were extracted from the laboratory information system (LIS) and hospital information system (HIS) at Shijiazhuang Traditional Chinese Medicine Hospital, including demography, co-morbidities, and laboratory data. Details are shown in Table 1. Classification of marital, drinking, and smoking statuses were described in our previous study, as well as liver disease (31). Laboratory indicators were extracted from the first test results during hospitalization.


Table 1 | Baseline characteristics of participants.



Continuous data were presented as mean ± standard deviation or median (Q1–Q3) values. The Mann-Whitney U test or Student’s t test for continuous variables and the chi-squared test for categorical variables were performed.

The effect of Lp(a) on CRC was investigated using logistic regression models. To further evaluate the impact of Lp(a), the Lp(a) level (mg/L) was divided into quartiles: Q1 (<79.6), Q2 (79.6-145.0), Q3 (146.0-299.0), and Q4 (≥300.0). We constructed three models: (1) crude model; (2) adjusted for gender and age; and (3) adjusted for gender, age, weight, drinking status, smoking status, marital status, family history of CRC, albumin (ALB), alanine aminotransferase (ALT), β2-microglobulin (β2-MG), high-density lipoprotein (HDL), total cholesterol (TC), hypertension, and diabetes mellitus (DM). These potential confounders were selected based on previous studies or a change in effect estimate of more than 10%. Stratified binary logistic regression model and testing for interactions were used to analyze subgroups. Smooth curve fitting and propensity score matching (PSM) were performed to investigate the association between Lp(a) and CRC. Participants were matched for a fully model using a one-to-one nearest neighbor technique with a calliper width of 0.2. Furthermore, sensitivity analysis was conducted using all complete cases. Based on 5 replications and a chained equation approach method in the R mice procedure, multiple imputations were used to minimize bias and maximize statistical power that might occur to account for missing data.

Data analyses were performed with the statistical software packages R 3.3.2 (http://www.R-project.org, The R Foundation) and Free Statistics software version 1.7.1. P<0.05 was considered statistically significant (two-tailed).



3 Results



3.1 Baseline characteristics

The present study enrolled 503 individuals with CRC and 3503 controls. 1189 individuals were excluded owing to incomplete medical records (n=5), substandard bowel preparation (n=55), colonoscopy note reaching the cecum (n=89), missing data (n=853), age<18 (n=14), high-risk or proven other malignancy (n=173). Consequently, 2822 individuals were included in this study (case: control = 393: 2429). The flowchart is shown (Figure 1).

The detailed characteristics are available in Table 1. Some significant differences were shown in some variables, including age, sex, smoking status, Lp(a), HDL, TC, apolipoprotein A1 (Apo A1), total protein (TP), ALB, ALT, alkaline phosphatase (ALP), aspartate aminotransferase (AST), cholinesterase (ChE), creatinine (CREA), urea, glucose (GLU), total bilirubin (TBIL), direct bilirubin (DBIL), β2-MG, total bile acid (TBA), hypertension, hyperlipidemia (HLP), liver disease, and DM.



3.2 Relationship between Lp(a) and CRC

Multivariable logistic regression analyses were performed to assess the associations between Lp(a) and CRC (Table 2). When Lp(a) was a continuous variable, in Model 1 adjusted for gender and age, Lp(a) was positively related to CRC (Lp(a) per 100 mg/L, OR: 1.1, 95% CI: 1.05–1.15, P<0.001). Even after adjusting for more potential covariates (Model 2-3), the association remained stable (Lp(a) per 100 mg/L; Model 2: OR, 1.11 95% CI, 1.06–1.16, P<0.001; Model 3: OR, 1.08, 95% CI, 1.03–1.13, P=0.002). Overall, in all models (Crude model and Model 1-3), the risk of advanced colorectal adenomas increased as the level of Lp(a) increased.


Table 2 | Multivariable logistic regression models of lipoprotein(a) and colorectal cancer.



When Lp(a) was analyzed in terms of quartiles, there was a positive association between Lp(a) and CRC. Compared with the lower Lp(a) Q1 (<79.6 mg/L), the adjusted ORs in Q2 (79.6-145.0 mg/L), Q3 (146.0-299.0 mg/L), and Q4 (≥300.0 mg/L) were 1.41 (95% CI: 0.95–2.09), 1.54 (95% CI: 1.04–2.27), 1.84 (95% CI: 1.25–2.7), respectively (Table 2). Furthermore, we observed a linear relationship between Lp(a) and CRC among inpatients after adjusting for several covariates (Figure 2, only 99% of the data is shown).




Figure 2 | Linear relationship between lipoprotein(a) and colorectal cancer among inpatients. Adjustment factors included gender, age, weight, marital status, drinking status, smoking status, family history of CRC, albumin, alanine aminotransferase, β2-microglobulin, high-density lipoprotein, total cholesterol, hypertension, and diabetes mellitus. Only 99% of the data is shown.





3.3 Sensitivity analysis

Stratified analyses were conducted to investigate potential effects on the association between Lp(a) and CRC. No significant interactions were presented after stratifying by sex, age (<65 years and ≥65 years), drinking status, ischemic cerebrovascular disease, hypertension, liver disease, HLP, coronary heart disease (CHD), and DM (Figure 3). Given multiple testing, the P value of < 0.05 for the interaction in hypertension and DM subgroups may not be statistically significant. There remained 2604 participants after excluding those with missing data, and the relationship between Lp(a) and CRC remained stable in the sensitivity analysis (Supplementary Table 1). Furthermore, propensity score matching analysis was performed in this study (Supplementary Tables 2, 3) and indicated the relationship between Lp(a) and CRC remained stable.




Figure 3 | Subgroup analysis of the lipoprotein(a) and colorectal cancer among inpatients. Each stratification factor was adjusted for gender, age, weight, marital status, drinking status, smoking status, family history of CRC, albumin, alanine aminotransferase, β2-microglobulin, high-density lipoprotein, total cholesterol, hypertension, and diabetes mellitus. CHD, coronary heart disease; HLP, hyperlipidemia; DM, diabetes mellitus; NA, not recorded.






4 Discussion

This study demonstrated the positive relationship between Lp(a) and CRC. Both subgroup and sensitivity analyses indicated that the relationship remained robust.

There is no doubt that lipid parameters are related to CVD (32–34). Recently, the relationship between Lp(a) and tumors has received much attention. Current studies have shown that Lp(a) was related to certain tumors. Several studies have reported higher levels of Apo(a) or Lp(a) in patients with breast, lung, and prostate cancers [21-23]. While patients with liver cancer had relatively low levels of Lp(a) [24], the reason considered is that the liver being the main site of Apo(a) synthesis, liver cancer affects the expression of Apo(a) protein and consequently the synthesis of Lp(a).

Only one prospective study investigated the relationship between Lp(a) and CRC (n=58), it appeared that the highest levels of Lp(a) had the highest risk of CRC, although there was no significant difference; however, this could not be interpreted as a linear or quadratic relationship (28). In contrast, this present study, which included a larger sample size and adjusted for more covariates, found a linear relationship between Lp(a) and CRC. This may be because they analyzed all cancer sites, in which the effect of type-specific or site-specific cancers may be diluted. To our knowledge, this study is the first study with a larger sample size that found a positive association of Lp(a) with CRC.

The potential mechanisms underlying the association between high Lp(a) and CRC are unclear and require further study. One explanation is that high Lp(a) is more likely to induce the formation of fibrin networks and thrombi, promoting cancer cell adhesion, invasion, and metastasis. This is due to the structural similarity of Lp(a) to fibrinogen and tissue fibrinogen activator and the fact that it competes with fibrinogen for its binding site, leading to reduced fibrinolysis. Another explanation is quite different, as some animal studies have found that the proteolytic breakdown products of Lp(a) have anti-tumor properties both in vivo and in vitro (27, 29, 30). Considering the anti-tumor effects of Lp(a), we suggest that a high Lp(a) level may be a compensatory response to systemic chronic inflammation caused by aggressive and invasive tumors. Insight into the role of Lp(a) in cancer may shed light on strategies to prevent metastasis (27).

Our findings contribute further data to the common risk factors of CVD and CRC. Studies have shown that lowering Lp(a) levels reduces cardiovascular risk (35–37). We speculate that lowering Lp(a) may reduce the risk of CRC. Current research suggests that several therapies that may reduce cardiovascular risks, such as lifestyle modifications, aspirin, statins, fibrates, and ezetimibe drugs, have little effect on Lp(a) (38, 39). Recent studies have found that the therapeutic agents available to reduce Lp(a) levels are lipoprotein apheresis, small interfering RNA agents, antisense oligonucleotides, and PCSK9 inhibitors (35–37, 40, 41). However, more effects and cardiovascular benefits need to be further investigated.

The study had some limitations. First, missing data is common in observational studies. However, sensitivity analyses indicated that the results were stable. Second, repeated measurements of Lp(a) were lacking in this study and may not be representative of the relationship between long-term levels of Lp(a) and CRC. Third, confounding by unknown or unmeasured factors cannot be completely ruled out despite logistic regression and sensitivity analyses. Finally, these findings were based on clinical data from a tertiary hospital in northern China and require a multi-center study.



5 Conclusion

There was a positive relationship between Lp(a) and CRC among inpatients in China. This finding contributes further data to the common risk factors of CVD and CRC and may provide new ideas for the screening or diagnosis of CRC.
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Background

Given the key role of integrins in maintaining intestinal homeostasis, anti-integrin biologics in inflammatory bowel disease (IBD) are being investigated in full swing. However, the unsatisfactory efficacy and safety of current anti-integrin biologics in clinical trials limit their widespread use in clinic. Therefore, it is particularly important to find a target that is highly and specifically expressed in the intestinal epithelium of patients with IBD.





Methods

The function of integrin αvβ6 in IBD and colitis-associated carcinoma (CAC) with the underlying mechanisms has been less studied. In the present study, we detected the level of integrin β6 within inflammation including colitis tissues in human and mouse. To investigate the role of integrin β6 in IBD and CAC, integrin β6 deficient mice were hence generated based on the construction of colitis and CAC model.





Results

We noted that integrin β6 was significantly upregulated in inflammatory epithelium of patients with IBD. Integrin β6 deletion not only reduced infiltration of pro-inflammatory cytokines, but also attenuated disruption of tight junctions between colonic epithelial cells. Meanwhile, lack of integrin β6 affected macrophage infiltration in mice with colitis. This study further revealed that lack of integrin β6 could inhibit tumorigenesis and tumor progression in CAC model by influencing macrophage polarization, which was also involved in attenuating the degree of intestinal symptoms and inflammatory responses in mice suffering from colitis.





Conclusions

The present research provides a potentially new perspective and option for the treatment of IBD and CAC.





Keywords: integrin αvβ6, inflammatory bowel disease, colitis-associated carcinoma, macrophage polarization, dextran sodium sulfate




1 Introduction

Inflammatory bowel disease (IBD) is a group of immunity-mediated chronic recurrent inflammatory diseases of the gastrointestinal tract. Patients with IBD mainly present with symptoms such as abdominal pain, diarrhea, blood in the stool and weight loss (1). Although the etiology of IBD remains obscure, innate genetic susceptibility and external environment aspects are thought to contribute to immune dysregulation, disruption of the intestinal barrier and loss of tolerance to intestinal commensal bacteria (2). Long-term recurrent chronic inflammation can trigger oncogenic injury of colonic epithelial cells, leading to tumor initiation and development. Patients suffering from IBD, mainly including Crohn’s disease (CD) and ulcerative colitis (UC), have an increased risk of colitis-associated carcinoma (CAC) (3). CD resulted in an 8% increase in the cumulative risk of developing CAC after 30 years of disease, while UC increased the risk by 18-20% (4). As the worldwide incidence continues to rise, IBD poses a huge health and economic burden on society.

Current pharmacological management of IBD is primarily based on the use of corticosteroids, 5-aminosalicylates and biologic agents aimed at relieving intestinal inflammation and controlling clinical symptoms. Despite of the wide range of available drugs, there is still a high percentage of patients demonstrating initial no-response, loss of response, relapse or adverse reactions, thus requiring extra therapeutic solutions (5). The therapeutic difficulty and carcinogenic risk of IBD render it particularly significant to identify novel potential targets.

Integrins are heterodimeric glycoproteins that span membranes and occupy a pivotal position among receptors engaged in cell adhesion. By binding to the extracellular matrix (ECM), integrins trigger intracellular signaling that regulates a wide variety of cellular behaviors including survival, proliferation, migration, tissue invasion, intrinsic immunity and diverse cell destiny transitions (6). Integrins are composed of α and β subunits through non-covalent binding. There are 18 α subunits and 8 β subunits in mammalian cells, giving rise to 24 different receptor isoforms, each with specific recognition ligands and unique tissue distributions (7). Integrin β6 can only form heterodimeric receptor complex with integrin αv subunit, therefore the expression of integrin αvβ6 is determined by the gene ITGB6 encoding integrin β6, which is expressed only in epithelial cells (8).

Although upregulation of integrin αvβ6 has been shown to occur during development, wound healing, fibrosis and tumorigenesis, all of which require tissue remodeling (9), the role of integrin αvβ6 in IBD and CAC has been rarely studied. In the present study we examined the level of integrin β6 in inflammation including colitis tissues. Integrin β6 deficient (ITGB6-knockout) and wild-type (WT) mice were subsequently used to construct dextran sodium sulfate (DSS)-induced acute colitis mouse model and azoxymethane (AOM)/DSS-induced CAC mouse model to explore the role of integrin β6 in IBD and CAC. This study confirmed that integrin β6 deletion affected macrophage infiltration and polarization, thereby attenuating the degree of intestinal inflammatory response and symptoms, and inhibiting tumorigenesis and tumor progression. Our study provides a new strategy and perspective on the therapeutic aspects of IBD and CAC.




2 Materials and methods



2.1 Immunohistochemistry (IHC)

Paraffin-embedded sections of formalin-fixed tissue specimens were degreased with xylene and rehydrated using a gradient series of alcohols. Heat-induced antigen retrieval was performed after blocking with PBS containing 10% fetal bovine serum. The sections were then treated by incubation with primary and secondary antibodies. Immunohistochemical staining was performed with 3,3’-diaminobenzidine. Primary antibodies were as follows: anti-integrin αvβ6 antibody (Cell Signaling Technology or Millipore Sigma), anti-IL-6 antibody (Abcam), anti-IL-1β antibody (Abcam), anti-TNF-α antibody (Abcam), anti-COX-2 antibody (Abcam) and anti-Ki-67 antibody (Abcam). For the assessment of immunostaining, the immunoreactivity score was determined by multiplying the percentage of positively stained cells and the staining intensity (ranging from 0 to 12). The percentage of positivity was ranked as follows: 0, 0%; 1, 1-10%; 2, 11-50%; 3, 51-75%; 4, >75%. Staining intensity was graded as follows: 0, none; 1, weak; 2, moderate; 3, strong.




2.2 Quantitative real-time PCR (qPCR)

Total RNA was isolated from human and mouse colon tissue to be tested using TRIzol reagent (Invitrogen) following the manufacturer’s instructions. After quantification, total RNA was reverse transcribed to cDNA using the PrimeScript RT kit (Takara). qPCR was performed using Thunderbird SYBR Master Mix (Takara) according to the manufacturer’s instructions. The following primers were used: ITGB6, forward 5′- ATGGGGATTGAGCTGGTCTG-3′ and reverse 5′- GACAGGTGGGTGAAATTCTCC-3′; GAPDH, forward 5′- AGGTCGGTGTGAACGGATTTG -3′ and reverse 5′- GGGGTCGTTGATGGCAACA -3′. GAPDH was used as an internal reference. The 2-ΔΔCt method was used and statistical analysis was performed using the Student’s t-test.




2.3 Experimental mice

ITGB6-knockout (β6-KO) and Wild-type (WT) mice were generated and purchased from the Model Animal Research Center of Nanjing University. All the 8-10 weeks old male mice used in the experiments were reared under specific pathogen-free conditions. The above experiments were approved by the Ethics Committee of The First Affiliated Hospital of Xi’an Jiaotong University.




2.4 Mouse model of DSS-induced colitis

Acute colitis was induced in WT and ITGB6-KO mice by feeding drinking water dissolved with a concentration of 2.5% DSS (MP Biomedicals) for 7 days. Body weight, fecal concentration and rectal bleeding were recorded once a day which constitute the disease activity index (DAI) (10). The DAI score was obtained by summing the scores for weight loss, fecal concentration and degree of blood in the stool (range 0-12). On day 7, the length of colon was measured.




2.5 Histological assessment

For histological analysis, the inflamed colon was dissected and fixated in formalin solution, which was then paraffin-embedded and sliced into 4 μm-thick slices. Finally, the slices were stained using hematoxylin-eosin (HE) staining kit and alcian blue periodic acid schiff (AB-PAS) staining kit (Abcam). The severity of inflammation was assessed using histology scores as described before (11).




2.6 ELISA assay for pro-inflammatory cytokines

To detect the level of pro-inflammatory cytokines (IL-6, TNF-α and IL-1β) in mouse colon tissues, the collected tissue specimens were rinsed in ice-cold saline to remove blood and then grinded into 10% tissue homogenates, which were centrifuged at 3000 rpm at 4°C for 15 min. The supernatant was collected and detected by ELISA according to the instructions using an MCYTOMAG-70K Kit (Merck).




2.7 Immunofluorescence assay

Frozen sections of mice colon tissues were first fixed in acetone and permeabilized, and then blocked with 5% normal goat serum at room temperature for 1 h before incubating with primary antibody followed by secondary antibody. Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI) working solution. The fluorescent staining of colonic tissue was observed using a fluorescent microscope (Nikon) and images were obtained using Case Viewer software (version 2.3, 3D Histech). The average intensity of immunofluorescence staining was analyzed semi-quantitatively using ImageJ software. The primary antibodies were used as follows: anti-ZO-1 antibody (SantaCruz Biotechnology), anti-occludin antibody (SantaCruz Biotechnology), anti-F4/80 antibody (Cell Signaling Technology), anti-CD86 antibody (Cell Signaling Technology), anti-CD206 antibody (Cell Signaling Technology) and anti-integrin β6 antibody (Cell Signaling Technology).




2.8 Mouse model of CAC

Both ITGB6-KO mice and wild-type mice were injected intraperitoneally with 10 mg/kg AOM (MedChemExpres) once on day 1. After that, the mice were given normal drinking water for one week, followed by 2.5% DSS drinking water for one week, and then replaced with normal drinking water for two weeks as one cycle. After 3 consecutive cycles, on day 100 after AOM injection, the colon specimens were obtained for subsequent analysis.




2.9 Statistical analysis

Statistical analysis was performed and plotted using GraphPad Prism 7 software. Differences between the two groups were compared using a two-tailed Student’s t-test or Mann-Whitney U test analysis. Other data were analyzed using one-way ANOVA followed by Tukey’s test. P < 0.05 indicated statistical significance.





3 Results



3.1 Integrin β6 was upregulated in inflammatory tissues of IBD and associated with disease activity

To investigate the relationship between integrin β6 expression and IBD, we firstly examined the expression of integrin β6 in the inflamed colon of patients with IBD versus normal colon tissues through immunohistochemistry (IHC). Integrin β6 is barely detected in normal colonic epithelium but became overexpressed in IBD tissues (Figures 1A, B). Moreover, the expression of integrin β6 was higher in the colonic epithelium of patients with active IBD than those at remission phase (Figures 1C, D). Accordingly, qPCR assay also confirmed the increased mRNA level of integrin β6 in affected colonic epithelium of patients with IBD, especially at active phase (Figures 1E, F). Likewise, mRNA expression of integrin β6 became significantly elevated in DSS-induced colitis mouse model (Figure 1G), indicating that integrin β6 became upregulated in IBD and was associated with disease severity.




Figure 1 | Integrin β6 expression became elevated in IBD and was associated with inflammation severity. (A) Representative IHC staining of integrin β6 and (B) analysis of IHC score in normal and inflamed colonic tissues obtained from patients with IBD. (C) Representative IHC staining of integrin β6 and (D) analysis of IHC score in affected colonic tissues at active or remission phase from patients with IBD. (E) The mRNA level of integrin β6 in affected colonic tissue obtained from patients with IBD and matched normal colonic tissue. (F) The mRNA level of integrin β6 in affected colonic tissues from patients with IBD at active and remission phase. (G) The mRNA level of integrin β6 in affected colonic tissues of mice with DSS-induced colitis and matched adjacent normal intestinal tissues. Data represented the means ± SEM, *p < 0.05, **p < 0.01. Scale bar, 100 μm. n = 3 independent experiments.






3.2 Integrin β6 became upregulated during inflammation process

To verify the relationship between integrin β6 and inflammation, we further examined human gastritis, pancreatitis and pneumonia tissue specimens with corresponding normal tissues, respectively. It was found that integrin β6 expression was significantly elevated in gastritis (Figures 2A, B), pancreatitis (Figures 2C, D) and pneumonitis (Figures 2E, F). These findings suggested that the upregulation of integrin β6 was closely related to inflammation.




Figure 2 | The expression of integrin β6 was increased in human gastritis, pancreatitis and pneumonitis tissues. (A) Representative IHC staining of integrin β6 and (B) analysis of IHC score in affected gastric mucosal tissue and matched normal gastric mucosa. (C) Representative IHC staining of integrin β6 and (D) analysis of IHC score in affected pancreatic tissue and matched normal pancreatic tissue. (E) Representative IHC staining of integrin β6 and (F) analysis of IHC score in affected pneumonia tissues and matched normal lung tissue. Data represented the means ± SEM, **p < 0.01. Scale bar, 100 μm.






3.3 Integrin β6 deficient mice were resistant to DSS-induced colitis

In order to investigate the role of integrin β6 in IBD, ITGB6-knockout (β6-KO) and wild-type (WT) mice model of acute colitis was constructed by the presence of 2.5% DSS solution. On day 7 after DSS administration, the body weights of β6-KO mice were heavier, with a lower disease activity index (DAI), than those of WT mice (Figures 3A, B). Meanwhile, there was a remarkable increase of colon length in β6-KO mice (Figures 3C, D). Expectedly, the histology score of β6-KO mice was lower than WT mice (Figure 3E). In addition, the pathological evaluation by HE and AB-PAS staining of colitis tissues consistently revealed that β6-KO mice demonstrated milder mucosal damage than WT mice (Figure 3F), suggesting lack of integrin β6 attenuated the susceptibility of mice to DSS-induced acute colitis.




Figure 3 | ITGB6 knockout attenuated the susceptibility of mice to DSS-induced acute colitis. (A-F) WT and integrin β6-KO mice were treated in the presence or absence of 2.5% DSS for 7 days, and main symptoms of IBD were evaluated. (A) Body weight change; (B) DAI score; (C) Representative colon images and (D) quantitative measurement of colon length; (E) Histological score of disease activity; and (F) Representative images of HE staining and AB-PAS staining of colonic mucosa. Data represented the means ± SEM, *p < 0.05. Scale bar, 50 μm.






3.4 Integrin β6 deletion attenuated pro-inflammatory cytokine levels in colitis tissues of mice

Various pro-inflammatory cytokines released by macrophages act as critical regulators of the intestinal inflammatory response in IBD (12). To evaluate the effect of integrin β6 on pro-inflammatory cytokines, ELISA assay was performed on colonic tissues from β6-KO and WT mice after DSS treatment. The levels of IL-1β, TNF-α and IL-6 in the colitis tissues of β6-KO mice were lower than those of WT mice (Figures 4A–C). Consistently, IHC staining also confirmed the downregulated expression of IL-1β, IL-6, TNF-α and COX-2 in colitis model of β6-KO mice (Figure 4D). These findings implied that lack of integrin β6 could attenuate DSS-induced colitis by suppressing tissue infiltration of pro-inflammatory cytokines.




Figure 4 | ITGB6 knockout suppressed the levels of released pro-inflammatory cytokines in colonic tissues of DSS-induced colitis. (A) IL-1β, (B) IL-6 and (C) TNF-α were detected by ELISA assay in the colonic tissues from β6-KO and WT mice in the presence or absence of DSS. (D) Representative images of IHC staining of IL-1β, IL-6, TNF-α and COX-2 in the colonic tissues from β6-KO and WT mice in the presence or absence of DSS. Data represented the means ± SEM, *p < 0.05. Scale bar, 100 μm.






3.5 Loss of integrin β6 attenuated the disruption of tight junctions between colonic epithelial cells in DSS-induced colitis

The basic function of the bowel epithelium is to maintain the structural and functional integrity of the intestinal barrier and to prevent injury to intestinal tissues. One of the typical histopathological features of patients with IBD is the disruption of intestinal barrier. Previous studies have shown that reduced expression and abnormal distribution of tight junction (TJ) proteins contributed to disruption of intestinal barrier function, as observed in patients with active CD and UC (13). Zonula occludens-1 (ZO-1) and occludin are two major TJ proteins, which were hence detected in colonic tissues by immunofluorescence staining. While there was no basic difference regarding the expression of ZO-1 and occludin in the untreated β6-KO and WT mice, loss of integrin β6 could rescue the depressed expression of ZO-1 and occludin in DSS-induced colitis (Figures 5A–C). These findings suggested that deletion of integrin β6 elevated the expression of ZO-1 and occludin in colonic tissues, thus attenuating the disruption of colonic epithelial barrier function in DSS-induced colitis.




Figure 5 | ITGB6 knockout attenuated the disruption of tight junctions between colonic epithelial cells in DSS-induced colitis. (A) Representative images of immunofluorescence staining showing the expression of ZO-1 and occludin in colonic mucosa of WT and β6-KO mice in the presence or absence of DSS treatment. (B, C) Analysis of the expression levels of (B) ZO-1 and (C) occludin in the colonic mucosa of β6-KO and WT mice by immunofluorescence intensity. Data represented the means ± SEM, *p < 0.05. Scale bar, 50 μm. Representative images of IHC staining of IL-1β, IL-6, TNF-α and COX-2 in the colonic tissues from β6-KO and WT mice in the presence or absence of DSS. Data represented the means ± SEM, *p < 0.05. Scale bar, 50 μm.






3.6 Integrin β6 deletion altered macrophage polarization in DSS-induced acute colitis

Prior researches have revealed that dysregulation of intestinal macrophages is involved in the inflammation of IBD. Extensive infiltrating macrophages and cytokines that promote inflammation are uncovered in affected intestinal tissues of patients suffering from colitis. Macrophages, regulated by the microenvironment, are known to be classified into M1 and M2 phenotype according to their function and level of inflammatory cytokine secretion. M1 phenotype macrophages mainly promote the development of inflammation, sterilization and phagocytosis, while M2 phenotype macrophages promote wound healing and tissue repair in a manner of anti-inflammation (14). We here carried out immunofluorescence staining with F4/80 as the marker of macrophages, CD86 as the marker of M1 phenotype, and CD206 as the marker of M2 phenotype to evaluate the effect of integrin β6 deletion on macrophage infiltration and polarization in colitis tissues. There was a large number of macrophages infiltrating the colonic tissue of DSS-induced acute colitis, with the M1 phenotype being predominant (Figure 6A). Integrin β6 deletion could remarkably promote the polarization of macrophages into M2 phenotype macrophages, with no effect on the total number of macrophages (Figures 6A–D), indicating that lack of integrin β6 could attenuate the inflammation of colitis by promoting macrophage polarization to anti-inflammatory M2 phenotype rather than pro-inflammatory M1 phenotype.




Figure 6 | ITGB6 knockout altered the macrophage polarization in colonic tissue of DSS-induced colitis. (A) Immunofluorescence staining images showing the expression of F4/80, CD86 and CD206 in colonic mucosa of WT and β6-KO mice in the presence or absence of DSS treatment. (B–D) Quantitative analysis of the number of positively stained cells per high-powered field showing the relative expression level of (B) F4/80, (C) CD86 and (D) CD206 in colonic mucosa of WT and β6-KO mice in the presence or absence of DSS treatment. Data represented the means ± SEM, *p < 0.05. Scale bar, 50 μm.






3.7 Integrin β6 deficiency inhibited the tumorigenesis and tumor progression of CAC by suppressing macrophage M2 polarization

To investigate the role and mechanism of integrin β6 in the tumorigenesis and tumor progression of CAC, AOM/DSS assay was used to establish CAC model of mice.

There was a significant decrease in Ki67 staining upon integrin β6 deletion within the tumor tissues (Figures 7A, B), indicating reduced number of proliferative cells and tumor growth in CAC caused by ITGB6 knockout. Furthermore, the number of colon tumors was reduced in integrin β6-KO mice compared with WT mice (Figures 7C, D). Therefore, lack of integrin β6 could inhibit tumorigenesis and tumor progression of CAC. Moreover, integrin β6-KO mice demonstrated suppressed expression of CD206 compared with WT mice (Figures 7E–G), suggesting reductive infiltration of M2 phenotype macrophages in the tumors led by integrin β6 deletion. Considering that M2 macrophages tend to promote pathological angiogenesis, organ fibrosis and tumor growth (15), we thus speculated that integrin β6 deletion inhibited tumorigenesis by suppressing polarization of macrophages toward M2 phenotype.




Figure 7 | ITGB6 knockout mice were resistant to CAC by suppressing macrophage M2 polarization. (A) Representative images of HE and IHC staining of Ki67 in colonic CAC tissue of integrin β6-KO and WT mice. Scale bar, 100 μm. (B) Quantitative analysis of the number of positively stained cells per high-powered field showing expression levels of Ki67. (C, D) Representative images of colonic tumors with quantitative analysis of tumor numbers in CAC model of integrin β6-KO and WT mice. (E) Representative images of immunofluorescence staining showing the expression of integrin β6 and CD206 in colonic CAC tissue of integrin β6-KO and WT mice. Scale bar, 50 μm. (F, G) Quantitative analysis of the count of positively stained cells per high-powered field revealing the expression levels of (F) integrin β6 and (G) CD206 in colonic CAC tissue of integrin β6-KO and WT mice. Data represented the means ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001.







4 Discussion

As a complex pathogenesis referring to aberrant immune responses contributing to intestinal inflammation, IBD is characterized by being lifelong, recurrent, intractable and carcinogenic. The exact etiology of IBD is yet not well understood, which attracts a large number of researchers dedicated to exploring the pathogenic mechanism of IBD and potential therapeutic targets. Indeed, the migration of leukocytes through the endothelial cell wall is central to the pathogenesis of IBD, and targeted blockade of such process has been shown to be effective and safe (16). Given that anti-integrin agents are able to prevent leukocyte migration through the endothelial cell wall (17), anti-integrin therapy for IBD has already achieved initial promising results in terms of UC. So far, vedolizumab and natalizumab are the only anti-integrin biologics approved for the treatment of IBD (18), which mainly act to limit the inflammatory response by blocking the interaction of integrin α4β7 on the surface of lymphocytes with the addressin on the intestinal endothelium, thereby blocking the migration of leukocytes to the intestinal epithelium (19). However, since integrin α4β7 is mainly expressed in circulating lymphocytes, anti-integrin agents may, more or less, cause systemic side effects such as progressive multifocal leukoencephalopathy, infections and gastrointestinal events (20, 21). Integrin αvβ6 is expected to overcome this problem because it is an epithelium-restricted cell surface receptor. In the present study, we demonstrated that integrin β6 was highly expressed in inflammatory tissues and tumors in both patients and experimental mouse models, with positive correlation with the severity of inflammation.

Integrin αvβ6 is barely expressed in normal adult tissues, but its expression becomes dramatically elevated during tissue repair and malignancy (22). However, few studies have investigated the role of integrin αvβ6 in IBD. Rydell et al. found that the level of serum IgG anti-integrin αvβ6 autoantibodies was obviously increased in patients with UC (23), consistent with our finding that integrin αvβ6 was abundantly expressed in the intestinal epithelium of UC. We also found integrin αvβ6 expression was related with the severity of inflammation, in accordance with the previous report which through ITGB6 transgenic mouse model found that integrin β6 maintained the colon hyperresponsive to inflammatory factors and ultimately promoted the development of IBD (10). What’s more, we observed that the expression of integrin β6 was elevated in other inflammatory organ tissues such as gastritis, pancreatitis and pneumonitis, which verified that integrin β6 could be de novo synthesized in inflammatory events with tissue remodeling. In the present study, integrin β6 deficient mice were generated, which showed that ITGB6 knockout significantly reduced susceptibility to DSS-induced colitis. It is well known that IBD exhibits an overactivation of the inflammatory process, with one manifestation by the production of pro-inflammatory cytokines. Accordingly, we found that integrin β6 deficiency remarkably decreased the release of pro-inflammatory cytokines including TNF-α, IL-6 and IL-1β in the intestinal tissues of colitis.

Keeping mucosal epithelium intact is essential to avoid intestinal tissue damage and prevent inflammation. Abnormal expression of TJ proteins in patients with active IBD leads to disruption of barrier function. In addition, TJ dysregulation may be associated with activation of cytokines with different transcriptional and post-transcriptional mechanisms or induced intestinal inflammation (24). However, there is a large gap in our knowledge regarding the molecular mechanisms regulating TJ barrier function during disease manifestation. Integrin αvβ6 is mainly restricted to epithelial cells where it plays a role in maintaining epithelial barrier function (25). In the present study, knockout of integrin β6 promoted the expression of TJ proteins ZO-1 and occludin in mice with DSS-induced acute colitis, implying the attenuated disruption of TJ between colonic epithelial cells probably due to suppressed release of pro-inflammatory cytokines by integrin β6 deletion.

Macrophages are thought to be a major factor in keeping the intestinal environment stable through modulation of inflammation. Dysregulation of intestinal macrophages is reported to be responsible for chronic inflammation of IBD (26). Imbalanced polarization and ratio of M1/M2 macrophages to a large degree determine the response of tissue to injury or inflammation. Normally, M1 phenotype macrophages evoke a proper pro-inflammatory response that facilitates the eradication of intracellular infections to maintain a stable intestinal environment (27). However, dysregulation of M1 phenotype macrophages due to imbalanced polarization leads to a high production of pro-inflammatory cytokines, rendering the intestine susceptible to infection, inflammation and tumor lesions (28). Elevated filtration of M1 phenotype macrophages and level of pro-inflammatory cytokines are measured in the intestines of patients suffering from chronic colitis, while decreased number of M2 phenotype macrophages and level of anti-inflammatory cytokines were observed (29). In addition, in the affected intestine with UC, macrophages deliver antigens and contribute to the progression of UC to CAC via engulfing activities and production of chemokines and inflammatory cytokines (30). Thus, macrophage polarization may be specifically associated with the development of IBD.

Pro-inflammatory M1 phenotype macrophages can directly contribute to the damage of the intestinal epithelial barrier, while pro-angiogenic and pro-”wound healing” M2 phenotype macrophages may act antagonistically and modulate the inflammatory response (31, 32). The occurrence and development of CAC is associated with a pronounced filtration of macrophage, especially M2 phenotype macrophages which have been demonstrated to be associated with tumor growth, invasion, metastasis, and poor prognosis (33, 34). Our study found that knockout of integrin β6 could inhibit the polarization of macrophages to M1 phenotype but promote macrophages polarization to M2 phenotype, which attenuated the degree of inflammation in mice suffering from DSS-induced colitis. On the other hand, integrin β6 knockout could inhibit tumorigenesis and development by suppressing macrophage polarization toward M2 phenotype in CAC mice model. The seemingly contradictory effects of integrin β6 deletion could be context specific through different mechanisms on polarization to M2 phenotype macrophage in inflammation and tumorigenesis. Integrin β6 activates TGF-β, which inhibits nitric oxide synthesis and stimulates arginase activity, thus appearing to regulate the balance of M1/M2 phenotype macrophages (35). However, the exact mechanism needs to be further explored. Nonetheless, strategies regulating macrophage infiltration and polarization could be a promising choice for controlling inflammation and suppressing colitis-associated carcinogenesis in patients with colitis (36). The main drawback of current strategies inactivating macrophages is the systemic and indiscriminate targeting of macrophages, which leaves the immune response compromised at a disadvantage in fighting external attacks. Therefore, it is necessary to find IBD-related specific targets to replace the strategy indiscriminately targeting macrophages in order to achieve disease remission while reducing systemic side effects. The present study suggests that targeting integrin β6 may potentially be an alternative strategy to target macrophage polarization in the treatment of IBD.




5 Conclusion

Despite the partial success of biologic and small molecule agents in the management of IBD, there is still a proportion of patients who fail to response or develop drug resistance. Furthermore, with the development of available therapies, the demand for minimizing side effects is increasing. From this perspective, our present study is of significance, showing that integrin β6 is a potential target for the treatment of IBD by overcoming the shortcomings of current anti-integrin therapies and macrophage clearance/inactivation strategies, since integrin β6 is highly expressed only in the intestinal epithelium of IBD and promotes the development of IBD by affecting macrophage polarization.
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Background

Accurate preoperative assessment of surgical difficulty is crucial to the success of the surgery and patient safety. This study aimed to evaluate the difficulty for endoscopic resection (ER) of gastric gastrointestinal stromal tumors (gGISTs) using multiple machine learning (ML) algorithms.





Methods

From December 2010 to December 2022, 555 patients with gGISTs in multi-centers were retrospectively studied and assigned to a training, validation, and test cohort. A difficult case was defined as meeting one of the following criteria: an operative time ≥ 90 min, severe intraoperative bleeding, or conversion to laparoscopic resection. Five types of algorithms were employed in building models, including traditional logistic regression (LR) and automated machine learning (AutoML) analysis (gradient boost machine (GBM), deep neural net (DL), generalized linear model (GLM), and default random forest (DRF)). We assessed the performance of the models using the areas under the receiver operating characteristic curves (AUC), the calibration curve, and the decision curve analysis (DCA) based on LR, as well as feature importance, SHapley Additive exPlanation (SHAP) Plots and Local Interpretable Model Agnostic Explanation (LIME) based on AutoML.





Results

The GBM model outperformed other models with an AUC of 0.894 in the validation and 0.791 in the test cohorts. Furthermore, the GBM model achieved the highest accuracy among these AutoML models, with 0.935 and 0.911 in the validation and test cohorts, respectively. In addition, it was found that tumor size and endoscopists’ experience were the most prominent features that significantly impacted the AutoML model’s performance in predicting the difficulty for ER of gGISTs.





Conclusion

The AutoML model based on the GBM algorithm can accurately predict the difficulty for ER of gGISTs before surgery.





Keywords: automated machine learning, predictive models, endoscopic resection, gastrointestinal stromal tumors, difficulty





Introduction

Gastric gastrointestinal stromal tumors (gGISTs) are the most common mesenchymal tumors of the gastrointestinal tract (1). Endoscopic resection (ER) is a minimally invasive and effective treatment option for small GISTs, but the procedure can be challenging for larger and more complex tumors (2, 3). To ensure the safety and efficacy of ER, it is essential to predict the difficulty of the procedure beforehand accurately. Traditional methods of predicting difficulty rely on subjective assessment by experienced endoscopists, which can be influenced by interobserver variability and other factors. Su et al. (4) have made the first-ever prediction of the difficulty in ER of gGISTs by constructing a nomogram. The area under the receiver operating characteristic (ROC) curves (AUC) and the accuracy of this model in predicting surgical difficulty were found to be 0.756 and 0.798, respectively. Although the model has demonstrated exemplary performance, finer models could yield even better results.

Machine learning (ML) is becoming increasingly prevalent in medicine because of its efficient computing algorithms, which enable the learning of valuable insights from vast amounts of clinical data (5, 6). Previous studies (7–11) have established the immense potential of ML in developing models for disease diagnosis, predicting prognosis, analyzing survival rates, and other medical applications. Automated machine learning (AutoML), a new type of ML, intelligently chooses from a range of algorithms and hyperparameters to create customized models based on specific target data (12, 13). Compared to traditional ML, AutoML utilizes intelligent early stopping, regularization, hyperparameter optimization, and cross-validation techniques, allowing for the development of more accurate models in less time.

In this study, we aimed to provide a dataset consisting of clinical and endoscopic features of patients with gGISTs from multiple centers. We used this dataset to train, validate, and test a series of machine learning models to predict the difficulty for ER of gGISTs.





Material and methods




Patients

We conducted a retrospective analysis of consecutive patients who underwent ER of gGISTs at the First Affiliated Hospital of Soochow University between December 2010 and December 2022. The patients were randomly divided into training and validation cohorts in a 7:3 ratio. In addition, we gathered information on patients who received ER of gGISTs at Changshu Hospital Affiliated to Soochow University, No.1 People’s Hospital of Kunshan, and No.2 People’s Hospital of Changshu from January 2017 to December 2022. This data was used to create the test cohort for the study. The main inclusion criteria were (1): diagnosis of gGIST through pathological and immunohistochemical examination after surgery (2); regular preoperative blood routine, coagulation tests, and electrocardiogram results (3); absence of lymph node or distant metastasis in patients. Patients who met any of the following criteria were excluded from the study (1): lesions with a high risk of malignancy based on EUS evaluation (2); patients with synchronous lesions in multiple locations (3); patients with multiple lesions in the stomach (4); patients with poor cardiopulmonary function and unable to undergo anesthesia and surgery (5); incomplete medical records of the patient. Our institutions received ethical approval for the clinical research study protocol from the ethics committee. Before the ER procedure, all patients were thoroughly informed about the advantages and potential risks and provided with a signed written consent form. The reporting of this study conforms to STROBE guidelines (14).





Endoscopic equipment and procedures

Based on the nature of the lesion, we employed three distinct ER techniques: endoscopic submucosal dissection (ESD), endoscopic full-thickness resection (EFTR), and submucosal tunnel endoscopic resection (STER). ESD is employed to treat gGISTs that arise from either the muscularis mucosae (MM) or muscularis propria (MP) and protrude into the lumen. If GISTs originate from the deep MP with extraluminal growth or tumors that cannot be separated from the serosal layer during ESD, EFTR can be utilized as a treatment. STER is mainly used for gGISTs that grow in the gastroesophageal junction or greater curvature of the stomach, where a submucosal tunnel can be quickly established. Comprehensive information regarding ER procedures can be found in the previous publication (15–17). Although the endoscopists involved in the procedures had varying degrees of experience with ER of gGISTs, all cases were performed by senior endoscopists with extensive experience. These endoscopists had previously completed over 5,000 gastroscopy and colonoscopy procedures and more than 200 EMR procedures for gastrointestinal polyps before performing ER for gGISTs. In our study, an endoscopist was considered experienced in ER of gGISTs once he or she had carried out a cumulative sum (CUSUM) of 50 such procedures. General anesthesia and endotracheal intubation were administered to all patients. All patients were placed in the left lateral position. The ER procedures utilized either a dual knife (KD-650L; Olympus®, Japan), an insulated-tip knife (KD-611L; Olympus®, Japan), or a combination of the two. A single-channel endoscope (GIF-Q260J, Olympus®, Japan) equipped with a transparent cap on its tip was employed. The energy output was achieved using a High-frequency electric coagulation and electrocautery device (ERBE® VIO 200D). Other equipment utilized during the procedures included metallic clips, nylon loops (LeClampTM® Loop-20 and Loop-30; Leo, Changzhou, China), over-the-scope clips (OTSC), injection needles, hot biopsy forceps, and a carbon dioxide insufflator.





Postoperative management

Following surgery, specimens were preserved in a 10% formalin solution, and immunohistochemical staining (including CD117, CD34, and Dog-1, among others) was conducted to confirm the diagnosis. Typically, patients receive nasogastric decompression after surgery to prevent postoperative complications. They are instructed to fast for two days, or three days or more in the case of EFTR patients, depending on their postoperative status. Blood routine, CRP, and/or calcitonin tests were carried out after surgery, and all patients were administered proton pump inhibitors, gastric mucosal protective agents, nutritional support, and fluid replacement. When patients exhibited abdominal pain or muscle tension, a CT or orthostatic X-ray scan was performed to rule out postoperative perforation. Antibiotic therapy or surgical treatment was administered based on their condition. For patients who experienced intraoperative perforation or postoperative infection, antibiotics were prescribed.





Data collection

Patient information, such as gender, age, history of smoking or alcohol consumption, primary symptoms, medical history, American Society of Anesthesiologists (ASA) score (18), body mass index (BMI), tumor size, location, shape, depth of invasion, boundary characteristics, procedure duration, intraoperative and postoperative complications, R0 resection rates, ER technique used, modified National Institutes of Health (NIH) risk criteria (19), number of days of postoperative fasting, and length of hospital stay following surgery, were gathered from electronic medical records of our institutions.





Definitions

A difficult case was defined as meeting one of the following criteria: an operative time ≥ 90 min, severe intraoperative bleeding, or conversion to laparoscopic resection. The operative time was determined from the point at which the submucosal injection began to the completion of the closure of the defect. The origin of the tumor was identified based on preoperative endoscopic ultrasonography (EUS) examination. Tumors with a round, oval, or nodular shape were categorized as having a regular shape, whereas those with a branching shape were designated as having an irregular shape. Severe intraoperative bleeding was characterized by repeated endoscopic hemostasis, a postoperative decrease in hemoglobin levels exceeding 2 g/dL, or necessitating surgical assistance (20, 21). Tumor characteristics, such as tumor size and location, were assessed based on preoperative endoscopic ultrasound examination or abdominal-enhanced computed tomography (CT) scans. Postoperative complications included delayed bleeding, delayed perforation, and postoperative infection. Delayed bleeding was defined as clinical evidence of bleeding that occurred after ER, as evidenced by hematemesis or melena, a decline in hemoglobin levels of more than 2.0 g/dL within 24 hours, or the need for endoscopic therapy (22). Delayed perforation was verified through X-ray or CT. Postoperative infection was determined by a postoperative body temperature exceeding 37.5°C and/or an increase in inflammatory indicators such as blood routine, CRP, or calcitonin (23). R0 resection was defined as the surgical removal of a tumor with no residual cancerous tissue detected in the margins of the excised tissue, as confirmed by histological examination of the specimen’s radial and deep margins (24).





Automated machine learning

AutoML analysis was carried out using the H2O package installed from the H2O.ai platform (www.h2o.ai), which automatically selects and combines suitable algorithms into several ensemble models. The set of algorithms comprises a randomized grid of Gradient Boosting Machines (GBMs), a randomized grid of Deep Neural Networks (DLs), a default Random Forest (DRF), and a fixed grid of Generalized Linear Models (GLMs). Hyperparameter optimization was conducted through a 5-fold cross-validation grid search on the training set, where various combinations of hyperparameters included in the grid search were evaluated based on their AUCs. AutoML visualization was presented through feature importance, SHapley Additive exPlanation (SHAP), and Local Interpretable Model Agnostic Explanation (LIME) techniques. Through SHAP analysis, it was possible to determine the key features that significantly influenced the model predictions and the extent of their contribution to the overall model performance for a specific prediction (25). By randomly selecting examples from the test set, LIME analysis illustrated the contribution of each feature toward predicting the outcome (26).





Statistical analysis

Categorical variables were expressed as frequencies and percentages, and the Chi-square test or Fisher exact test was used to compare groups. Continuous variables were expressed as the median and interquartile ranges (IQR), and a comparison between the two groups was made using the Mann-Whitney U test. To address the issue of multiple collinear relationships among the explanatory variables, a univariate analysis was performed using the least absolute shrinkage and selection operator (LASSO) regression model with the minimum criterion. The model was then further refined using a binary logistic backward stepwise regression analysis. The predictive performance of the resulting model was evaluated using the areas under the receiver operating characteristic curves (AUC), calibration curve, and decision curve analysis (DCA). Furthermore, a nomogram was constructed based on the independent risk factors identified in the multivariate analysis. The statistical significance level was set at P < 0.05. R software (version 4.1.0) was utilized for conducting all the statistical analyses.






Results




Baseline characteristics of patients and lesions

In this study, a total of 555 patients were enrolled, out of which 97 cases (17.5%) experienced difficulty in the whole cohort. Figure 1 illustrates the study protocol in the form of a flow chart, while Table 1 presents the features of 555 gGISTs in the developing and test cohorts. In the developing dataset, there were 195 men (45.2%) and 236 women (54.8%). The proportion of patients aged < 60 years in the difficult group was 43.0%, while in the non-difficult group, it was 51.7%. In the test dataset, the proportion of female patients with gGISTs is higher than that of male patients (62.9% vs. 37.1%). No significant differences were observed between the two groups of three datasets in terms of sex, age, history of smoking or alcohol consumption, medical history, ASA score, and BMI (P > 0.05).


Table 1 | Demographic and clinical characteristics of patients in training, validation and test groups.






Figure 1 | Flow chart of the study. gGISTs, gastric gastrointestinal stromal tumors; GBM, gradient boost machine; DL, deep neural net; GLM, generalized linear model; DRF, default random forset; LASSO, least absolute shrinkage and selection operator.







Univariate and multivariate logistic regression analysis

By utilizing the LASSO regression model with a minimum criterion attained through 5-fold cross-validation, four variables out of 17 were selected and designated as independent risk factors. This approach was employed to address the issue of multiple collinear relationships among the explanatory variables, as depicted in Supplementary Figure 1. A logistic model comprising of four variables (tumor size, invasion depth, location, and endoscopists’ experience) was ultimately established and presented as both a nomogram and a score system, suitable for clinical utilization (Figure 2). The calibration curves pertaining to the training set, validation set, and test set are depicted in Supplementary Figure 2, and the mean absolute errors being 0.021, 0.035 and 0.043, respectively. The calibration curves provided evidence that the LASSO model’s estimated risk was in close proximity to the actual risk, implying a considerable level of dependability. The DCA plots of the LASSO model in the test set demonstrated that when the threshold probability of a difficult procedure predicted by the LASSO model was between 20% and 100%, an intervention might add more benefit (10% - 80%) (Supplementary Figure 3). The DCA plots of the AutoML models are presented in Supplementary Figure 4, and the net benefit of these models is about 80%.




Figure 2 | Nomogram of the LASSO model for predicting the difficulty for endoscopic resection of gGIST. LASSO, least absolute shrinkage and selection operator; gGISTs, gastric gastrointestinal stromal tumors.







Automated machine learning analysis

Using four ML algorithms (GBM, DL, GLM, and DRF), 64 models were constructed, with the stacked ensemble models being excluded due to limited interpretability. The GBM model outperformed the other models, exhibiting the highest AUC values and accuracy, and consequently deemed the most optimal model. Figure 3 indicates that tumor size was identified as the most crucial feature, followed by endoscopists’ experience, invasion depth, location (cross-sectional), shape, BMI, location (longitudinal), primary symptom, history of smoking, and sex, in that order of importance. Additionally, tumor size, endoscopists’ experience, invasion depth, and location (longitudinal) were identified as the common important variables shared by the GBM and logistic regression models. Figure 4 displays the SHAP contribution plots generated by GBM algorithms, illustrating the ten most significant variables, namely tumor size, endoscopists’ experience, location (cross-sectional), sex, shape, invasion depth, location (longitudinal), boundary, BMI, and age. As a variable’s value approaches 1, the likelihood of a patient having a difficult procedure increases. For example, the red dots in the SHAP plot corresponding to tumors ≥ 3.0cm are predominantly located on the right side of the zero axis, indicating that patients with tumors larger than 3.0cm are more likely to experience a difficult procedure. As shown in Table 2, the GBM algorithm outperformed the DL, DRF, and GLM algorithms in the validation cohort regarding AUC, with a higher value of 0.894 compared to 0.881, 0.858, and 0.854, respectively. Furthermore, the accuracy values for the GBM algorithm were the highest compared to the DL, DRF, and GLM algorithms, with 0.935, 0.870, 0.854, and 0.878, respectively. Among these 5 models, the DRF model has the highest sensitivity, with values of 1.000 in both the validation and test sets, but the lowest specificity, with values of 0.847 and 0.862, respectively. The LASSO model has the lowest sensitivity in both the validation and test sets, with values of 0.739 and 0.556, respectively. The DL and GLM models have intermediate performance in terms of AUC, sensitivity, specificity, and accuracy among these models. A LIME plot based on the GBM model for the test cohort showcased the impact of various significant variables on the difficulty for ER of gGISTs. For example, based on the GBM model, Figure 5 demonstrates that case 2 had a predicted probability of 0.94 for experiencing a difficult procedure. Tumor size greater than 3.0cm was identified as the most critical predictor for difficult procedures, followed by irregular tumor shape, invasion depth beyond MP, history of alcohol consumption, and tumor location in the upper third of the stomach. Conversely, the effect of the experienced endoscopist and male gender had a mitigating effect on these factors.


Table 2 | Comparison of AutoML models and logistic regression analysis in predicting the difficulty for ER of gGISTs in the validation cohort.






Figure 3 | Variable importance of the GBM model in the training cohort, showing that tumor size was the most important feature, followed by endoscopists’ experience (CUSUM), invasion depth, etc.






Figure 4 | SHAP of the GBM model in the training cohort. As a variable’s value approaches 1, the likelihood of a patient having a difficult procedure increases. SHAP, SHapley Additive exPlanation; GBM, gradient boost machine.






Figure 5 | LIME of the GBM model in the test cohort. LIME, Local Interpretable Model Agnostic Explanation.








Discussion

This study aimed to evaluate the difficulty for ER of gGISTs using multiple ML algorithms. A total of 555 patients with gGISTs were retrospectively studied and assigned to a training, validation, and test cohort. Five algorithms were employed in building models, and the GBM model outperformed other models with an AUC of 0.894 in the validation cohort and 0.791 in the test cohort. The AutoML model based on the GBM algorithm can accurately predict the difficulty for ER of gGISTs before surgery, and tumor size and endoscopists’ experience were identified as the most prominent features that significantly impacted the performance of the AutoML model. This study provides a machine learning-based approach for accurately predicting the surgical difficulty for ER of gGISTs.

Accurate preoperative assessment of surgical difficulty is crucial to the success of the surgery and patient safety. By predicting the difficulty of the surgical procedure before surgery, surgeons can better prepare for the surgery, optimize the surgical plan, and ensure patient safety during the operation (27, 28). Su et al. (4) are the only ones who have predicted the difficulty for ER of gGISTs so far. Their study defined a difficult procedure as an operative time greater than 90 minutes or severe intraoperative bleeding. However, previous studies have suggested that conversion to laparoscopic or open surgery indicates difficult surgery (29–31) because it may increase operative time, blood loss, and postoperative recovery time, thereby increasing the risk to patients. Therefore, meeting one of the following criteria was used to define a difficult case in this study: operative time of 90 minutes or more, severe bleeding during the surgery, or the need to convert to laparoscopic resection or open surgery.

The SHAP analysis revealed that in our study, the most crucial feature of the GBM model is tumor size. The result agreed with the findings of the logistic regression model in our study and aligned with the risk factors for the endoscopic surgical difficulty reported in the literature (4, 32). According to the studies by Su et al. (4) and Jian et al. (32), ER was challenging for tumors larger than 3.0 cm in size. In treating gGISTs with larger tumor sizes, the limited operating space in the ER results in poorer functional space and surgical field of view. Consequently, endoscopists must frequently adjust the angle of the endoscopic incision and the volume of air in the stomach cavity to achieve complete tumor removal. Therefore, for gGISTs with larger tumor sizes, ER should be performed by experienced endoscopists, as this study found that surgical experience is also an essential factor affecting the difficulty of the procedure. Experienced endoscopists may have better technical proficiency and higher success rates, enabling them to adapt better to the surgical environment, accomplish surgical tasks more effectively, and reduce the incidence of surgical complications. Sun et al. (33) reported that the learning curve for ER of gastric submucosal tumors was approximately 32 cases, while Yoshida et al. (34) retrospectively analyzed the learning curve of 7 novice endoscopists in ER of gastric lesions and found that a stable state could be reached after completing around 30 cases. To account for potential variations in the learning curves of different endoscopists, a minimum threshold of 50 GIST excisions was established in this study to ensure that the endoscopists had adequate experience conducting ER for gGISTs. In this study, we divided tumor size into three groups: < 2.0cm, 2.0-3.0cm, and ≥ 3.0cm, and endoscopists’ experience into <50 cases and ≥50 cases. The larger the tumor, and the less experience the endoscopist has, the more difficult the surgery becomes. Therefore, we recommend that endoscopists lacking surgical experience should choose lesions with smaller diameters for surgical intervention.

We utilized five different ML algorithms to construct predictive models with high accuracy. Our models achieved superior AUC and accuracy compared to the nomogram model built by Su et al. (4). Furthermore, by accurately assessing the surgical difficulty for ER of gGISTs, this study can assist doctors in understanding potential challenges prior to surgery, thereby improving the success rate of the operation and patient safety. Additionally, this multi-center research boasts a larger sample size and higher external validity and reduces potential biases caused by the unique circumstances of a single research center. However, our study had some limitations. First, our study may have had selection bias and information bias due to its retrospective nature. Future research could use a prospective study design to more accurately evaluate the effectiveness of different ML algorithms in predicting the difficulty for ER of gGISTs. Second, this study did not consider the postoperative prognosis and patient recovery. Future research could incorporate these factors to comprehensively evaluate the clinical application value of ML models in predicting the difficulty for ER of gGISTs. Third, the advancements in novel medical devices and surgical techniques may affect the difficulty of ER, and the factors influencing surgical difficulty may also change. Therefore, it is crucial to keep pace with the latest developments when studying the difficulty for ER of gGISTs. Fourth, due to differences in procedural steps, the difficulty levels of ESD, EFTR, and STER endoscopic techniques may vary. Conducting more in-depth research on individual endoscopic techniques could aid in identifying and analyzing the specific difficulties associated with each technique. Fifth, due to the low prevalence of gGISTs, our validation cohort consisted of only 123 cases and the test cohort included 124 cases. Adding more samples later would be better.

In conclusion, our study evaluated the difficulty for ER of gGISTs using ML algorithms. The GBM model outperformed others, achieving high accuracy in predicting ER difficulty. Tumor size and endoscopists’ experience were identified as influential factors. The GBM-based AutoML model shows promise for preoperative assessment, but further validation on diverse datasets and consideration of new medical technologies are needed to enhance its clinical applicability.
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Supplementary Figure 1 | A chart showing the penalties for predictive factors indicating the level of difficulty for endoscopic resection of gGISTs was derived through LASSO regression analysis. Left: Regression coefficients. With the value of λ increasing, the absolute values of coefficients decrease. Right: Identification of the optimal λ value in the LASSO regression analysis was achieved by 5-fold cross-validation. (The left vertical line is drawn using the minimum criterion and the right vertical line is drawn using the 1_se criterion. In our study, LASSO regression model with minimum criterion was used in the univariate analysis in order to solve such multiple co-linear relationships among the explanatory variables. LASSO: least absolute shrinkage and selection operator; gGIST, gastric gastrointestinal stromal tumors.

Supplementary Figure 2 | Calibration curve of the LASSO model in the training, validation and test set, with the mean absolute errors being 0.021, 0.035 and 0.043, respectively.

Supplementary Figure 3 | Decision curve analysis of the LASSO model in the test set. The DCA plots demonstrated that when the threshold probability of a difficult procedure predicted by the LASSO model was between 20% and 100%, an intervention might add more benefit (10% - 80%).

Supplementary Figure 4 | Decision curve analysis plots of 4 AutoML models in the test set, indicating net benefits of around 80%. (A) DL model; (B) GBM model; (C) GLM model; (D) DRF model.
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Background

Recent studies have reported hypersensitive C-reactive protein (hs-CRP) linked to clinicopathological characteristics and nutritional status of the tumor, but its clinical significance in GC remains unclear. This study aimed to investigate the relationship between preoperative serum hs-CRP level and clinicopathological features and nutritional status in gastric cancer (GC) patients.





Methods

The clinical data of 628 GC patients who met the study criteria were analyzed retrospectively. The preoperative serum hs-CRP level was divided into two groups (<1 mg/L and ≥1 mg/L) to evaluate clinical indicators. Nutritional Risk Screening and nutritional assessment of GC patients were performed by the Nutritional Risk Screening 2002 (NRS2002) and the Patient-Generated Subjective Global Assessment (PG-SGA), respectively. The data were subjected to chi-square test, univariate and multivariate logistic regression analyses, respectively.





Results

The analysis of 628 GC cases revealed that 338 patients (53.8%) were on malnutrition risk(NRS2002≥3 points), and 526(83.8%) had suspected/moderate to severe malnutrition(PG-SGA≥ 2 points). Preoperative serum hs-CRP level was significantly correlated with age, tumor maximum diameter (TMD), peripheral nerve invasion (PNI), lymph-vascular invasion (LVI), depth of tumor invasion (DTI), lymph node metastasis (LNM), pTNM stage, body weight loss (BWL), body mass index (BMI), NRS2002 score, PG-SGA grade, hemoglobin (HB), total protein (TP), albumin (ALB), prealbumin (PAB) and total lymphocyte count (TLC). Multivariate logistic regression analysis revealed that hs-CRP (OR=1.814, 95%CI=1.174-2.803; P=0.007), age, ALB, BMI, BWL and TMD were independent risk factors for existing malnutritional risk in GC. Similarly, non-malnutrition and suspected/moderate to severe malnutrition groups presented that hs-CRP (OR=3.346, 95%CI=1.833-6.122; P< 0.001), age, HB, ALB, BMI and BWL were independent risk factors for malnutrition in GC.





Conclusion

In addition to the generally used nutritional evaluation indicators such as age, ALB, BMI, and BWL, the hs-CRP level may be used as a nutritional screening and evaluation indicator for GC patients.





Keywords: Hs-CRP, gastric cancer, malnutrition, NRS2002, PG-SGA





Introduction

Gastric cancer (GC) is regarded as one of the most common types of cancer universally. As per global cancer statistics, approximately one million new cases of GC were recorded in 2020 only, with an estimated 769,000 deaths, making GC the 5th ranked cancer globally and 4th for global mortality. The prevalence rates were highest in Eastern Asia and Eastern Europe, and rates in Northern America and Northern Europe were generally low and comparable to those reported in the African regions (1). Currently, the overall five-year survival rate for GC is less than 40%, with several predisposing factors such as tumor size, location, depth of invasion, lymph node metastasis, and distant metastasis (2–4). The nutritional status of patients also has a substantial impact on the therapeutic effect of tumor. GC patients had varying degrees of food intake disorders due to nausea, vomiting, abdominal pain and gastrointestinal obstruction, and the incidence of this malnutrition could be as high as 60% (5). Malnutrition has been linked to an increased risk of postoperative complications in GC patients and a poor prognosis (6, 7). Wischmeyer et al. (8) conducted a survey and discovered that 2/3 of patients who underwent gastrointestinal surgery were malnourished, complications and mortality in malnourished patients increased by three to five times. Nutritional treatment for inpatients could have saved 52 dollars in hospital costs. Still, only 1/5 of hospitals carried out regular nutritional screening, and only 1/5 of patients received nutritional treatment before surgery. Therefore, preoperative nutritional screening and evaluation of GC patients are crucial for timely nutritional intervention. There are numerous indicators and tools available for clinical nutrition screening and evaluation today, with Nutritional Risk Screening 2002 (NRS2002) being a popular and effective nutrition screening tool (9, 10). Patient-Generated Subjective Global Assessment (PG-SGA) is a commonly used tool recommended by the American Society of Parenteral and Enteral Nutrition (ASPEN) for estimating tumor nutrition and can effectively assess the nutritional status of tumor patients (11, 12). However, it was discovered that these nutritional indicators and assessment tools have some limitations in the clinical work, and more nutrition-related indicators are required to reflect the nutritional status of tumor patients more comprehensively.

C-reactive protein (CRP) is a non-specific acute stage protein produced by the liver, which plays an important role in the inflammatory response and can be used as a biological marker of inflammation (13). However, due to limitations in detecting the sensitivity of standard CRP, low serum CRP levels are difficult to detect, potentially overlooking the clinical value of undetected low levels of CRP in tumors. The hypersensitive C-reactive protein (hs-CRP) is more sensitive than the standard CRP detection, which can detect the low level of CRP in serum. Therefore, it objectively reflected the serum level of CRP with superior clinical application value (14). Previous research focused solely on the role of hs-CRP in inflammation, but it has been found that hs-CRP is more than just an inflammatory indicator (15). It has been associated with numerous diseases in recent years, such as coronary heart disease (16), intracranial arterial stenosis (17), metabolic syndrome (18), and tumor (13, 19). In a study of GC, it was discovered that preoperative and postoperative CRP were related to poor prognosis (20). However, scarce data demonstrated the relationship between preoperative hs-CRP, nutritional status, and clinicopathological characteristics of GC patients, which should be further investigated. This study explored the connection between hs-CRP and GC from the aforementioned aspects and found that hs-CRP had a good clinical application value in the progression of GC and nutritional assessment.





Methods




Study design

This study protocol was approved by the ethics committee at the First Affiliated Hospital of Guangxi Medical University, and written informed consent was obtained from all the participants. The clinical data of 628 GC patients who met the inclusion criteria in the First Affiliated Hospital of Guangxi Medical University from December 2015 to February 2022 were collected. The preoperative serum hs-CRP level was divided into two groups (< 1 mg/L and ≥ 1 mg/L) to evaluate clinical indicators. Inclusion criteria included the followings: age ≥ 18 years, clear mind and the ability to appropriately answer questions, GC diagnosed by pathology, patients who underwent radical gastrectomy or palliative gastrectomy, and patients with complete study data. Exclusion criteria were as follows: patients who could not correctly describe their history, emergency surgical patients, patients with rheumatic immune diseases, hyperthyroidism, hepatitis, and other infectious diseases, patients with distant metastasis or with other malignancies.

NRS2002 score method was used for the nutritional risk screening, including three aspects: disease, nutritional status, and age, and a score ≥ 3 points indicated the risk of malnutrition (10). According to NRS2002, the patients were divided into two groups: the non-malnutrition risk group (< 3 points) and the existing malnutrition risk group (≥ 3 points). PG-SGA score was taken for the nutritional assessment, consisting of seven aspects: body weight, eating status, symptoms, activity and physical function, disease and nutritional needs, metabolic needs, and physical examination (21). Meanwhile, the comprehensive evaluation of PG-SGA was compromised of qualitative and quantitative evaluations. The relationship between qualitative evaluation and quantitative evaluation was as follows: 0-1 points represented good nutrition (grade A), 2-8 points represented suspected or moderate malnutrition (grade B), and more than 9 points represented severe malnutrition (grade C). As per the PG-SGA, they were also put into two groups: non-malnutrition group (grade A, 0-1 points) and suspected/moderate and severe malnutrition group (grade B + C, ≥ 2 points). All above scores were evaluated by doctors and nurses who were properly trained as per defined standards.





Data collection

The data were collected from patients three days before surgery. The age, sex, hs-CRP, total lymphocyte count (TLC), hemoglobin (HB), total protein (TP), albumin (ALB), prealbumin (PAB), body weight loss (BWL), body mass index (BMI), NRS2002 score, and PG-SGA score were recorded. BMI was reported as current weight (kg)/height (m)2, BWL was calculated as (current weight - original weight)/original weight×100%, tumor patients who lost more than 2.4% of their involuntary weight within six months were considered to have weight loss (22).

Fasting blood samples for preoperative biochemical tests were taken from the patients and sent to the laboratory for examination on the morning of the second day after admission. The hs-CRP, TLC, and HB were detected by Backman Coulter LH780 automatic blood cell analyzer, and TP, ALB, and PAB were assessed by Hitachi 7600 automatic biochemical analyzer. The chief physician or associate chief physician of pathologists reported postoperative pathological conclusions.

The postoperative pathological data collected from the patients included the following: tumor maximum diameter (TMD), depth of tumor invasion (DTI), lymph node metastasis (LNM), peripheral nerve invasion (PNI), and lymph-vascular invasion (LVI), tumor grade, and tumor pathological TNM (pTNM) stage. GC staging was based on the eighth edition pTNM staging system jointly promulgated by the Union for International Cancer Control (UICC) and the American Joint Committee on Cancer (AJCC).





Statistical analysis

SPSS 26.0 statistical software was used for data analysis. The measurement data were expressed as median and quartiles, and a non-parametric rank-sum test was utilized to check the differences in measurement data between the two groups. Chi-squared test (χ2 test) was done to compare the variances of enumeration data between the two groups. Univariate and multivariate analyses were performed by logistic regression. The results were considered significant if P < 0.05.






Results




Preoperative serum hs-CRP was associated with clinicopathological features of GC

The results included 628 GC cases. Among which, 400 (63.7%) were male subjects. Among total GC cases, 153 (24.4%) were well-differentiated or moderately differentiated cases, while 475 (75.6%) were poorly differentiated or undifferentiated cases. A total of 204 (32.5%) patients were having TMD ≥ 5 cm, 251 (40.0%) patients with PNI, 244 (38.9%) LVI, 146 (23.2%) T0-1 patients with DTI, 96 (15.3%) T2, 183 (29.1%) T3, and 203 (32.4%) T4. LNM was found in 214 (34.1%) cases with N0, 109 (17.4%) with N1, 113 (18.0%) with N2 and 192 (30.5%) with N3. According to pTNM stage, there were 311 (49.5%) patients at stage 0/I/II, 317 (50.5%) at stage III/IV. By nonparametric rank sum test and Chi-square analysis, the results showed that preoperative serum hs-CRP level was significantly correlated with age (P < 0.001), TMD (P < 0.001), PNI (P = 0.004), LVI (P = 0.001), DTI (P < 0.001), LNM (P = 0.001) and pTNM stage (P < 0.001, while there was no significant correlation between gender and tumor grade, as shown in Table 1.


Table 1 | Relationship between preoperative serum hs-CRP and clinicopathological characteristics of GC patients.







Preoperative serum hs-CRP was related to the nutritional status of GC

Of 628 GC cases, 203 (32.3%) had BWL > 2.4%, 76 (12.1%) cases with BMI < 18.5 kg/m2, 402 (64.0%) cases with 18.5 kg/m2 ≤ BMI < 23.9 kg/m2, 150 (23.9%) cases with BMI ≥ 24 kg/m2, 338 (53.8%) cases with NRS2002 score ≥ 3 points, 526 (83.8%) cases were rated B/C grades in PG-SGA nutritional assessment. Chi-square test indicated that preoperative serum hs-CRP was significantly associated with BWL (P = 0.012), BMI (P < 0.001), NRS2002 score (P < 0.001) and PG-SGA nutritional grade (P < 0.001), while the nonparametric rank sum test analysis displayed that preoperative serum hs-CRP was significantly interrelated with HB (P < 0.001), TP (P = 0.001), ALB (P < 0.001), PAB (P < 0.001) and TLC (P = 0.001) in GC patients, as indicated in Table 2.


Table 2 | Relationship between preoperative serum hs-CRP and some nutrition-related indicators of GC patients .







Preoperative serum hs-CRP used as an indicator of nutritional risk screening in GC patients

According to NRS2002 in this study, GC patients were divided into two groups: non-malnutrition risk (scores < 3 points) and existing malnutrition risk (scores ≥ 3 points). First, univariate logistic regression analysis were carried out, and the results were as follows: age (P < 0.001), hs-CRP (P < 0.001), HB (P < 0.001), ALB (P < 0.001), PAB (P < 0.001), TP (P < 0.001), TLC (P = 0.001), BMI (P < 0.001), BWL (P < 0.001), TMD (P < 0.001), PNI (P < 0.001), LVI (P < 0.001), DTI (P < 0.001), LNM (P = 0.001) and pTNM stages (P < 0.001). The aforementioned details were the risk factors of existing malnutrition risk in GC patients (Table 3). Then, multivariate logistic regression analysis was performed on the indicators of significant statistical differences obtained in the above from univariate analysis, and the results exhibited that age (OR= 4.313, 95% CI= 1.860 - 9.998; P = 0.001), hs-CRP (OR = 1.814, 95% CI = 1.174 - 2.803; P = 0.007), ALB (OR = 0.915, 95% CI = 0.852 - 0.983 P = 0.016), BMI (OR = 0.711, 95% CI = 0.656 - 0.770; P < 0.001), BWL (OR = 3.630, 95% CI = 2.334 - 5.644; P < 0.001) and TMD (OR = 1.700, 95% CI = 1.083 - 2.667; P = 0.021) were independent risk factors for existing malnutrition risk in GC patients (Figure 1).


Table 3 | Univariate logistic regression analysis of nutritional risk in GC patients by NRS2002 (scores<3 points vs. ≥ 3 points).






Figure 1 | Results of multivariate Logistic regression analysis affecting nutritional risk in patients with GC by NRS2002 (scores<3 points vs. ≥ 3 points).This study showed that age, hs-CRP, ALB, BMI, BWL and TMD were independent risk factors for existing malnutrition risk in GC patients. CI, confidence interval; LNM, lymph node metastasis; DTI, depth of tumor invasion; LVI, lymph-vascular invasion; PNI, peripheral nerve invasion; TMD, tumor maximum diameter; BWL, body weight loss; BMI, body mass index; TLC, total lymphocyte count; TP, total protein; PAB, prealbumin; ALB, albumin; HB, hemoglobin; hs-CRP, hypersensitive C-reactive protein.







Preoperative serum hs-CRP used as a nutritional evaluation factor in GC patients

According to PG-SGA nutrition assessment scale, GC patients were divided into two groups: non-malnutrition (scores ≤ 1 point, grade A) and suspected or moderate-to-severe malnutrition (scores ≥ 2 points, grade B + C). Univariate logistic regression analysis displayed that age (P < 0.001), hs-CRP (P < 0.001), HB (P < 0.001), TP (P < 0.001), ALB (P < 0.001), PAB (P < 0.001), TLC (P < 0.001), BMI (P < 0.001), BWL (P < 0.001), LVI (P = 0.034), DTI (P = 0.004) and pTNM stages (P = 0.041) were risk factors for malnutrition in GC patients (Table 4). Multivariate logistic regression analysis was performed on the factors of significant statistical differences in the above from univariate analysis, and the findings presented that age (OR = 12.336, 95% CI: 4.203-36.208; P < 0.001), hs-CRP (OR = 3.346, 95% CI: 1.833-6.122; P < 0.001), HB (OR = 0.984, 95% CI: 0.973-0.995; P = 0.005), ALB (OR = 0.892, 95% CI: 0.808-0.989; P = 0.024), BMI (OR = 0.803, 95% CI: 0.734-0.879; P < 0.001) and BWL (OR = 5.981, 95% CI: 2.700-13.056; P < 0.001) were independent risk factors for malnutrition in GC (Figure 2).


Table 4 | Univariate logistic regression analysis of malnutrition in patients with GC by PG-SGA (grade A vs. grade B+C).






Figure 2 | Results of multivariate logistic regression analysis of malnutrition in GC patients by PG-SGA(scores ≤ 1 point, grade A vs. ≥ 2 points, grade B + C). These findings presented that age, hs-CRP, HB, ALB, BMI and BWL were independent risk factors for malnutrition in GC. CI, confidence interval; DTI, depth of tumor invasion; LVI, lymph-vascular invasion; BWL, body weight loss; BMI, body mass index; TLC, total lymphocyte count; TP, total protein; PAB, prealbumin; ALB, albumin; HB, hemoglobin; hs-CRP, hypersensitive C-reactive protein.








Discussion

GC is a malignant tumor with high morbidity and mortality. The pathological features and nutritional status of patients greatly influence GC progression. In China, most GC patients were found to be in an advanced stage with lymph node metastasis (23). In this study, 76.8% of patients had advanced GC while 65.9% of patients were having lymph node metastasis, respectively, which was mainly related to the failure of timely detection because of the unavailability of active regular gastroscopy. Furthermore, this study found that PNI and LVI were common in GC, with 40.0% and 38.9% incidence rates, respectively, similar to 35.9% and 34.3% reported rates by the other scholars (24, 25). GC, along with malnutrition, is also a common issue. A study in Japan showed that 60% of GC patients had malnutrition (5). This study reported more than 80% of suspected or moderate-to-severe malnutrition cases because most patients included had advanced GC.

The hs-CRP is a frequently used factor of inflammatory response. Previously, more attention was paid to its role in inflammation, but studies have found that hs-CRP is related to tumor occurrence, progression, and nutrition in recent years. Elevated serum hs-CRP could intensify the risk of developing cancer (19). A prospective clinical study on primary liver cancer reported that serum hs-CRP ≥ 1 mg/L was associated with the occurrence of primary liver cancer (26). Similarly, research on breast cancer has illustrated that high serum hc-CRP levels could increase the risk of breast cancer (27). In lung cancer studies, it was found that along with lung adenocarcinoma, the upsurge of circulating hs-CRP concentration was significantly correlated with many other histological types of lung cancer, such as large cell carcinoma, small cell carcinoma, squamous cell carcinoma, where the hs-CRP > 1 mg/L elevated the risk of death due to lung cancer (28, 29). In the study of colorectal cancer, hs-CRP > 5 mg/L before treatment was associated with LNM, PNI, LVI, low tumor grade, distant metastasis, and increased pTNM stage, but not with age and gender. The five-year survival rate of colorectal cancer patients with hs-CRP > 5 mg/L before treatment was significantly reduced. Multivariate analysis suggested that hs-CRP > 5 mg/L before treatment was an independent risk factor affecting the prognosis of colorectal cancer patients (30). In advanced GC, Woo et al. (31) reported that hs-CRP was related to age, DTI, LNM, LVI, PNI, pTNM stage, and tumor recurrence, but not histological type, tumor grade, and site. After radical resection, the hs-CRP > 3 mg/L was an independent risk factor for GC recurrence. This study derived similar results. Our findings elaborated that preoperative serum hs-CRP ≥ 1 mg/L was significantly correlated with age, TMD, PNI, LVI, DTI, LNM, and pTNM stages of GC patients, but not with gender and tumor grade. In brief, the pathological characteristics of variable hs-CRP levels might not be the same in different tumors, which warrants additional investigation.

Pro-inflammatory cytokines are associated with cancer-related malnutrition and cachexia (32). CRP or hs-CRP is a crucial inflammatory factor, and few studies have been conducted on serum CRP or hs-CRP in tumor nutrition. Yilmaz et al. (33) explained that high levels of CRP were significantly related to malnutrition in patients with hematological malignancies. Some scholars divided BMI into two groups (< 25 kg/m2 and ≥ 25 kg/m2) in advanced GC, but the results exhibited no significant correlation between hs-CRP and BMI (31). However, this research found that preoperative serum hs-CRP ≥ 1 mg/L was significantly associated with BMI, owing to the discrepancy between the hs-CRP threshold used in this study and those used by other researchers. Meanwhile, the hs-CRP level was also revealed to be significantly interrelated with BWL, HB, TP, ALB, PAB, and TLC in GC patients. It was worth mentioning that the results of this study showed that preoperative hs-CRP ≥ 1 mg/L was significantly linked with NRS2002 score ≥ 3 points (existing malnutrition risk) and PG-SGA score ≥ 2 points (suspected or moderate-to-severe malnutrition). Therefore, it was believed that preoperative serum hs-CRP level had good clinical value for evaluating the nutritional status of GC patients.

Based on the above results, the univariate logistic regression analysis was further conducted on the impact of nutritional risk screening (NRS2002 scale) and malnutrition assessment (PG-SGA scale) on GC patients. The factors with significant statistical differences in univariate analysis results were analyzed by multivariate logistic regression. Multivariate analysis results displayed that age ≥ 70 years, hs-CRP ≥ 1 mg/L, low ALB, low BMI, BWL > 2.4%, and TMD ≥ 5 cm were independent risk factors for existing nutritional risk in GC patients. Age ≥ 65 years, hs-CRP ≥ 1 mg/L, low ALB, low HB, low BMI, and BWL > 2.4% were independent risk factors for malnutrition in GC patients. Currently, age, BMI, and BWL are common scoring indexes for clinical nutrition evaluation (34, 35), in NRS2002 nutritional screening scale and PG-SGA nutritional assessment scale (10, 21), and ALB and HB are also frequently used biochemical indexes to evaluate malnutrition (36–38). This research also showed the clinical significance of these indexes in nutritional status in GC. In recent years, the malnutrition criteria that have been proposed by the Global Leadership Initiative on Malnutrition (GLIM) include three phenotypic criteria (involuntary weight loss, low BMI, and less muscle mass) and two etiological criteria (reduced feeding or digestive and absorption disorders, inflammation or disease burden), and inflammatory indicators including CRP, ALB and PAB (39). According to this study, preoperative serum hs-CRP plays an obvious role in the nutritional screening and evaluation of GC. It may have more clinical relevance due to its higher sensitivity than standard CRP detection. However, the precise mechanism of hs-CRP raising the risk of malnutrition in cancer patients is unknown. An animal cancer model demonstrated that pro-inflammatory cytokines and other factors could interfere with the interactions between metabolism-related organs (including skeletal muscle, adipose tissue, liver, and central nervous system), resulting in the destruction of metabolic dynamic balance, negative nitrogen balance, increasing skeletal muscle protein consumption, thereby exacerbating malnutrition (40). This could explain the negative correlation between high hs-CRP and malnutrition in tumor patients, although the specific mechanism needs to be researched further.

This study had some limitations. First, it was a retrospective study with a relatively small number of cases. In the future, we will carry out a prospective clinical study with a large sample size to enhance the reliability of the study. Second, because the patients in this study were not followed up on, the impact of postoperative hs-CRP changes on the long-term nutritional status of GC patients could not be assessed. Subsequent studies will be conducted to determine further the clinical value of hs-CRP in nutritional screening and evaluation of GC patients.





Conclusion

To conclude our findings, preoperative serum hs-CRP levels aid in evaluating TMD, PNI, LVI, DTI, LNM, and pTNM stages to some extent. They may also be an effective indicator of nutritional risk screening and nutritional evaluation in GC patients.
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Gastric cancer (GC) is a prevalent malignant tumor of the digestive system worldwide, ranking among the top five in terms of incidence and mortality. However, the clinical efficacy of conventional treatments for gastric cancer remains limited, with a median overall survival of approximately eight months for advanced cases. In recent years, researchers have increasingly focused on antibody-drug conjugates (ADCs) as a promising approach. ADCs are potent chemical drugs that selectively target cancer cells by binding to specific cell surface receptors with antibodies. Notably, ADCs have demonstrated promising results in clinical studies and have made significant strides in the treatment of gastric cancer. Currently, several ADCs are under investigation in clinical trials for gastric cancer patients, targeting various receptors such as EGFR, HER-2, HER-3, CLDN18.2, Mucin 1, among others. This review offers a comprehensive exploration of ADC drug characteristics and provides an overview of the research progress in ADC-based therapies for gastric cancer.
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1 Introduction

Gastric cancer (GC) is ranked among the top five malignancies worldwide in terms of incidence and mortality, and it is one of the third most common malignancies in China (1). Patients diagnosed with advanced gastric cancer face a grim prognosis, with a median survival of approximately eight months (2). Currently, GC encompasses two histopathological subtypes, namely intestinal and diffuse types, as classified by the Lauren typing system. The intestinal type of GC is primarily linked to H. pylori infection-induced intestinal metaplasia and exhibits a tubular or glandular structure. On the other hand, the diffuse type of GC typically presents with poorly differentiated tumor cells lacking mucosity, infiltrating the gastric tissue as individual cells or small subpopulations (3). Although these histopathological differences have implications for GC prognosis, they do not form the basis for determining treatment options for the disease.

A combination of treatment modalities, including radiotherapy, chemotherapy and immune checkpoint inhibitors, represents the standard approach for various stages of gastric cancer. Unfortunately, the majority of GC patients are diagnosed at an advanced stage (4). Nevertheless, a considerable proportion of GC patients do not receive second-line treatment due to increased adverse effects, inferior treatment outcomes, and reduced tolerability. Traditional chemotherapy regimens are effective in killing tumor cells but often inflict substantial harm on normal cells. Consequently, minimizing off-target toxicity and collateral damage while achieving notable chemotherapeutic efficacy has emerged as a significant hurdle in the management of gastric cancer.

In the early 20th century, the German immunologist Paul Ehrlich proposed the “golden bullet” theory, which suggested the potential of monoclonal antibodies to specifically target and eliminate cancer cells by binding to antigens. The development of antibody-drug conjugates (ADCs) gained momentum in the 1990s, thanks to advancements in chemical linkage technologies and the production of humanized monoclonal antibodies, ultimately leading to their approval for clinical trials (5). In 2000, the first ADC drug, Mylotarg, consisting of a novel anti-CD33 monoclonal antibody combined with calicheamicin, received FDA approval for the treatment of acute myeloid leukaemia (6). However, due to severe off-target effects, the product was later withdrawn from the market in 2010. Recent years have witnessed significant progress in pharmacokinetics and payload potency, enabling ADCs to demonstrate high effectiveness against proliferating tumor cell lines (7). In 2013, the FDA approved KADCYLA as the first ADC drug for the treatment of solid tumors. To date, numerous ADC products have received approval from both the FDA and China’s National Medical Products Administration (NMPA) (8). Distinguished from conventional therapies, ADCs employ linker coupling to combine monoclonal antibodies with cytotoxic payloads (9). This targeted approach reduces damage to normal cells and minimizes systemic toxicity. Looking ahead, ADCs hold great promise as potential new treatment options for cancer patients, including those with gastric cancer.

ADCs, which involve the conjugation of monoclonal antibodies with cytotoxic drugs, represent a novel and promising class of biopharmaceutical compounds in the filed of oncology. Currently, there are 11 FDA-approved ADC drugs and 79 Phase I studies underway, demonstrating their increasing significance. In addition to their proven efficacy and drug toxicity profiles, ADCs exhibit remarkable versatility across various tumor types. Notably, encouraging outcomes have been observed with ADCs such as trastuzumab lutixan (T-DXd) and trastuzumab entansine (T-DM1) in HER2+ breast cancer patients (10). It is worth mentioning that gastric cancer exhibits a higher prevalence of heterogeneous HER2 expression compared to breast cancer (11, 12). This review aims to present the most recent advancements in ADC-related drugs and clinical data specific to gastric cancer, address the current challenges and unresolved issues, and provide valuable insights and future perspectives in this filed.




2 Structure and mechanism of ADCs

ADCs consist of three fundamental components, and a thorough comprehension of the drug’s mechanism of action serves as the foundation for their rational design.



2.1 Components

ADCs represent an innovative class of targeted biotherapeutics that combine monoclonal antibodies with cytotoxic drugs. They primarily consist of antibodies directed against tumor-associated antigens, linkers, and cytotoxic payloads (13) (Figure 1). The antibody component exerts its anti-tumor effects by specifically recognizing the antigen on the target cells, facilitating the formation of an antigen-antibody conjugate (14). Following conjugate formation, the cytotoxic payload is rapidly internalized, leading to the release of cytotoxic drugs. The linker component plays a crucial role in connecting and delivering the payload, ensuring a strong attachment of the toxic structure to the antibody, thus minimizing off-target toxicity (15, 16).




Figure 1 | ADCs structure and mechanism. By Figdraw (www.figdraw.com) ADC, antibody-drug conjugate. ADCs consist of antibodies, linkers, and potent cytotoxic agents. Once they enter the bloodstream, these drugs bind specifically to their target cells and undergo endocytosis. Within the lysosomes, the linker is cleaved by cellular proteases, leading to the release of the cytotoxic drug. This drug then acts by disrupting the DNA and microtubules of cancer cells, ultimately inducing apoptosis in the targeted cancer cells.



Among the aforementioned components, the payload is the most crucial element of ADCs. Studies have indicated that each antibody typically carries an average of 2-4 payload molecules, which is known as the drug-to-antibody ratio (DAR). In general, ADCs with higher DAR values are metabolized more rapidly, a characteristic that largely influences the drug’s therapeutic efficacy. Additionally, the DAR value, PK, and stability are instrumental in determining the size of the conjugation site and the coupling location. Currently, the most extensively studied payloads are DNA damaging agents, DNA transcription inhibitors, and microtubulin inhibitors. Yaghoubi et al. (17) showed that DNA damaging drugs primarily impede tumor cell proliferation through alkylation induced within the DNA double helix groove, nucleic acid strand breakage, or cross-linking reactions. DNA damaging agents include inhibitors such as Amatoxin and Quinolinealkaloid (SN-38). The latter category includes metanephrines and auristatin. Furthermore, RNA splicing inhibitors and RNA polymerase inhibitors are currently under rigorous investigation, with the anticipation of future related drugs for oncology patients, including those with GC.




2.2 Si-RNA

In recent years, antibody-siRNA coupled drugs (ARCs) have gained significant attention in scientific research. The previously mentioned ADCs have provided benefits to numerous GC patients by leveraging the target specificity and chemotherapeutic properties of antibodies. However, therapeutic efficacy of ADCs is often constrained by their relatively low drug delivery capacity at safe dosage levels, which restricts the amount of chemotherapeutic agent that reaches the intended target area. In contrast, ARCs serve as promising carriers for siRNA drug delivery, enabling precise and effective targeting of cancer cells (18).

The primary mechanism of action of anti-siRNA drugs lies in their ability to inhibit the expression of target genes through RNA interference (RNAi). Ribonucleic acid endonucleases can produce siRNAs, each containing approximately 22 bases, by cleaving short hairpin RNA (shRNA) and longer double-stranded RNA (dsRNA) (19). The stability and efficacy of siRNA molecules can be enhanced through chemical modifications to the phosphoglycan backbone and its constituent pyrimidine and purine bases. For example, replacing the unstable phosphodiesterase backbone with a phosphorothioate backbone improves albumin binding by enhancing the hydrophobicity of the molecule. This alteration effectively reduces the drug’s degradation rate in vivo, prolongs the circulation time, and enhances the pharmacokinetics (20). In recent years, the FDA has approved several siRNA drugs, including Givosiran, Patisiran, Inclisiran, and Lumasiran (21, 22). Notably, Givosiran has significant implications in liver-related conditions. The drug achieves good therapeutic effects through a GalNAc-directed siRNA delivery system (23). Despite the promise of ARC drugs, they encounter a series of challenges, such as the difficulty of cellular uptake due to the inherent negative charge of siRNA, the endocytosis of the target antigen, and the lack of quantitative methods to study siRNA endosomal escape. The development and application of many ARC drugs are currently in their preliminary stage. Further in-depth research is needed to pave the way for a new chapter of ARC therapies.




2.3 Mechanism of drug resistance

While ADCs are currently offering significant benefits to gastric cancer patients, issues related to resistance mechanisms for each component are surfacing. These currently include downregulation of cell surface antigens like HER2, drug efflux proteins, impaired endocytosis, defects in internalization pathways such as AKT signalling, overexpression of transporters such as V-ATP binding cassettes, and lysosomal degradation (24–26).

ADCs exhibit a unique resistance mechanism, specifically involving defective lysosomal degradation or an internalization pathway. The degradation of ADCs within lysosomes depends on environmental conditions and enzymatic activity. In T-DM1-resistant gastric cancer cells, researchers have observed lysosomal alkalinization or reduced lysosomal protein hydrolase activity (27). Wang et al. (28) showed that the internalization and externalization kinetics of T-DM1 in gastric cancer cells were similar between parental and resistant cells. However, in N87 gastric cancer cells exhibiting drug resistantance, aberrant V-ATPase was found to impact T-DM1 proteolysis, leading to significant changes in drug resistance. Furthermore, Sung et al. (29) demonstrated in a HER2+ cancer model that when N87-TM cells were implanted into athymic mice, they could modulate internalization and transport pathways through the mediation of related factors. This mechanism is fundamentally associated with T-DM1 resistance. The researchers developed a T-DM1-resistant cell model using a circulatory route of administration and analyzed differences in membrane fractions through proteomic techniques. Overexpression of transcript release factor, caveolin-1, and polymerase I affected caveolin-mediated endocytosis in this cell model. Unfortunately, the knockdown of caveolin-1 did not appear to significantly influence the restoration of T-DM1 sensitivity.

At present, the investigation into the resistance mechanism of ADCs in gastric cancer has been limited to pre-clinical models, and its broader application in future clinical treatments remains to be seen.





3 Targets and antibody-drug conjugates

Research on ADCs in gastric cancer treatment is burgeoning as therapeutic strategies continue to advance (Table 1). In recent years, therapeutics targeting molecules such as EGFR, HER-2, HER3, CLDN18.2, Mucin 1 have shown a degree of efficacy in managing progressive gastric cancer (Figure 2) (Table 2). The chemical structures of these drugs can be viewed in Figure 3.


Table 1 | ADCs involving in clinical trials on cancers treatment.






Figure 2 | Mechanisms for the study of ADCs in gastric cancer.




Table 2 | Drugs targeting different targets.






Figure 3 | The chemical structures of ADCs. The chemical structures of ADCs targeting various receptors include MRG003, which targets EGFR; T-DM1, ARX788, DS-8201, RC48-ADC, which target HER-2; U3-1402, which target HER3; and SOT-102, which targets CLDN18.2.





3.1 ADCs targeting EGFR

ADCs targeting EGFR include ABT-414 and MRG003. EGFR, also known as ERBB1, belongs to the ERBB receptor tyrosine kinase family and is a transmembrane protein receptor comprised of an extracellular ligand-binding domain, a transmembrane structural domain, and an intracellular kinase domain.

Depatuxizumab mafodotin (ABT-414) is an ADC that targets EGFR. It consists of the humanized antibody ABT-806, approximately four MMAFs, and a maleimide hexyl group. Notably, ABT-806 exhibits a low binding affinity to EGFR in normal tissues. However, ABT-414 retains the positive functional properties of ABT-806 and shows considerable efficacy in xenograft models (39). Upon specifically recognizing cancer cells with high levels of wild-type EGFR, the drug binds with high affinity to the mutant EGFR VIII, thereby exerting anti-tumor effects by inhibiting the EGFR/ERK pathway. In addition, MRG003, an ADC targeting EGFR, is composed of EGFR-specific IgG1 antibodies, monomethyl orexin E, and linkers. This drug specifically recognizes and binds to EGFR on the surface of tumor cells, subsequently activating the Hippo pathway through tyrosine phosphorylation. Notably, Hpo is a Ser/Thr kinase that binds and phosphorylates the YAP/TAZ regulator (38). Eventually, the protease activity releases the small molecule MMAE, which binds to the intracellular microtubulin and inhibits microtubulin polymerization, disrupting mitosis and various cellular physiological functions, thereby inhibiting tumor cell proliferation and leading to tumor cell death. Currently, Phase II trials such as NCT04838964, NCT04868162, and NCT04868344, focusing on gastrointestinal and head and neck tumors, are ongoing while awaiting the collation of pertinent results. Among the 39 patients enrolled in the NCT04868344 trial, partial remission and disease stabilization rates of 21% and 31%, respectively, were achieved, which attests to the anti-tumor activity of the drug (38).




3.2 ADCs targeting HER-2

The HER-2/neu protein plays integral roles in a multitude of cellular functions including, but not limited to, cell proliferation, apoptosis, migration, and angiogenesis (40).



3.2.1 T-DM1

T-DM1 is a compound consisting of trastuzumab, a microtubulin inhibitor called DM1, connected by a non-cleavable, non-reducing thioether linker with a DAR of 3.5 (41). It was developed by Roche’s team (42) and received approval from the FDA for the treatment of HER2-positive advanced breast cancer (43). This approval laid the foundation for further studies of T-DM1 in the context of gastric cancer. T-DM1 operates as a targeted delivery system, transporting DM1, an apoptosis inducer, to HER2-positive tumor cells, thereby functioning as a “preparative missile”. Trastuzumab, one of the components of T-DM1, binds to the extracellular structural domain IV of the HER2 factor, disrupting the HER2/HER3 interaction in cells that overexpress HER2 and affecting the MAPK-RAS/RAF signalling pathway (31). The drug hampers tumor cell growth by upregulating the expression of the cell cycle inhibitor protein p27, inducing cell cycle arrest during the G1 phase in tumor cells. In preclinical trials, T-DM1 exhibited potent anti-GC cell proliferation properties. However, it did not demonstrate a significant survival benefit in subsequent clinical trials (44). The GATSBY trial, a randomised, open, multicentre phase II/III clinical study, evaluated the effectiveness and tolerability of T-DM1 in HER2-positive gastric cancer patients following treatment progression. The median overall survival was 7.9 months (95% CI 6.7-9.5) for the TDM-1 group and 8.6 months (95% CI 0.87-1.51) for paclitaxel treatment group, once again indicating that T-DM1 did not provide a survival advantage (31). The aforementioned clinical trial’s outcomes suggest that gastric cancer is a highly heterogeneous tumor. As a result, large clinical trials are needed to thoroughly investigate the potential of T-DM1 as a viable treatment option for advanced gastric cancer.




3.2.2 DS-8201

DS-8201, an ADC, is composed of trastuzumab, a cleavable peptide linker, and a topoisomerase I inhibitor (DXd) (45).Unlike T-DM1, which has a drug-to-antibody ratio (DAR) of 3.5, DS-8201 boasts a DAR of 8, thereby enhancing its potency even against tumor cells exhibiting low HER2 expression. The elevated DAR of DS-8201 can be attributed to its unique linker, a tetrapeptide sequence (glycyn-phenylalanyn-glycyn, or GGFG), which is selectively cleaved by lysosomal enzymes in tumor cells. This specific cleavage ensures the efficient release of the drug into tumor cells without affecting the surrounding circulation (41). In addition, this ADC drug retains the activity of trastuzumab, inhibiting the PI3K/AKT signaling pathway and HER2 shedding, while triggering antibody-dependent cellular cytotoxicity (ADCC) in combination with the Fcγ receptor (46).

The DESTINY-Gastric01 trial showed a significant increase in ORR (objective response rate) and mOS (median overall survival) in patients treated with DS-8201 compared to conventional chemotherapy, thereby highlighting the survival benefits conferred by ADCs. The findings were further corroborated by the subsequent DESTINY-Gastric02 trial, demonstrating their broad applicability (34, 47). Following these breakthrough findings, a phase I clinical trial conducted by Shitara et al. (10) demonstrated a tolerable safety profile and preliminary anti-tumor activity with T-DXd in patients with HER2-positive progressive gastric cancer. A subsequent phase I trial showed an extended overall survival in the T-DXd group compared to those receiving standard chemotherapy regimens (33). Currently, the FDA has approved DS-8201 for the treatment of patients with unresectable or metastatic HER2-positive gastric cancer. The ongoing DESTINY-Gastric06 trial aims to confirm the survival benefit of DS-8201 in the Chinese patient population. The current standard second-line treatment for patients with advanced gastric cancer is a combination of ramucirumab and paclitaxel. In pursuit of an improved treatment alternative, the DESTINY-Gastric04 trial is being concurrently conducted. Surprisingly, Ogitani et al. (48) found anti-tumor activity at low levels of HER2 in a PDX model of breast cancer. A gastric cancer dose toxicity study, which included patients with low HER2 expression gastric cancer, showed significant anti-tumor activity in a phase I pilot study, thus suggesting the potential efficacy of this therapy in patients with low HER2 expression gastric cancer (32).




3.2.3 RC48

RC48 is an ADC specifically targeting HER2. It comprises monoclonal antibodies Hertuzumab, MMAE and histone B (cathepsin B, cat B)-sensitive cleavable linker mc-vc. This ADC, developed in China, has exhibited a favourable safety profile along with promising anti-tumor activity in gastric cancer studies (35).

RC48 functions by modulating tumor cell proliferation, differentiation, apoptosis, and migration. It achieves this through the activation of the Ras/MAPK signalling pathway via heterodimer formation and tyrosine kinase autophosphorylation-mediated signal transduction (49). The drug interacts with the HER2 antigen present on the surface of tumor cells, subsequently undergoing endocytosis to enter the lysosomal compartment. The drug’s linker is catalyzed by cat B to break and release MMAE. This cytotoxic agent then translocates from the lysosome to the cytoplasm where it binds to microtubule proteins. This interaction inhibits microtubule dynamics, causing cell cycle arrest and ultimately inducing programmed cell death (50). In a phase I trial conducted by Gong et al. (51), RC48 demonstrated notable efficacy in patients with HER2-positive gastric cancer. Further, a phase II study (RC48-C008) involving 125 patients reported an ORR of 18.1% (95% CI 11.8%-25.9%), a mPFS of 3.8 months (95% CI 2.7-4.0), and a mOS of 7.6 months (95% CI 6.6-9.2) (36). In light of these promising anti-gastric cancer effects, the Chinese Drug Administration officially approved RC48 in 2021 for the treatment of locally advanced or metastatic gastric cancer. This marked RC48 as the only domestically-approved ADC drug for gastric cancer in China. Currently, a Phase III confirmatory study (C007, NCT04714190) is in progress, with the medical and scientific communities eagerly anticipating the final results.




3.2.4 ARX788

ARX788 is composed of a humanized anti-HER2 monoclonal antibody with a targeted modification of non-natural amino acid, coupled with a microtubule protein inhibitor MMAF through a stable non-cleavable linker segment (52).

ARX788 offers the advantage of stable linkage as a next-generation site-specific anti-HER2 ADC. The drug exerts its clinical effects by modulating the Ras/MAPK and PI3K/AKT signaling pathways (52). Phase I clinical studies evaluated the impact of ARX788 in 30 patients with advanced or metastatic gastric cancer. The combination of ARX788 and trastuzumab demonstrated a significant improvement in overall survival, prolonging it by 10.7 months, as well as an increase in median progression-free survival by 4.1 months, compared to patients treated with trastuzumab alone (37). In 2021, ARX788 was granted orphan drug status by the FDA for the treatment of HER2-positive gastric cancer and gastroesophageal junction cancer. The ongoing Phase I dose-escalation trial (NCT03255070) is investigating ARX788 in patients with HER2-positive gastric cancer, with the aim of providing stronger evidence to support its clinical criteria.




3.2.5 Others

In addition to the aforementioned targets, there are several other clinical agents that target HER-2, including XMT-1522, MEDI4276, MRGOO2, and TR1801-ADC.

The effectiveness of XMT-1522 against T-DM1-resistant gastric cancer cell lines and xenograft models was demonstrated in cellular and mouse models (26). In the clinical trial NCT02952729, XMT-1522 exhibited low gastrointestinal toxicity with grade 1 or 2 adverse events (53). MEDI4276, a novel ADC, was evaluated in a phase I dose-escalation study involving HER2-positive patients with advanced gastric cancer. The study’s primary endpoints were safety and tolerability, while secondary endpoints included anti-tumor activity. MEDI4276 was well-tolerated at a dose of 0.3g/kg, and it showed evidence of anti-tumor activity (54). This ADC is anticipated to become a new HER2-targeted drug for gastric cancer. Similarly, MRGOO2 and TR1801-ADC demonstrated significant anti-tumor activity in preclinical studies and are currently either in or prepared for phase I clinical trials (55, 56). Additionally, ongoing trials including NCT03262935, NCT04602117, NCT04235101, and NCT01042379 are investigating SYD985. These trials aim to assess the pathological complete response (PCR) of different biologics in combination with chemotherapy, expanding the chemotherapy combination options for ADCs in the first-line treatment of patients with advanced gastric cancer. A Phase I/II clinical study of A166 (NCT03602079) is currently recruiting patients with gastric cancer, and the trial results have not yet been disclosed.





3.3 ADCs targeting HER-3

U3-1402 is an innovative HER3-targeted ADC that was developed in Japan (57). It comprises the patritumab monoclonal antibody, the small molecule cytotoxin DXd, and a tetrapeptide linker (58).

The drug exhibited several advantages, including strong targeting, low toxic side effects, long duration of action, and potent activity. It binds to HER3, which is aberrantly expressed on the surface of tumor cells, forming the HER3-U3-1402 complex. This complex is internalized into the endosome and subsequently engulfed by lysosomes. Within the lysosome, the histone protease cleaves and releases the free topoisomerase I inhibitor DXd, leading to DNA damage and cellular regulation (59). In preclinical trials, it demonstrated significantly superior activity compared to the patritumab monoclonal antibody, showing therapeutic efficacy in both first-generation TKI-resistant cell lines and mouse models (60). Data from the phase I clinical trial (NCT03260491) in patients with advanced NSCLC demonstrated 100% disease control with this drug (61). Two ongoing clinical studies evaluating HER3-positive breast cancer have indicated favorable survival benefits, with ORRs of 33% and 42.9%, respectively (62, 63). In summary, U3-1402 exhibits strong targeting, low toxic side effects, long duration of action and potent activity, forming the basis for clinical trials in gastric cancer. It is anticipated to provide new therapeutic options for EGFR-TKI-resistance patients, addressing EGFR-TKI resistant in gastric cancer.

In addition to U3-1402, several other HER3-targeted ADCs are currently being investigated in clinical trials, namely MCLA-128, MM-121, CDX/KTN3379, and GSK-2849330. The outcomes of these trials are anticipated to provide potential benefits to GC patients in the future.




3.4 ADCs targeting Claudin 18.2

Claudin 18.2 belongs to the transmembrane family of epithelial tight junction proteins, which are prominently expressed on the surface of gastric cancer tissue.

The first ADC targeting Claudin 18.2 entered clinical trials in 2000. Claudin 18.2 is utilized in differentiated formats for gastric cancer treatment, including monoclonal antibodies, dual antibodies, ADCs, and CAR-T therapies. SYSA-1801, a fully human monoclonal antibody-MMAE drug conjugate, inhibits microtubulin polymerization, leading to effective mitotic inhibition. It has been approved for Phase I clinical trials in advanced gastric cancer (64). Animal experiments have demonstrated the effective targeting of tumor cells by SYSA-1801 through anti-Claudin 18.2 antibodies, resulting in the elimination of gastric cancer cells. Additionally, CMG-901, a Claudin 18.2-targeted antibody-drug conjugate developed by Connoia, is being used for the treatment of patients with GC who have failed or progressed on standard therapy (65). The drug comprises an antibody specific to Claudin 18.2, MMAE, and a cleavable linker. Claudin 18.2 is exposed by gastric cancer cells due to disruption of tight junctions, and CMG-901 plays a crucial role in tumor eradication. The clinical trial application for a Phase I trial of the Claudin 18.2 ADC in GC and gastroesophageal junction cancer received approval in both China and the USA. By 2022, the Phase I clinical study of CMG901 in eight patients with Claudin 18.2-positive gastric or gastroesophageal junction adenocarcinoma reported an objective remission rate of 75% and a disease control rate of 100%, with the determination of mPFS and mOS pending (66). The recommended dose, safety, and tolerability of the drug were established in the NCT05205850 trial involving patients with locally advanced unresectable or metastatic GC and gastroesophageal junction cancer. Besides the aforementioned ADCs, IMAB362 is also undergoing clinical trials. Studies have indicated the drug’s safety and tolerability in GC patients. PFS and mOS in GC patients were extended by 3.1 months and 4.8 months, respectively. Furthermore, phase II clinical trials have demonstrated improved anti-tumor activity in combination with chemotherapeutic agents or as monotherapy (67).




3.5 ADCs targeting Mucin 1

Mucin 1 (MUC1) is a significant member of the Mucin family, characterized by its high glycosylation. It is a type I transmembrane protein with a core protein size of 2250 kDa, and it is prominently expressed in the apical region of epithelial cells in various organs, including the gastrointestinal tract, lung, kidney, uterus, and eye.

MUC1-based ADCs target both MUC1 glycosyl-associated proteins and the MUC1 protein backbone (68). Several ADCs have been developed to specifically target MUC1 for the treatment of gastric cancer, demonstrating significant anti-tumor activity (69). In animal tumor models, the effective dosage of SAR566658 correlates with the expression of CA6, a MUC1-associated sialic acid glycoprotein. SAR566658 comprises the anti-CA6 antibody huDS6 conjugated to DM4, including tumor cell death through CA6 recognition (70). In addition to ADCs targeting MUC1 glycosylation-related proteins, the MUC1 protein backbone itself is an important target. Panchamoorthy et al. (71) developed a 3D1-MMAE ADC based on MUC1-C and validated its ability to kill MUC1-C-positive tumor cells in vitro. Wu et al. (72) developed a humanized MUC1 antibody called HzMUC1. This ADC combines HzMUC1 with MMAE and demonstrates the inhibition of trastuzumab-resistant, HER2-positive cancer cell growth by inducing G2/M cell cycle arrest and promoting apoptosis.





4 ADCs-IO combination therapy

Immuno-oncology (IO) has been approved for the treatment of various cancers, including gastric cancer, non-small cell lung cancer, lymphoma, Hodgkin’s lymphoma, and kidney cancer. It has emerged as one of the most promising areas of research in cancer therapy.

Researchers have made significant progress in understanding the various mechanisms employed by tumor cells to evade the host’s immune response. Immune checkpoint-mediated pathways involving CTLA-4, PD-1 and PD-L1 have emerged as crucial players in immunosuppression. However, the effectiveness of immune checkpoint inhibitors (ICIs) remains limited, with only approximately 30% of patients exhibiting a favorable immune response rate. Patients who demonstrate a better response to checkpoint blockade therapy typically exhibit higher levels of CD8+ T cells within their tumors prior to treatment (73). In contrast, studies have shown that certain chemotherapeutic agents and physical irradiation can induce Immunogenic Cell Death (ICD), leading to T cell recruitment and activation of effector T cells within tumors (74). Preclinical evidence suggests that ADCs have the potential to modulate the tumor microenvironment, potentially enhancing the response to detection of ICIs (75). In mouse models, T cells and macrophages in the tumor microenvironment exhibit overexpression of CTLA4 and PD-1/PD-L1, with synergistic effects observed when combining T-DM1 with ICIs (76). Additionally, the combination of HER2-targeted drugs and PD-1 inhibitors has shown synergistic potency (77). Furthermore, studies have demonstrated that ADC payloads can directly induce dendritic cell activation, maturation, and trigger ICD, thereby augmenting the immune response (57, 78). The monoclonal antibodies present in ADC structures may upregulate PD-1/PD-L1 expression levels, enhance immune cell infiltration, promote antigen presentation by dendritic cells, and ultimately improve the efficacy of PD-1/PD-L1 inhibitors. Currently, Atezolizumab, Nivolumab, and Pembrolizumab are among the most commonly used ICIs in combination with ADCs. However, clinical studies investigating their efficacy in gastric cancer treatment are still at an early stage and require further research in the future.




5 Limitations of ADCs

ADCs, similar to other anti-cancer drugs, provide survival benefits to patients. However, they are not without challenges, as they can encounter resistance issues influenced by multiple factors. To enhance drug efficacy, overcome resistance, and optimize their composition, further advancements are necessary.



5.1 Antigenic ligand factors

Upon administration, the drug selectively attaches to the tumor cell surface antigen, prompting endocytosis of the ADCs by the cells. In some instances, ADCs can also bind to the Fc receptor within the body. Any disruption to this process can impact the cells’ responsiveness to ADCs, thereby facilitating the emergence of drug resistance.

The presence of neuromodulin, a ligand for ErbB3, leads to heterodimerization of ErbB2, ErbB3, and ErbB4, thereby reducing the cytotoxicity of T-DMI in gastric cancer cell lines (79). Once the target antigen is bound, ADCs-antigen complexes undergo internalization through niche or lattice-protein-mediated cytosolic drinking or endocytosis (29). T-DM1 resistant N87 cells internalize ADCs into intracellular fossa proteins and alter their transport to lysosomes. Sung et al. (80) showed that the co-localization of T-DM1 to intracellular niche protein-positive sites in ErbB2-positive cell lines correlated with a diminished response to T-DM1. Within the cell, degradation of ADCs in the lysosome can be impaired by reduced lysosomal acidification or protein hydrolysis, leading to an inability to cleave the cytotoxic payload of ADCs. T-DM1-resistant cell lines exhibit elevated lysosomal pH, causing T-DM1 to accumulate in the lysosome due to altered protein hydrolysis activity (27). Additionally, the deletion of lysosomal transporter protein expression, such as SLC46A3, can inhibit the release of the cytotoxic payload from the lysosome into the cytoplasm. Tomabechi et al. demonstrated that the deletion of SLC46A3 expression serves as a mechanism for innate and acquired resistance to ADCs carrying DM1 and PBD (81).




5.2 Drug delivery and other factors

In addition to the factors mentioned above, drug resistance mechanisms are partly attributed to issues with drug delivery. Hindrances may arise from antigen downregulation, loss of antigen expression, or antigenic mutations that affect their recognition by monoclonal antibodies. Reduced ErbB2 expression has been identified as an acquired resistance mechanism to T-DM1 in T-DM1-resistant cell lines (25). Moreover, tumors with higher heterogeneity and lower HER2 expression exhibit poorer drug efficacy due to limited permeability of the cytotoxic complex membrane (82). In addition, ADCs containing non-cleavable junctions can impact their efficacy. For instance, ARX788 with a maleimide junction and T-DM1 with a thioether junction may result in lower DAR, reduced payload numbers, and inferior anti-tumor effects (83). Notably, effective drug delivery can compensate for lower levels of antigen expression. Unlike conventional coupling approaches, ARX788 demonstrates advantages in PDX models with low HER2 expression levels by employing a site-specific engineered cysteine-based coupling approach (52). In future antibody design, the development of specific ADCs with high DAR using branched chain junctions or unpaired cysteines is anticipated. Additionally, optimization of antibody engineering and junctions is necessary. Promising progress has been made with dual paratope ADCs in advanced gastric cancer (NCT03821233), and ZW49, capable of targeting both HER2 and ZW25, has shown efficacy and low resistance in patients who have not responded to standard treatment with T-DM1.

In addition, the tumor microenvironment, recirculation of antigen-antibody complexes to the cell surface, and impaired drug release have been identified as factors influencing the efficacy of ADCs (84, 85).





6 Conclusion

Despite significant advancements in cytotoxic chemotherapy, immunotherapy, and targeted therapies in recent years, the long-term prognosis for patients with inoperable, recurrent, or metastatic gastric cancer remains unfavorable. The introduction of new drugs and the utilization of ADCs have brought about a transformative change in the treatment and prognosis of gastric cancer patients. However, there are certain limitations associated with their application. The impact of factors influencing antigen internalization and the heterogeneity of antigen expression on the effectiveness of ADCs remains unclear. Additionally, all existing cytotoxic drugs primarily target microtubule proteins or DNA/RNA, necessitating the re-optimization of chain strategies to enhance drug stability and site-specific coupling, thereby improving efficacy and safety. Furthermore, the development of drugs with diverse mechanisms of action, such as novel cytotoxic payloads, holds promise. Lastly, the future holds the potential for the discovery of novel predictive biomarkers that can aid in better defining patient subgroups with specific cancer characteristics.
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Background

Stomach adenocarcinoma (STAD), caused by mutations in stomach cells, is characterized by poor overall survival. Chemotherapy is commonly administered for stomach cancer patients following surgical resection. An imbalance in tumor metabolic pathways is connected to tumor genesis and growth. It has been discovered that glutamine (Gln) metabolism plays a crucial role in cancer. Metabolic reprogramming is associated with clinical prognosis in various cancers. However, the role of glutamine metabolism genes (GlnMgs) in the fight against STAD remains poorly understood.





Methods

GlnMgs were determined in STAD samples from the TCGA and GEO datasets. The TCGA and GEO databases provide information on stemness indices (mRNAsi), gene mutations, copy number variations (CNV), tumor mutation burden (TMB), and clinical characteristics. Lasso regression was performed to build the prediction model. The relationship between gene expression and Gln metabolism was investigated using co-expression analysis.





Results

GlnMgs, found to be overexpressed in the high-risk group even in the absence of any symptomatology, demonstrated strong predictive potential for STAD outcomes. GSEA highlighted immunological and tumor-related pathways in the high-risk group. Immune function and m6a gene expression differed significantly between the low- and high-risk groups. AFP, CST6, CGB5, and ELANE may be linked to the oncology process in STAD patients. The prognostic model, CNVs, single nucleotide polymorphism (SNP), and medication sensitivity all revealed a strong link to the gene.





Conclusion

GlnMgs are connected to the genesis and development of STAD. These corresponding prognostic models aid in predicting the prognosis of STAD GlnMgs and immune cell infiltration in the tumor microenvironment (TME) may be possible therapeutic targets in STAD. Furthermore, the glutamine metabolism gene signature presents a credible alternative for predicting STAD outcomes, suggesting that these GlnMgs could open a new field of study for STAD-focused therapy Additional trials are needed to validate the results of the current study.





Keywords: STAD, GlnMgs, immunity, m6A and immune checkpoint, drug prediction, CNV, SNP




1 Introduction

Gastric cancer (GC) is the fifth most common cancer and the third leading cause of cancer-related death worldwide. Stomach adenocarcinoma (STAD) is the most common histologic form of GC, and malignant GC accounts for 95 percent of all gastric tumors (1, 2). Research reported that 90% of STAD cases are attributable to Helicobacter pylori infection (3). STAD is considered as a group of unusual disorders that endanger human health (4), underlining the significance of timely intervention for STAD (5). Chemotherapy is a classic management for cancer, but its cytotoxicity and potential side effects after long-term administration are associated with multiple adverse reactions, such as gastrointestinal discomfort, cell damage, and bone marrow suppression (6). Furthermore, the lack of specific biomarkers for early tumor detection and preclinical models results in poor STAD prognoses (7, 8). Therefore, there exists an urgent need to discover new and accurate biomarkers for the early detection and diagnosis of STAD.

It is necessary for all living things to absorb nutrients and perform metabolism. Metabolic reprogramming is a characteristic of cancer that promotes tumor cell proliferation and survival. Recent research has shown that oncogenic transformation causes a well-defined metabolic phenotype in tumor cells, which alters the tumor environment (TME). TME is made up of various cell populations in a complex matrix that is characterized by oxygen and nutrient delivery inefficiencies due to insufficient or poorly differentiated vasculature (9). To satisfy energy demands, rapidly growing cancer cells compete with immune cells for resources needed to display anti-tumor activities, resulting in an immune suppressive environment. More crucially, new research suggests that cancer cells can inhibit anti-tumor immune responses by competing for and depleting vital resources, or by otherwise lowering the metabolic fitness of tumor-infiltrating immune cells (10). Through multiple pathways, both the innate and adaptive immune systems have now established roles in the host defense against malignancies, resulting in remarkable development of cancer immunotherapies (11). Indeed, immune cells may detect numerous signals in their surroundings and activate distinct immunological processes in response (12).

More and more data suggests that the immune response is connected with substantial alterations in tissue metabolism, such as nutritional depletion, increased oxygen use, and the formation of reactive nitrogen and oxygen intermediates (13). Similarly, several compounds found in the tumor microenvironment alter immune cell differentiation and function, suggesting that metabolic treatments may potentiate the efficacy of immunotherapies (14). Therapeutic methods that target tumor metabolism and consequently alter or improve immune cell metabolism to increase inflammation are therefore particularly promising. Thus, to enhance immunotherapy, it is critical to target the right metabolic route to limit tumor metabolism and activate inflammatory response (15), and glutamine (Gln) metabolism is an available alternative. One of the best options available is to target glutamine (Gln) metabolism. Gln is rapidly absorbed by cultivated tumor cells since it is the most common amino acid in circulation. Gln is extensively employed in cellular aerobic glycolysis to sustain TCA flow or as a source of citrate for lipid synthesis in reductive carboxylation. Furthermore, glutaminolysis enhances proliferative cell survival by decreasing oxidative stress and preserving the integrity of the mitochondrial membrane. Gln serves as an energy source for both tumor and immunological cells.

The utilization of glucose, lipids, and purine in normal cells differs from cancer cells. Previous findings indicated that gln metabolism may affect oncogenesis and cancer metastasis (16). There are presently 172 different types of RNA changes known. M6A, m1A, M7G, and m5C are the most prevalent chemical alterations. One of the most common eukaryotic mRNA modifications is m6A (17). Immune checkpoint inhibitor (ICI) profiles in STAD patients may aid in diagnosing, analyzing, and anticipating therapy results (18). The cause and progress of STAD’s abnormal gene expression and glutamine metabolism are currently unknown. With the rapid advancement of bioinformatics, several prior studies have employed effective approaches to evaluate and discover effective biomarkers in order to give an effective reference for clinical and future basic research (19).Therefore, exploration of the regulation mechanism of glutamine metabolism for STAD synthesis may provide better guidance for treatment. Figure 1 depicts the current investigation’s framework.




Figure 1 | Framework based on an integration strategy of GlnMgs. The data of STAD patients were obtained from TCGA and GEO databases, and then the GlnMgs were matched to carry out difference analysis and risk model construction, respectively. TCGA data set was used as the main body and GEO data was used to verify the model with good grouping, and GlnMgs related to the prognosis of STAD patients were obtained. Then, GO, KEGG and GSEA analyses were performed with multiple databases to obtain the functions related to GlnMgs. Last, the immune cells, function and RNA changes were analyzed.






2 Materials and methods

We used the approaches proposed by Zi-Xuan Wu et al., 2021 (20).



2.1 Datasets and GlnMgs

The TCGA was used to collect STAD gene and clinical data (21). The GEO was searched for mRNA expression. The R (https://cran.r-project.org/) and perl (https://github.com/Perl) software used in this study performed the data analysis.




2.2 DEGs and mutation rates

Perl matched and sorted transcription data to acquire exact mRNA data by comparisoning with human data. The gene IDs were transformed into gene names by R4.1.0 (22). To assess a substantial change in glutamine metabolism genes expression, FDR<0.05 and |log2FC|≥1 were utilized by R. The relevance of differentially expressed GlnMgs was investigated (DEGs).




2.3 Tumor classification based on the DEGs

First, the GlnMgs were classified into two groups: cluster 1 and cluster 2. Survminer of R was used to explore the survival of GlnMgs subtypes, and survival was used to evaluate GlnMgs predictive value. The pheatmap package was used to construct a heatmap showing the differential expression of GlnMgs in each cluster, and the relationship between GlnMgs and clinicopathological features was examined. The Limma package was used to identify differences in the expression of target genes from the appropriate subtypes and tissue types. To explore the gene connection between STAD target genes and GlnMgs, the Limma and corrplot packages of R were employed. Cbioportal (https://www.cbioportal.org/) was used to estimate DEG variant frequencies. Steps: Esophagus/Stomach, Stomach adenocarcinoma (TCGA, Firehose Legacy).




2.4 Cluster DEGs

To assess a substantial change in GlnMgs Cluster DEGs expression, We chose the Limma package, FDR<0.05 and |log2FC|≥1 were utilized. These genes are then visualized in a heatmap.




2.5 GlnMgs prognostic signature

To build a prognostic model we adopted the glmnet and survival package, GlnMgs signature was constructed using Lasso-penalized Cox regression and Univariate Cox regression analysis, stratified by risk score (Coefficient DEGs1 × expression of DEGs1) + (Coefficient DEGs2 × expression of DEGs2) + … + (Coefficient DEGsn × expression DEGsn). Each STAD patient’s associated risk score was further evaluated. Based on the median score, the DEGs were divided into two subgroups: low-risk (< median number) and high-risk (≥ median number). The low-risk (50%) and high-risk (50%) groups were identified in Lasso regression, and the appropriate plots were generated. Following visualization, the confidence interval and risk ratio were computed, and the forest diagram was created by pheatmap package. The survival curves for the high-risk and low-risk groups were plotted for analysis.

To evaluate the accuracy of this model for predicting survival in STAD, the timeROC package was used to provide a comparable receiver-operating characteristics (ROC) curve. For the chance curve bestowed by the risk score, GlnMgs’ risk and survival status were examined. The nursing independent prognostic study was carried out to confirm that this model was unaffected by different clinical factors. The relationship between clinical characteristics and risk prediction model was determined, similarly relationship between 2 GlnMgs patients. Analyses of risk and clinical relationships were distributed. Additionally, Principal component Analysis (PCA) and T-distributed Neighbor Embedding (T-SNE) were investigated by Rtsne and ggplot2 packages. To analyze whether the prognostic model might properly categorize patients into two risk teams. By desegregation of the prognosticative signals, a representation was developed to predict the 1-, 3-, and 5-year OS of STAD patients.




2.6 Drug sensitivity, CNV and SNP analysis

We used the limma package to match the risk genes and expression data to predict the potential drugs of hub genes. In addition, the data of the drugs were obtained from the GDSC (https://www.cancerrxgene.org/), and then drug susceptibility analysis was performed using impute and limma packages. The TCGA offered information on mRNAsi, gene mutations, CNV, and TMB. CNVS and SNPS were analyzed by chi-square test.




2.7 GO and KEGG analysis

The biological pathways associated with the TCGA DEGs were then examined using Gene Ontology (GO). Biological processes (BP), molecular functions (MF), and cellular components (CC) controlled by the differentially expressed GlnMgs were further investigated using R software, clusterProfiler, org.Hs.eg.db, enrichplot, and ggplot2 package based on KEGG data.




2.8 GSEA enrichment analyses

In a range of samples, GSEA (https://www.gsea-msigdb.org/gsea/index.jsp) was utilized to identify related functions and route changes. The accompanying score and diagrams were also used to determine the activities and pathways within the various risk subcategories that were dynamic. Each sample was labeled ‘H’ or ‘L’.




2.9 The levels of immune activation in different segments

The analysis of single-sample sequence set enrichment was utilized (ssGSEA) by GSEABase, GSVA, and limma packages. The enrichment score of immune cells and immune-related activities in two groups were examined in each TCGA and GEO cohort.We also examined the connection between GlnMgs, checkpoints, and mRNA chemical modifications (m6A, m1A, M7G, and m5C) and identified m6A, m1A, M7G, and m5C regulators (23) (Table S2).





3 Results



3.1 Datasets and GlnMgs

375 STADs and 32 normal data were registered in the TCGA on November 15, 2022. The GEO was searched for mRNA expression. Series: GSE84437. Platform: GPL6947-13512. The GEO was used to maintain 433 STAD cases (Table S1A). 79 GlnMgs (MSigDB, http://www.gseamsigdb.org/gsea/msigdb/index.jsp), were identified (Table S1B).




3.2 Differentially expressed GlnMgs; glutamine metabolism regulatory gene variations

56 DEGs were associated with glutamine metabolism (43 upregulated, 13 downregulated; Table S2) (Figure 2A). A protein-protein interaction (PPI) network was established to evaluate the interactions of GlnMgs, as shown in Figure 2B. By lowering the low required interaction value to 0.7, ALDH18A1, CAD, GLUL, GLUD1, GAD1, ASS1, and GOT2 were determined as hub genes (Table S3). Truncating and missense mutations were the most prevalent forms of mutations (Figure 2C). A total of 8 genes were over a 5% mutation rate, with ASNS and NOS1 being the commonly altered (8%). STAD predictive potential was found in all DEGs detected in both normal and malignant tissues. The correlation network of all GlnMgs is depicted in Figure 2D.




Figure 2 | Expressions of the 56 GlnMgs and the interactions among them. (A) Heatmap (green: low expression level; red: high expression level) of the genes participating in autophagy between the normal (N, brilliant blue) and the tumor tissues (T, red). P values were showed as: *P<0.05; **P<0.01; ***P<0.001. (B) PPI network showing the interactions of the genes participating in autophagy (interaction score=0.7). (C) Mutations in GlnMgs. 8 genes over a 5% mutation rate, with ASNS and NOS1 being the most often modified (8%). (D) The correlation network of the genes participating in autophagy (red line: positive correlation; blue line: negative correlation. The depth of the colors reflects the strength of the relevance).



The relationship between alterations in GlnMgs regulatory genes (CNV, SNP, and mutation) and clinicopathological characteristics in patients was investigated. Correlation analysis revealed ten SNP-driven DEGs (P-value less than 0.05) in the prognostic model, including ACVR2A, CSMD1, FAT4, KMT2D, LRP1B, MUC16, PCLO, SYNE1, TP53, and TTN (Figure 3A). The total average mutation frequency of DEGs in the prognostic model varied from 11 to 52%, suggesting a possible correlation of STAD mutations with important gene dysregulation (Figures 3B, C). Correlation examination of DEG expression in the prognostic model and CNV revealed several CNV-driven DEGs (Figure 3D).




Figure 3 | CNV, SNP and mutation analysis. (A) Correlation analysis between the expression of genes in prognostic signatures and SNP. (Correlation analysis revealed ten SNP-driven DEGs in the prognostic model, including ACVR2A, CSMD1, FAT4, KMT2D, LRP1B, MUC16, PCLO, SYNE1, TP53, and TTN) (B, C) The mutation distribution of genes in prognostic signatures (The total average mutation frequency of DEGs in the prognostic model varied from 11 to 52%, suggesting that STAD mutations may be related with important gene dysregulation). (D) CNV analysis (Correlation examination of DEG expression in the prognostic model and CNV revealed several CNV-driven DEGs).



The model’s medication prediction revealed certain genes with significant differences (Figure S1). Furthermore, an investigation of the connection between DEG expression in the prognostic model indicated that numerous genes were associated with drug sensitivity. ELANE was shown be closely linked to ABT199, Hydroxyurea, Nandrolone phenpropiona, Cyclophosphamide, Carboplatin, and Megestrol acetate, indicating possible drug routes (Figure S2).




3.3 Tumor categorization using the DEGs

A consensus clustering analysis was performed on all 375 STAD patients in the TCGA dataset to assess the associations between GlnMgs expression and STAD. The strongest intragroup correlation and the weakest intergroup correlation were observed when the clustering variable (k) was set to 2, indicating that the 375 STAD patients could be classified into two groups based on their GlnMgs (Figure 4A). A heatmap depicts gene expression and clinical features (Figure 4B, Table S4). A survival study was conducted to explore the predictive capacity of GlnMgs using GlnMgs subtypes, and cluster 2 exhibited a higher survival rate (P=0.002), Figure 4C. We examined the TCGA clinical data and found that the survival time of C2 patients was higher before 6 years, but most of the C2 patients died by 6 years, so the survival rate of C2 patients was lower after 6 years.




Figure 4 | Tumor categorization based on DEGs associated with glutamine metabolism. (A) The consensus clustering matrix (k=2) was used to divide 375 STAD patients into two groups. Heatmap (B). The heatmap and clinicopathologic features of the two clusters identified by these DEGs (T, Grade, and Stage indicate the degree of tumor differentiation. P values were showed as: *P<0.05; **P<0.01; ***P<0.001. (C) Kaplan-Meier OS curves for the two clusters.






3.4 In the TCGA cohort, a prognostic gene model was developed

Six significant GlnMgs were observed throughout the univariate Cox investigation. These GlnMgs (AFP, CST6, CGB5, ELANE, APOC3, and MPO) were thought to be independent prognostic markers for STAD (Figure 5A). To create a gene signature, the absolute minimal shrinkage and selection operator (LASSO), Cox regression analysis, and optimal value were utilized (Figures 5B, C). Patients’ risk ratings were shown to be inversely connected to STAD survival. The bulk of the new GlnMgs discovered herein exhibited a negative relationship with the risk model, requiring more research (Figure 5D). The presence of high-risk GlnMgs signatures was associated with a lower likelihood of survival (P<0.001, Figure 5E). For 1, 3, and 5-year survival rates, the AUC predictive value of the unique GlnMgs signature was 0.763, 0.746, and 0.783, respectively (Figure 5F). Patients with varying risks were divided into two groups based on the PCA and t-SNE results (Figures 5G, H). The hybrid nomogram, which comprised TCGA clinicopathological data as well as the prognostic signature of the GlnMgs, was stable and accurate, showing great potential in the treatment of STAD patients (Figures 5I, J).




Figure 5 | The development of a risk signature in the TCGA cohort. Construction of risk signature in the TCGA cohort. (A) A Univariate Cox regression analysis of OS for each glutamine metabolism-related gene, with P<0.05 for 6 genes. (B) Lasso regression of the 6 OS-related genes. (C) Cross-validation for tuning the parameter selection in the Lasso regression. (D) The survival status for each patient (low-risk population: on the left side of the dotted line; high-risk population: on the right side of the dotted line). (E) Kaplan-Meier curves for the OS of patients in the high- and low-risk groups. (F) The AUC of the prediction of 1, 3, 5-year survival rate of STAD. (G) PCA plot for LUADs based on the risk score. (G) A PCA plot based on the risk score for STADs. (H) A t-SNE plot based on the risk score for STADs. (I, J) Nomogram plot based on the Clinical relevance for STADs (The more lines clustered in the upper left corner, the higher the density of patients here; The error bar is represent the confidence interval of each OS).






3.5 The risk signature is validated externally

A GEO cohort of 433 STAD patients served as the validation group. Patients’ risk scores were inversely related to STAD survival. Similarly to the TCGA findings, the bulk of the novel GlnMgs discovered in this investigation were linked with a negative risk model (Figure 6A). High-risk PRG signatures were associated with a lower likelihood of survival (P=0.007). Kaplan-Meier analysis was used to construct Figure 6B. For 1, 3, and 5-year survival rates, the AUC predictive value of the unique GlnMgs signature was 0.584, 0.632, and 0.741, respectively (Figure 6C). The vast majority of STAD patients lived over one years, which might have contributed to the lower AUC, and the PCA and t-SNE results indicated that patients with variable risks were effectively divided into two groups (Figures 6D, E).




Figure 6 | The risk model was validated in the GEO cohort. (A) Each patient’s chance of survival (low-risk population: on the left side of the dotted line; high-risk population: on the right side of the dotted line). (B) Kaplan-Meier curves for patients in the high- and low-risk groups’ overall survival. (C) The AUC for predicting the 1-, 3-, and 5-year survival rates of STAD. (D) A PCA plot based on the risk score for STAD. (E) A t-SNE plot based on the risk score for STAD.






3.6 The risk model’s independent prognostic value

COX analysis in the TCGA cohort revealed that the GlnMgs signature (HR: 5.945, 95CI:2.039-17.337), Age (HR: 1.035, 95CI:1.016-1.055), N (HR: 1.260, 95CI:1.065-1.490) were predominantly independent predictive factors for the OS of STAD patients (Figures 7A, B). COX analysis in the GEO cohort revealed that Age (HR: 1.022, 95CI:1.009-1.034), N (HR: 1.544, 95CI:1.315-1.813), T (HR: 1.596, 95CI:1.252-2.035) were largely independent predictive factors (Figures 7C, D). In addition, a heatmap of clinical features for the TCGA cohort was depicted (Figure 7E, Tables S5, 6).




Figure 7 | Cox regression analysis, both univariate and multivariate. (A) TCGA cohort multivariate analysis. (B) TCGA cohort univariate analysis (signature and Age were predominantly independent predictive factors). (C) GEO cohort multivariate analysis. (D) GEO cohort univariate analysis. (E) Heatmap (green: low expression; red: high expression) illustrating the relationships between clinicopathologic characteristics and risk groups.






3.7 Enrichment analysis of GlnMgs

GO enrichment analysis revealed 278 core targets, including BP, MF, CC. The MF mainly involves amino acid binding (GO:0016597), carboxylic acid binding (GO:0031406),. The CC mainly involves mitochondrial matrix (GO:0005759). The BP mainly involves cellular amino acid metabolic process (GO:0006520), glutamine family amino acid metabolic process. In addition, the main signaling pathways were identified by KEGG enrichment analysis, revealing that the over-expressed genes were mainly involved in Alanine, aspartate and glutamate metabolism (hsa00250), Arginine biosynthesis (hsa00220), Biosynthesis of amino acids (hsa01230) (Figure 8, Table S7).




Figure 8 | For GlnMgs, GO, and KEGG analyses were performed. GO and KEGG analyses for genes participating in autophagy. (A) Bubble graph for GO enrichment (the bigger bubble means the more genes enriched, and the increasing depth of red means the differences were more obvious; q-value: the adjusted p-value); The GO circle shows the scatter map of the logFC of the specified gene. (B) Barplot graph for KEGG pathways (the longer bar means the more genes enriched, and the increasing depth of red means the differences were more obvious); The KEGG circle shows the scatter map of the logFC of the specified gene. The higher the Z-score value indicated, the higher expression of the enriched pathway.






3.8 Analyses of gene set enrichment

Most GlnMgs prognostic signatures regulated immunological and tumor-related pathways such as ecm receptor interaction, complement and coagulation cascades, hedgehog, tgf beta, jak stat, and chemokine signaling pathway, etc. The top 6 enriched functions or pathways for each cluster (Figure 9). The “‘hedgehog signaling pathway” was the most enriched (Tables S8A, B).




Figure 9 | GlnMgs gene set enrichment studies. The top six enriched functions or pathways of each cluster were provided to illustrate the distinction between related activities or pathways in various samples. The ‘nod like receptor signaling pathway’ was the most enriched. FDR q-value and FWER p-value were both <0.05.






3.9 Immune activity levels in different subgroups are compared

The enrichment scores of 16 types of immune cells and the activity of 13 immune-related activities in low- and high-risk groups (ssGSEA) were assessed in two cohorts. Cytokine and chemokine are key factors for immune cell recruitment and functions. We annotated and stated the H1 and chemokine with significant differences. The low-risk category had higher levels of pDCs, Th1 cells, and Th2 cells (Figure 10A). The low-risk group had a higher rate of APC co inhibition, Inflammation-promoting, MHC class I,T cell co−inhibition (Figure 10B). In the immunological condition of the GEO cohort, the low-risk category had higher levels of pDCs, Th1 cells, and Th2 cells (Figure 10C). The low-risk category had higher levels of APC co inhibition, Inflammation−promoting, MHC class I, and T cell co-inhibition (Figure 10D). Given the importance of checkpoint inhibitor-based immunotherapies, researchers looked at changes in immune checkpoint expression between the two groups. TNFRSF14, CD274, and LGALS9 had a greater rate in the low-risk group, while additional genes revealed significant differences between the two groups (Figure 10E). Furthermore, in order to validate the invasion of these immune cells, the CIBERSORT technology was used to assess whether they were the same (Figure 11). These cells (Macrophages M1, Mast cells resting, T cells CD8, etc) showed significant difference in immunoinfiltration in STAD. We also performed other algorisms to analyze the infiltration of immune cells (Table S9).




Figure 10 | The ssGSEA scores are compared. (A + B) Comparison of the enrichment scores of 16 kinds of immune cells and 13 immune-related pathways in the TCGA cohort between the low-risk (green box) and high-risk (red box) groups. (C + D) In the GEO cohort, tumor immunity was compared between the low-risk (blue box) and high-risk (red box) groups. P values were shown as follows: ns not significant; *P < 0.05; **P < 0.01; ***P < 0.001. (E) Immune checkpoint.






Figure 11 | The CIBERSORT scores are validated.






3.10 mRNA chemical modifications

In M6a, when GlnMgs expression was examined between the 2 risk groups, HNRNPC, RBM15, and YTHDC2 were substantially more significant in the low-risk group (Figure 12A). In M1A, YTHDC1 was substantially more significant in the low-risk group (Figure 12B). In M7G, EIF3D, CYFIP1, EIF4E, LARP1, NSUN2, and NCBP1 were substantially more significant in the low-risk group (Figure 12C). In M5C, NSUN3, DNMT3A, DNMT1, YBX1, and ALYREF were substantially more significant in the high-risk group (Figure 12D). There are presently 172 different types of RNA changes known. Different RNA changes may have certain influence on the occurrence and development of STAD. Our study predicts that different RNA changes also have a certain effect on GlnMgs, which may be the direction of future research. Researchers should look at M6a, M7G, M5C, M1A, etc.




Figure 12 | mRNA chemical modifications. (A) m6A (HNRNPC, RBM15, and YTHDC2 were substantially more significant in the low-risk group). (B) m1A (YTHDC1 was substantially more significant in the low-risk group). (C) m7G (EIF3D, CYFIP1, EIF4E, LARP1, NSUN2, and NCBP1 were substantially more significant in the low-risk group). (D) m5C (NSUN3, DNMT3A, DNMT1, YBX1, and ALYREF were substantially more significant in the high-risk group). P values were showed as: *P<0.05; **P<0.01; ***P<0.001.







4 Discussion

The management of STAD is a critical clinical issue due to the rapid disease progression and dismal prognosis. A lack of potent tumor-killing initiators and selective tumor-targeting therapeutic medications limits the efficiency of precision medicine for STAD (24). A recent study discovered that alterations to the mechanism of programmed tumor cell death may enhance STAD’s targeted therapeutic benefits (25). As a result, early detection and diagnosis of STAD are critical. Cancer is associated with metabolic rewiring. Malignant cells shift metabolic pathways in response to multiple intrinsic and external disadvantages to fuel cell survival and proliferation (26). Proliferating cancer cells use glutamine as a key source of energy and building components in addition to glucose. In fact, certain tumor cells are so reliant on exogenous glutamine that they have been found to perish in the absence of it (27).

Glutamine is one of the most prevalent nonessential amino acids (amino acids generated by the human body and hence not required in the diet) in the circulation, contributing to practically every biosynthetic pathway in proliferating cells (28). It also serves as a nitrogen donor in the synthesis of purines and pyrimidines, as well as a precursor in the production of protein and glutathione. Cancer cells can use glutaminolysis to continue the manufacture of numerous important chemicals because glutamine-derived -KG feeds the TCA cycle (29). Various studies have found that Gln metabolism failure is closely linked to cancer development, and Gln metabolism-targeting medications have been authorized for multiple cancers. As cancer evolves from premalignant lesions to clinically apparent tumors to metastatic malignancies, metabolic demands and phenotypes may also arise. Gln metabolism is garnering attention as a fascinating regulatory node that typically changes in multiple clinical situations. Gln, as the most prevalent non-essential amino acid in circulation, participates in various cellular metabolic activities (30). Glutaminase is an enzyme that deaminates gln to form glutamate, which is a critical intermediate metabolite with numerous biosynthetic applications in the cell (31). A few recent studies have highlighted the role of GlnMgs in various aging-related illnesses. For instance, Dai et al. investigated the potential roles of Gln-metabolism related genes in hepatocellular carcinoma (32), and Liu et al. discovered a Gln-metabolism signature for lung adenocarcinoma prognosis (33). In addition to cancer, the importance of Gln-metabolism in non-cancerous illnesses has received growing attention, such as asthma, pulmonary fibrosis, and chronic obstructive pulmonary disease. However, the present focus mostly focuses on cancer. The physiological importance of Gln metabolism in STAD development is unknown. Researchers must establish prognostic indications of STAD to identify the high-risk group and reduce the risk of relapse and progression.

In the present study, 56 DEGs linked with Gln metabolism were discovered and classified into two STAD groups. Previous study indicated that 6 prognostic GlnMgs were expressed differentially in individuals at risk, and certain GlnMgs were overexpressed in the high-risk group, indicating that GlnMgs were closely associated to STAD prognosis (P<0.05). Furthermore, the role of GlnMgs in STAD was investigated, and survival analysis was used to evaluate GlnMgs’ prognostic value. Patients who received low-risk GlnMgs exhibited better survival outcomes. Furthermore, in the high-risk group, AFP, CST6, CGB5, and ELANE were significantly expressed, indicating their potential roles as cancer-promoting genes in the development of STAD. These findings provide some directions for future research. Nonetheless, concrete evidence of their role in the synthesis of important transcription factors associated with pyroptosis regulation, such as PD-L1, GSDMB, and ROS-NLRP3 (34–36), is lacking, which necessitates further investigation.

We observed that these genes are associated with STAD and Gln metabolism. Serum tumor markers are also important in cancer diagnosis. In clinical practice, alpha-fetoprotein (AFP), a glycoprotein, is a highly specific tumor marker for the detection of gastric cancer (37), serum indicators are available to predict the prognosis of gastric adenocarcinomas (38), and serum alpha-fetoprotein is one of the most extensively researched indicators (sAFP). Subsequent research discovered that STAD with GAED and yolk-sac tumor-like cancer exhibited comparable features (39). Successive investigations revealed that irrespective of pathological morphology, instances of positive AFP immunohistochemistry or increased sAFP had a suggestive risk of progression, which was termed “AFP-producing gastric adenocarcinoma (40)”. Yamazawa et al. revealed that AFP, GPC3, and SALL4 immunohistochemistry (A/G/S-IHC) results had comparable effects when additional immunohistochemical markers were used. Patients with an expression of AFP, GPC3, or SALL4 presented a poor prognosis and were predisposed to develop liver metastases, independent of morphology (41). Aside from its role in liver cancer diagnostics, AFP is considered a target for liver cancer immunotherapy. The immunogenicity and immunological response of AFP might be improved in vitro. The AFP-modified immune cell vaccination or peptide vaccine demonstrated specific antitumor immunity against AFP-positive tumor cells, laying a solid basis for liver cancer immunotherapy (42). CST6 protein and peptides limit bone metastases in breast cancer by reducing CTSB activity and osteoclastogenesis (43). Through bioinformatics, both Ji and Yang identified CGB5 as an effective biomarker for STAD (44, 45). These investigations corroborate and reinforce our findings since these four GlnMgs were linked to the development of STAD. The OS and ROC analyses of the GSE84437 KM curves suggested that a signature associated with Gln metabolism might be a promising prognostic predictor. Nevertheless, research on the gene alterations associated with Gln metabolism is sporadically done. As a result, more research is needed to investigate the mechanism of GlnMgs changes and to validate the present findings.

According to KEGG analysis, the genes were predominantly engaged in the Alanine, aspartate and glutamate metabolism, Arginine biosynthesis, Arginine and proline metabolism. As a result, Gln metabolism plays an important role in STAD. The hedgehog signaling pathway was considered the most highly enriched route in GSEA. The hedgehog signaling pathway included the Smo and Gli1 genes, and their overexpression might result in STAD. The level of expression is proportional to the stage and severity of STAD (46). Furthermore, it has been reported that Hedgehog-interactingprotein (HHIP) could inhibit the growth and proliferation of STAD cell lines by inhibiting Hedgehog signal transduction, implying that HHIP might provide a viable biological marker for STAD and a new approach to STAD treatment by targeting the drug target of HHIP formation (47). Overactivation of the hedgehog pathway is associated with the onset and development of STAD, and particular targeted therapy targeting this pathway might be an effective new approach for therapeutic treatment of STAD (48). Accordingly, GlnMgs may alter STAD cell migration and proliferation through modifying the nod-like receptor signaling pathway, and a great body of evidence has also revealed that Gln metabolism affects the survival of STAD patients.

The linkage of Gln metabolism alteration with the impact of tumor immunotherapy was explored based on the relationship between Gln metabolism change and immune cell infiltration in STAD (49). Patients with a low risk showed dramatically enhanced immune cells and activity, demonstrating promising treatment benefits of anti-PD-1/L1 immunotherapy. Low-risk expression is highest in immune cells at both high and low risk, according to ssGSEA. As a result of completely parsing the TME landscape heterogeneity and complexity, we found several various tumor immune phenotypes, which may also give benefits to guide and forecast immunotherapy responsiveness. The current study successfully predicted the survival of STAD patients. According to the GlnMg’s prognostic model, an increase in the risk score is associated with an increase in death and the high-risk ratio. GlnMgs may serve as a useful biomarkers for predicting STAD prognoses. Recent research has discovered a link between various cell death mechanisms and anticancer immunity (50). Over the last decade, immune checkpoint inhibitors (ICIs) have ameliorated cancer treatment. In ICI-resistant cancers, activation of proptosis, ferroptosis, and necroptosis results in synergistically improved anticancer efficiency (51). Insulin involvement in immune checkpoint regulation boosts PD-L1 expression in pancreatic ductal adenocarcinoma cells through a variety of pathways in the three cell lines studied, including increased InsR-A expression in A818-6 cells and modification of the adaptor protein Gab1 in BxPc3 cells (52). In patients with bladder urothelial carcinoma, Kyrollis Attalla discovered TIM-3 and TIGIT as viable targets for monotherapy or in conjunction with other immune checkpoint inhibitors. A microscopic examination of the association between ICI, m6a, and Gln metabolism was carried out, and the findings suggested a link between GlnMgs alterations and the beginning and development of STAD.

The relationship between Gln metabolism and STAD has been marginally explored. Currently, some papers have used bioinformatics analysis to show a relationship between Gln metabolism and cancer (53–56). DEG analysis was used by Liu et al. to identify differentially expressed genes (DEGs) in the Gln metabolic signaling pathway. They discovered EPHB2 maybe a key gene that are substantially expressed in lung cancer. Ying et al. created a novel Hepatocellular Carcinoma prediction model that integrates 7 GlnMgs, including SLC1A5, GAPDH, SLC38A1, SLC38A7, FTCD, MTHFS, and GOT2 might be utilized to predict prognosis in HCC. Despite this, there are currently few GlnMgs and cancer prognostic models. The technique adopted in this study is new when compared to prior studies. To begin, GlnMgs in the TCGA database are updated on a regular basis. We have made further changes to earlier articles. Second, TCGA data were employed as the primary analysis, with GEO data being included into the common pattern for model validation. Finally, GO and KEGG analyses were done, as well as a GSEA analysis. The findings of the two investigates coincided, increasing trust. Fourth, we used several databases to measure immune cells and functions to boost the reliability of the results. Finally, there is almost no prediction model for GlnMgs that gives specific recommendations for future metabolic research or therapy based on metabolic interference STAD.

Although this study gives some context, it also has certain drawbacks. First, the new study built on previous research by using more GlnMgs data from the TCGA database, which is updated on a regular basis. Second, TCGA data were utilized as the major source of analysis, with GEO data used to validate the model using the common pattern. The conclusions were corroborated by the GO and KEGG analyses, as well as the GSEA study. Fourth, in order to strengthen the credibility of the results, different databases were used to assess immune cells and function. The following are the study’s difficulties. This risk model relies primarily on publicly available databases. Furthermore, protein expression may differ from RNA expression, requiring further testing in a larger data set.




5 Conclusions

We discovered four anticipated GlnMgs regulatory patterns for STAD, as well as transcriptome and immune infiltration characteristics. The current study identified the functions of GlnMgs regulators and accounted for the underlying causes of differential clinical outcomes and immunotherapy responses in different GlnMgs regulatory patterns. A detailed investigation of individual GlnMgs regulation patterns will facilitate to create the tailored immunotherapy regimens for STAD patients and provide a better understanding of STAD immune-cell characterization.

Furthermore, the goal of this study is to discover and thoroughly profile the gene signatures of GlnMgs-related regulators in STAD. The multiple GlnMgs changing patterns contributed significantly to the TME’s diversity and complexity. A prediction method based on the GlnMgs signature was also created, which demonstrates good potential to predict the clinical course of STAD. Our findings suggest that GlnMgs are excellent prognostic markers that may provide viable new treatment options and immunotherapy for the clinical management of STAD.
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Background

Lymph node metastasis is one of the most important prognostic factors of gastric cancer. However, the effect of germinal centers in lymph nodes on the prognosis of patients with gastric cancer has not been reported. This study aimed to investigate the contribution of germinal center generation to prognostic parameters and clinicopathological significance in gastric cancer.





Methods

We retrospectively reviewed gastric cancer patients who underwent surgery from October 2012 to June 2022. We analyzed 5484 lymph nodes (210 patients) and calculated the lymph node metastasis rate (LNMR) and the proportion of non-metastatic lymph nodes containing three or more germinal centers (NML-GCP).





Results

Using a grading system that incorporated LNMR and NML-GCP. The tumors were classified into three groups based on this system, which was found to be significantly associated with prognosis. The TNM stage and grading system of lymph node status were independent risk factors for overall survival (OS) and disease-free survival (DFS). The 5-year OS rates for patients with advanced gastric cancer were 85.07% (n=50), 58.34% (n=42), and 24.44% (n=21) for Grades 1, 2, and 3, respectively (p<0.0001). The 5-year DFS rates were 65.32% (n=58), 40.85% (n=51), and 5.88% (n=34), respectively (p<0.0001). Patients with Grade 1 advanced gastric cancer had higher 5-year OS and DFS rates compared to those with Grade 2 or 3 in TNM stage II and III. Furthermore, the 5-year OS and DFS rates differed significantly among patients with different grades of advanced gastric cancer who received chemotherapy (p<0.0001).





Conclusion

These findings suggest that the grading system may be valuable for predicting prognosis and guiding clinical management in patients with gastric cancer, and provides good prognostic stratification for OS and DFS in patients with TNM stage II and III.
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1 Introduction

Gastric cancer is a highly malignant disease and one of the leading causes of cancer-related deaths worldwide (1, 2). Due to its insidious onset and rapid progression, most patients with gastric cancer are diagnosed at an advanced stage, which affects their prognosis. However, early-stage gastric cancer has a good prognosis, with a 5-year survival rate of over 90% (3). Treatment for advanced gastric cancer usually includes a combination of surgery, adjuvant chemoradiotherapy, molecular-targeted therapy, and immunotherapy (4). In China, chemotherapy is the conventional treatment for advanced gastric cancer, and common chemotherapeutic drugs include fluorouracil/capecitabine, taxanes (paclitaxel or docetaxel), platinum-based drugs, or a combination of these drugs.

Lymph node metastasis is a critical factor in determining the prognosis of gastric cancer (5). Germinal centers are microstructures that form within secondary lymphoid tissues in response to certain types of immunization and foreign pathogens (6). A mature germinal center consists of two compartments: a dark zone and a light zone. The relationship between the generation of germinal centers in lymph nodes and the prognosis of gastric cancer is not well understood. Therefore, this study aimed to investigate the contribution of germinal center generation to prognostic parameters and clinicopathological significance in gastric cancer. Does the production of germinal centers indicate an enhanced anti-tumor response in the body?

The study also aimed to establish a lymph node status score, analyze its relationship with clinical factors, and determine its impact on treatment. Lymph node status is an essential factor in determining the prognosis and treatment of gastric cancer patients. The number of lymph nodes involved and the extent of lymph node metastasis can influence the choice of surgical procedure and the need for adjuvant therapy.

In conclusion, the generation of germinal centers in lymph nodes may have implications for the immune response to tumors, but more research is needed to determine its role in the prognosis and treatment of gastric cancer. The establishment of a lymph node status score and its relationship with clinical factors can provide valuable information for managing and treating gastric cancer patients.




2 Materials and methods



2.1 Lymph node assessment

A total of 210 cases of gastric cancer were collected from the Shanghai General Hospital, Shanghai Jiao Tong University School of Medicine between October 2012 and June 2022. Ethical approval was obtained from an ethical review board. Tumor and lymph node specimens were fixed in 4% neutralized formaldehyde, embedded in paraffin, sectioned into 4-μm slices, and stained with hematoxylin and eosin. The staging of each gastric cancer was evaluated according to the eighth edition of the TNM staging guidelines. Two independent observers (X. -M. Zhang and L. -J. Song) evaluated all sections. The number of lymph nodes containing germinal centers was calculated (Figures 1A–D; median, 3; mean, 6.45; range, 0-141; the total number of lymph nodes, 5484), and the presence of ≥3 lymph follicles containing germinal centers in lymph nodes was considered positive. The positive proportion of germinal centers in lymph nodes was evaluated in each gastric cancer case, and the proportion of metastatic tumor deposits in lymph nodes was also assessed.




Figure 1 | Hematoxylin and eosin (H&E) staining of lymph nodes with and without metastasis. (A) H&E-stained lymph node without metastasis, with germinal centers indicated by an arrow. (B) Enlargement of the black rectangular profile in panel (A), showing a closer view of the germinal center. (C) H&E-stained lymph node with metastasis, with germinal centers indicated by an arrow and metastatic tumor tissues highlighted by a blue rectangle. (D) Enlargement of the black rectangular profile in panel (C) showing a closer view of the germinal center.






2.2 Study design and patients

We excluded 30 patients without 3-year disease-free survival (DFS) data and 12 cases with fewer than 10 lymph node evaluations, leaving 168 patients for analysis. Of these, 137 had overall survival (OS) data, with 124 receiving postoperative chemotherapy, 29 not receiving chemotherapy, and 15 with unknown treatment status.




2.3 Statistical analysis

We compared categorical variables using the exact chi-square test and continuous variables using the independent sample t-test, Mann-Whitney U test, and One-Way ANOVA. We used univariate and multivariate analyses to identify factors related to gastric cancer prognosis. All variables that were statistically significant in univariate analysis (p<0.05) were included in a multivariable Cox proportional hazards regression model (Cox regression, parameter, forward: LR). We analyzed DFS and OS using standard Kaplan–Meier analysis with a log-rank test. Statistical significance was set at a two-tailed p-value <0.05. We performed statistical analyses using SPSS, version 26.0 software (IBM Corporation, Armonk, NY, USA).





3 Results



3.1 Association between the germinal centers and metastatic tumor deposits in lymph nodes

In this study, the association between germinal centers and metastatic tumor deposits in lymph nodes was investigated. The authors analyzed 5484 lymph nodes, of which 1325 had metastases. The median value of germinal centers in the metastatic lymph nodes was 4, with a mean value of 8.14 and a range of 0-121. In contrast, the median value of germinal centers in 4159 non-metastatic lymph nodes was 3, with a mean value of 5.91 and a range of 0-141. The percentage of tumor deposits in metastatic lymph nodes was divided into 10 groups, and there was no difference among groups <10%, 10-20%, 20-30%, 30-40%, and 40-50%. Additionally, there was no difference among groups 50-60%, 60-70%, 70-80%, and 80-90% according to One-way ANOVA analysis (p>0.05, Supplementary Table 1). Therefore, the tumor deposits were further divided into three groups: <50%, 50-90%, and ≥90%. The authors found that the mean number of germinal centers in metastatic lymph nodes in the <50% group was 11.38, while it was 7.95 and 2.17 in the 50-90% and ≥90% groups, respectively. Significant differences were found among all three groups (p<0.0001, Figure 2A). The authors observed that as the proportion of tumor deposition increased, the number of germinal centers decreased. However, there was no significant difference in the number of germinal centers in lymph nodes with tumor deposition proportion <50%. The authors also compared the number of germinal centers in metastatic lymph nodes with tumor deposition <50% (mean value, 11.38; median value, 6) with that in the non-metastatic lymph node group (mean value, 5.91; median value, 3). The results showed a significant difference between the two groups (p<0.0001, Figure 2A), suggesting that tumors may stimulate the immune response of patients. Nonetheless, as the proportion of tumor deposition increased (≥50%), the germinal centers decreased due to tumor encroachment.




Figure 2 | Lymph node grading system predicts survival in advanced gastric cancer. (A) Association between germinal centers and metastatic tumor deposits in lymph nodes. (B) Development of a grading system incorporating LNMR and NML-GCP. Tumors with high LNMR (>30%) were assigned a score of 1, while those with low LNMR (≤30%) were assigned a score of 0. Similarly, tumors with high NML-GCP (>50%) were assigned a score of 0, while those with low NML-GCP (≤50%) were assigned a score of 1. The scoring system for lymph node status was then graded as 0 (grade 1), 1 (grade 2), or 2 (grade 3) for each tumor. Kaplan–Meier curves show OS (C) and DFS (D) in patients with early-stage and advanced-stage (C, p=0.001; D, p<0.0001). Kaplan–Meier curves show OS (E) and DFS (F) in advanced gastric cancer patients with the Grade 1, 2, and 3 (E, p<0.0001; F, p<0.0001). Kaplan–Meier curves show OS (G) and DFS (H) in advanced gastric cancer patients with the TNM stages I, II, III, and IV (G, p<0.0001; H, p<0.0001). LNMR, the lymph node metastasis rate; NML-GCP, the proportion of lymph nodes containing germinal centers (≥3) in non-metastatic lymph nodes. OS, overall survival; DFS, disease-free survival.






3.2 Clinicopathologic data

A total of 168 patients with primary gastric cancer underwent surgical resection and were included in the investigation. Male predominance was observed (male/female=120:48). The age of the patients ranged from 27 to 87 years (mean age, 61.2; median age, 61 years), and the median long diameter of the tumor was 4.5 cm (mean value, 4.58; range, 0.5–14 cm). Patients were divided into four groups based on tumor location: upper third (U, n=25), middle third (M, n=39), lower third (L, n=94), and other locations (U/M or M/L, n=10). Surgical method was categorized as total gastrectomy (n=45), proximal gastrectomy (n=7), and distal gastrectomy (n=116). The extent of lymph node dissection was classified as D0 (n=151), D1 (n=5), D1+ (n=11), or D2 (n=1) (7). According to the eighth edition of the TNM staging guidelines, the patients were divided into stages I (n=35), II (n=39), III (n=87), and IV (n=7). Among the 168 patients, 67.86% (114/168) had lymph node metastasis. The lymph node metastasis rate (LNMR) ranged from 2.86% to 100% (mean value, 33.36%; median value, 26.97%) in the 114 cases of lymph node metastasis. One case had a lymph node metastasis rate of 100%. Based on the cutoff point of 30%, the patients were divided into two groups (high and low LNMR).

The proportion of lymph nodes containing germinal centers (≥3) in non-metastatic lymph nodes (NML-GCP) was evaluated in each gastric cancer case (n=167, one case without non-metastatic lymph nodes). The median NML-GCP was 53.85% (mean value, 50.48%; range, 0-96.77%). Based on the cutoff point of 50%, the patients were divided into two groups (high and low NML-GCP).

Table 1 summarizes the associations between LNMR, NML-GCP, and the clinicopathological features. The results indicate that LNMR was significantly associated with sex (p=0.017), tumor long diameter (p<0.0001), tumor differentiation (p=0.009), TNM stage (p<0.0001), depth of tumor invasion (p<0.0001), prognosis (p<0.0001), and recurrence and metastasis (p<0.0001). However, there were no significant differences between LNMR and age, tumor location, surgical method, and the extent of lymph node dissection (p>0.05). On the other hand, NML-GCP was significantly related to surgical method (p=0.045), TNM stage (p=0.046), depth of tumor invasion (p=0.002), prognosis (p<0.0001), and recurrence and metastasis (p=0.046), but there were no significant differences between NML-GCP and sex, age, tumor long diameter, tumor differentiation, tumor location, the extent of lymph node dissection, and lymph node metastasis (p>0.05).


Table 1 | Relationship between LNMR, NML-GCP, and the clinicopathological features.






3.3 Association between the clinicopathological features and lymph node status

We categorized tumors based on their lymph node status using a scoring system that incorporated LNMR and NML-GCP (Figure 2B). Tumors with high LNMR (>30%) were assigned a score of 1, while those with low LNMR (≤30%) were assigned a score of 0. Similarly, tumors with high NML-GCP (>50%) were assigned a score of 0, while those with low NML-GCP (≤50%) were assigned a score of 1. The scoring system for lymph node status was then graded as 0 (grade 1), 1 (grade 2), or 2 (grade 3) for each tumor.

The associations between the grading of lymph node status and clinicopathological features are presented in Table 2. Tumors with grade 3 lymph node status were significantly associated with tumor long diameter (p=0.001), tumor differentiation (p=0.002), TNM stage (p<0.0001), depth of tumor invasion (p<0.0001), prognosis (p<0.0001), recurrence and metastasis (p<0.0001), and lymph node metastasis (p<0.0001). However, no significant differences were observed between the grading system and sex, age, tumor location, surgical method, or extent of lymph node dissection (p>0.05).


Table 2 | Relationship between grading of lymph nodes status and clinicopathological features.






3.4 Association between the clinicopathological features and prognosis

In this study, we divided patients into two groups based on the depth of tumor invasion: early stage (T1) and advanced stage (T2-4). The 5-year OS rates for gastric cancer patients with early stage, and advanced stage were 100% (n=24), and 64.20% (n=113), respectively (p=0.001, Figure 2C), whereas the 5-year DFS rates were 92% (n=25), and 42.07% (n=143), respectively (p<0.0001, Figure 2D).

Univariate analysis showed that tumor long diameter (≤4.5 vs. >4.5 cm; OS, p=0.035; DFS, p=0.031), TNM stage (I, II, III, and IV; OS, p<0.0001; DFS, p<0.0001), depth of tumor invasion (T2, T3, and T4; OS, p=0.001; DFS, p<0.0001), lymph node metastasis (negative vs. positive; OS, p=0.050; DFS, p=0.004), recurrence and distant metastasis (no vs. yes; OS, p<0.0001; DFS, p<0.0001), LNMR (≤30% vs. >30%; OS, p<0.0001; DFS, p<0.0001), NML-GCP (≤50% vs. >50%; OS, p<0.0001; DFS, p<0.0001), and grading system of lymph node status (Grade 1, 2 and 3; OS, p<0.0001; DFS, p<0.0001) significantly influenced OS and DFS in patients with advanced gastric cancers (Table 3).


Table 3 | Univariate analyses for OS and DFS among patients with advanced gastric cancer.



The TMN stage consists of the depth of tumor invasion, lymph node metastasis, and distant metastasis; and the grading system includes LNMR and NML-GCP, so tumor long diameter, the TMN stage, and the grading system were included in multivariate analysis. Multivariate analysis revealed that the TNM stage (OS, p=0.001; DFS, p<0.0001, Table 4) and grading system of lymph node status (OS, p=0.001; DFS, p=0.003) remained significantly associated with OS and DFS in the multivariate analysis model. The median follow-up times for advanced gastric cancer patients with the Grade 1, 2, and 3 were 80.5, 67.5, and 19 months, respectively. The 5-year OS rates for advanced gastric cancer patients with the Grade 1, 2, and 3 were 85.07% (n=50), 58.34% (n=42), and 24.44% (n=21), respectively (p<0.0001, Figure 2E), whereas the 5-year DFS rates were 65.32% (n=58), 40.85% (n=51), and 5.88% (n=34), respectively (p<0.0001, Figure 2F). The 5-year OS rates for patients with TNM stage I, II, III, and IV gastric cancer were 90.00% (n=10), 85.41% (n=35), 51.29% (n=61), and 21.43% (n=7), respectively (p<0.0001, Figure 2G). The corresponding 5-year DFS rates were 81.82% (n=11), 68.64% (n=39), 28.76% (n=86), and 0% (n=7), respectively (p<0.0001, Figure 2H).


Table 4 | Multivariate Cox proportional hazard analysis for OS and DFS among patients with advanced gastric cancers.



The 5-year OS rates for Grade 1, and 2 advanced gastric cancer patients with TNM stage II were 95.83% (n=24), and 63.64% (n=11), respectively (p=0.011; Grade 3, n=0; Figure 3A), whereas the 5-year DFS rates were 80.77% (n=26), and 46.15% (n=13), respectively (p=0.025, Figure 3B). The 5-year OS rates for Grade 1, 2, and 3 advanced gastric cancer patients with TNM stage III were 77.38% (n=15), 51.31% (n=28), and 28.52% (n=18), respectively (p=0.016, Figure 3C), whereas the 5-year DFS rates were 50% (n=20), 36.73% (n=35), and 6.45% (n=31), respectively (p=0.002, Figure 3D). For advanced gastric cancer patients with TNM stage IV, the OS rates were 33.33% (1/3), 0% (1/1), and 0% (3/3) for Grade 1, 2, and 3, respectively (p=0.025), whereas the DFS rates were 0% (3/3), 0% (1/1), and 0% (3/3), respectively (p, not applicable). No differences were found between Grade 1, and 2 for OS and DFS in advanced gastric cancer patients with TNM stage I (p>0.05; Grade 3, n=0).




Figure 3 | Kaplan-Meier analyses of OS and DFS in advanced-stage gastric cancer patients: impact of TNM stage, Grade, and chemotherapy. Kaplan–Meier curves show OS (A) and DFS (B) for Grade 1, and 2 advanced gastric cancer patients with TNM stage II (A, p=0.011; B, p=0.025). Kaplan–Meier curves show OS (C) and DFS (D) for Grade 1, 2, and 3 advanced gastric cancer patients with TNM stage III (C, p=0.016; D, p=0.002). (E) Five-year OS and DFS rates for patients in advanced-stage gastric cancer with TNM stages I, II, III, and IV, with and without chemotherapy. Kaplan–Meier curves show OS (F) and DFS (G) for Grade 1, 2, and 3 advanced gastric cancer patients with chemotherapy (F, p<0.0001; G, p<0.0001). OS, overall survival; DFS, disease-free survival.






3.5 Association between grading system of lymph node status and chemotherapy sensitivity in patients with advanced gastric cancer

A total of 143 patients with advanced gastric cancer were included, with 115 patients receiving postoperative chemotherapy, 16 not receiving chemotherapy, and 12 having unknown treatment status. The 5-year OS rates for patients with and without chemotherapy were 72.43% (n=86) and 66% (n=15), respectively (p=0.386), whereas the 5-year DFS rates were 45.62% (n=115) and 43.75% (n=16), respectively (p=0.807). In patients with advanced gastric cancer, those with TNM stage I who received chemotherapy had a significantly higher 5-year DFS rate (100%) compared to those who did not receive chemotherapy (50%, p=0.046, Figure 3E), but there were no significant differences between the two groups in OS (p, not applicable). Among patients with advanced gastric cancer, those with TNM stage II who received chemotherapy had a significantly higher 5-year OS rate (100%) compared to those who did not receive chemotherapy (62.50%, p=0.002), but there were no significant differences between the two groups in DFS (p>0.05). There were no significant differences in OS and DFS between patients who did and did not receive chemotherapy for advanced gastric cancer with TNM stages III, and IV (p>0.05).

Furthermore, we found that the 5-year OS and DFS rates were significantly different among patients with different grades of advanced gastric cancer who received chemotherapy. The 5-year OS rates for patients with Grade 1, 2, and 3 were 92.43% (n=41), 69.35%, (n=27), and 29.18% (n=18), respectively (p<0.0001, Figure 3F), whereas the 5-year DFS rates were 68.75% (n=48), 49.85% (n=36), and 6.45% (n=31), respectively (p<0.0001, Figure 3G). These findings suggest that patients with Grade 1 advanced gastric cancer may be more sensitive to chemotherapy than those with Grade 2 or 3.





4 Discussion

Most patients diagnosed with gastric cancer are already at an advanced stage due to the insidious onset and rapid progression of the disease. Lymph node metastasis is a critical prognostic factor for gastric cancer (8). Currently, research on lymph nodes in gastric cancer focuses on lymph node metastasis and the rate of metastatic lymph nodes. Germinal centers are specialized microstructures that form in secondary lymphoid tissues, producing long-lived antibody-secreting plasma and memory B cells, which can provide protection against reinfection (9, 10). However, the effect of germinal centers in lymph nodes on the prognosis of patients with gastric cancer has not been reported. The authors observed that the median value of germinal centers in metastatic lymph nodes with tumor deposition less than 50% was 6 (mean value, 11.38), while the non-metastatic lymph node group had a median value of 3 (mean value, 5.91). The results showed a significant difference between the two groups (p<0.0001, Figure 2A), suggesting that tumors may stimulate the immune response of patients. However, as the proportion of tumor deposition increased (50% or more), the germinal centers decreased due to tumor encroachment.

In this study, tumors were categorized based on their lymph node status using a scoring system that incorporated LNMR and NML-GCP (Figure 2B). The scoring system for lymph node status was then graded as 0 (grade 1), 1 (grade 2), or 2 (grade 3) for each tumor. Multivariate analysis revealed that the TNM stage and grading system of lymph node status were independent risk factors for OS and DFS in patients with advanced gastric cancer. The median follow-up times for advanced gastric cancer patients with Grade 1, 2, and 3 were 80.5, 67.5, and 19 months, respectively. It suggest that patients with Grade 1 lymph node status have a favorable prognosis, characterized by low LNMR and high NML-GCP. The central role of CD8+ T cells in mediating antitumor immunity is well accepted (11). These cytotoxic T cells kill malignant cells by releasing inflammatory cytokines and cell lytic molecules, such as perforin and granzyme (12). Recent studies have also shown the association of B cells with anti-tumor immunity. These B cells are often organized into tertiary lymphoid structures (TLS), which are immune cell aggregates with lymph node-like features (germinal centers). TLS is proposed to establish a localized and sustained immune response, and B cells in TLS actively secrete antibodies that recognize tumor-associated antigens (13). TLS can be used to evaluate tumor immune surveillance and is an important prognostic factor for cancers (14–17). Therefore, we speculate that the activated germinal center in lymph nodes may participate in antitumor immunity and inhibit tumor progression by producing B cells.

Currently, prognosis prediction and therapeutic planning for gastric cancer patients depend on the widely used TNM system in clinical practice. The TNM system stratifies patients based on the primary tumor’s depth of invasion, the number of regional lymph nodes with metastasis, and distant metastasis (18–20). In this study, we divided patients into two groups based on the depth of tumor invasion: early stage (T1) and advanced stage (T2-4). The 5-year OS rates for early-stage and advanced-stage gastric cancer patients were significantly different, indicating that early-stage gastric cancer has a more favorable prognosis (Figure 2C). Moreover, we further divided advanced-stage patients into TNM stages I, II, III, and IV, which showed a significant association with OS and DFS in both univariate and multivariate analyses. The 5-year OS rates for Grade 1, and 2 advanced gastric cancer patients with TNM stage II were 95.83% (n=24), and 63.64% (n=11), respectively (p=0.011; Grade 3, n=0; Figure 3A), whereas the 5-year DFS rates were 80.77% (n=26), and 46.15% (n=13), respectively (p=0.025, Figure 3B). For advanced gastric cancer patients with TNM stage III, the 5-year OS rates for Grade 1, 2, and 3 were 77.38%, 51.31%, and 28.52%, respectively (p=0.016, Figure 3C), and the corresponding 5-year DFS rates were 50%, 36.73%, and 6.45%, respectively (p=0.002, Figure 3D). The results of this study suggest that patients with Grade 1 lymph node status have a better prognosis, as indicated by low LNMR and high NML-GCP. Moreover, the grading system for lymph node status is a reliable tool for stratifying the prognoses of both OS and DFS in advanced-stage gastric cancer patients with TNM stage II and III.

In terms of chemotherapy, TNM stage I/II gastric cancer patients had a good prognosis with chemotherapy. However, there were no significant differences between chemotherapy and prognosis in patients with TNM stage III/IV gastric cancer (Figure 3E).

Patients with Grade 1 advanced gastric cancer who underwent chemotherapy had higher 5-year OS and DFS rates compared to those with Grade 2 or 3, indicating that they may be more sensitive to chemotherapy (Figures 3F, G).

However, our study was subject to several limitations. Firstly, we lacked information on the dosage and duration of chemotherapy treatment, and the low rate of preoperative chemotherapy in our sample. Secondly, the paper does not provide any relevant data on whether the amount of germinal center-generated material is caused by pathogens. Furthermore, due to the lack of detailed information on specific lymph node grouping in some cases, the study evaluated all available lymph node sections, but did not analyze them based on lymph node grouping. In future research, we plan to investigate whether the number of germinal centers in different groups of lymph nodes varies.

In conclusion, our findings emphasize the importance of the TNM stage and grading system for lymph node status in the prognosis of advanced-stage gastric cancer. Further studies are needed to investigate the optimal dosage and duration of chemotherapy for these patients.




5 Conclusion

In summary, the TNM staging and lymph node grading systems are independent risk factors for OS and DFS in patients with advanced-stage gastric cancer. The lymph node grading system is a reliable predictor of both OS and DFS in patients with TNM stage II and III disease. Furthermore, patients in the Grade 1 group may benefit from chemotherapy.
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Background

Gastric cancer (GC) ranks as the fifth most prevalent malignancy and the second leading cause of oncologic mortality globally. Despite staging guidelines and standard treatment protocols, significant heterogeneity exists in patient survival and response to therapy for GC. Thus, an increasing number of research have examined prognostic models recently for screening high-risk GC patients.





Methods

We studied DEGs between GC tissues and adjacent non-tumor tissues in GEO and TCGA datasets. Then the candidate DEGs were further screened in TCGA cohort through univariate Cox regression analyses. Following this, LASSO regression was utilized to generate prognostic model of DEGs. We used the ROC curve, Kaplan-Meier curve, and risk score plot to evaluate the signature’s performance and prognostic power. ESTIMATE, xCell, and TIDE algorithm were used to explore the relationship between the risk score and immune landscape relationship. As a final step, nomogram was developed in this study, utilizing both clinical characteristics and a prognostic model.





Results

There were 3211 DEGs in TCGA, 2371 DEGs in GSE54129, 627 DEGs in GSE66229, and 329 DEGs in GSE64951 selected as candidate genes and intersected with to obtain DEGs. In total, the 208 DEGs were further screened in TCGA cohort through univariate Cox regression analyses. Following this, LASSO regression was utilized to generate prognostic model of 6 DEGs. External validation showed favorable predictive efficacy. We studied interaction between risk models, immunoscores, and immune cell infiltrate based on six-gene signature. The high-risk group exhibited significantly elevated ESTIMATE score, immunescore, and stromal score relative to low-risk group. The proportions of CD4+ memory T cells, CD8+ naive T cells, common lymphoid progenitor, plasmacytoid dentritic cell, gamma delta T cell, and B cell plasma were significantly enriched in low-risk group. According to TIDE, the TIDE scores, exclusion scores and dysfunction scores for low-risk group were lower than those for high-risk group. As a final step, nomogram was developed in this study, utilizing both clinical characteristics and a prognostic model.





Conclusion

In conclusion, we discovered a 6 gene signature to forecast GC patients’ OS. This risk signature proves to be a valuable clinical predictive tool for guiding clinical practice.





Keywords: gastric carcinoma, prognostic model, microenvironment, nomogram, bioinformatics




1 Introduction

Gastric cancer (GC) ranks as the fifth most prevalent malignancy and the second leading cause of oncologic mortality globally (1). There are several different types of GC, of which gastric adenocarcinoma accounts for 90% of total cases. The tumor, node, and metastasis (TNM) classification system and histological types are the most common methods for evaluating prognosis judgement and therapy guidance. Despite staging guidelines and standard treatment protocols, significant heterogeneity exists in patient survival and response to therapy for GC (2). Thus, an increasing number of research have examined prognostic models recently for screening high-risk GC patients. A large body of evidence suggests that immune cell infiltration in cancer has a critical function in carcinogenesis and progression, with much emphasis on predictive efficacy of immunotherapy (3, 4). A genetic analysis of Cancer Genome Atlas (TCGA) identified four distinct molecular subgroups of GC: Epstein-Barr virus (EBV) positive, microsatellite instability, genomic stability, and chromosomal instability (5). The EBV positive subtype presents with abundant PD-L1 expression, and has intensively described as a subset possibly profiting from immunotherapy (5). Infection with EBV triggers immune responses, and alters immune-related molecular components with immune cells recruitment (6). Although EBV positive GC patients are potentially eligible for immunotherapy theoretically, the efficacy of immune checkpoint inhibitors (ICIs) has been equivocal (7, 8). PD-L1 is a widely utilized prognostic biomarker for immunotherapy in variety of malignancies (9). Nevertheless, only around 20% of GC patients benefit from immunotherapy, and the immunological processes implicated in the processes are yet unknown (10). Due to high GC tumor heterogeneity, immune therapy can differ greatly from patient to patient. Furthermore, ICIs’ high cost and limited availability significantly restrict their clinical application. Thus, the need to learn more about GC pathogenesis heterogeneity and to find new immunotherapeutic targets and prognostic markers has attracted increasing attention in recent years.

The current investigation utilized the Gene Expression Omnibus (GEO) and TCGA databases to formulate a prognostic signature of six genes for GC patients. At first, we explored differentially-expressed genes (DEGs) from TCGA and GEO databases across GC and adjacent non-tumor tissues. The gene ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) indicated DEGs were potentially involved in modulation of tumor immune microenvironment (TME). We further screened survival-related signatures and constructed a six-gene prognostic model among TCGA dataset. Based on the six-gene signature, we examined the link between risk models, immunoscores, immune cell infiltration, and cancer cell stemness. Overall, our study explored a six-gene risk model that can potentially identify GC patient’s risk and predict immunotherapy response.




2 Methods and materials



2.1 Data source

Based on TCGA (https://portal.gdc.cancer.gov/), 375 GC samples and 32 non-tumor samples were downloaded, along with their mRNA expression profiles. Three independent datasets were obtained from GEO: GSE54129, GEO: GSE66229 (11), and GEO: GSE64951 (12). We obtained external validation data from GEO: GSE62254 (13). We examined the relationship across prognostic model and immunotherapy response in four immunotherapeutic cohorts: the IMvigor210 cohort (atezolizumab for locally advanced or metastatic urothelial cancer), the GSE78220 (melanoma with anti-PD-1 treatment), the GSE35640 (melanoma with MAGE-A3 immunotherapy), and GSE67501 (renal cell carcinoma with anti-PD-1 immunotherapy). The “IMvigor210CoreBiologies” R packages were utilized to retrieve the transcriptomic and clinical IMvigor210 variables. A log2 transformation was conducted using limma Bioconductor package to transform the expression data from each database into fragments per kilobase of transcripts per million mapped reads (FPKMs). Gene symbols identified by multiple probes were computed based on their average expression levels.




2.2 Identification ferroptosis-related DEGs

By using limma Bioconductor package, DEGs between GC and adjacent non-tumor tissues were detected among TCGA dataset, GSE54129, GSE62259, and GSE64951. The threshold values in the GSE54129, GSE66229, and GSE64951 were as follows: log2|fold change| ≥1 and P-value<0.05. The generation of heatmap and volcano plot was performed through the utilization of R “pheatmap” package (14). We analyzed GO and KEGG enrichment analyses to assess possible DEG functions (15, 16). BiNGO plugin for Cytoscape was used to analyze GO enrichment in DEGs.




2.3 Prognostic model construction and validation

Utilizing R “survival” package, a univariate Cox regression was done on TCGA cohort to assess overall survival (OS) related genes. Subsequently, we proceeded to generate a prognostic signature by means of the least absolute shrinkage and selection operator (LASSO) Cox regression method utilizing R “glmnet” package (17) in TCGA cohort. Each GC patient’s risk score was determined utilizing the following:

	

The GC patient cohorts were segregated into low-risk and high-risk groups by means of the risk score median value. Subsequently, the assessment and comparison of OS times across groups was performed through Kaplan-Meier plot. Furthermore, prognostic model was evaluated for its sensitivity and specificity utilizing R “time ROC” package (18).




2.4 Immune landscape-risk score relationship

Through gene expression data transformation, ESTIMATE is capable of identifying the purity and activity of stromal and immune cells within TME. R packages “estimate” (19) was utilized to compare immunescores abundance in high-risk and low-risk GC patients. By analyzing bulk samples using RNAseq profiles, the xCell can estimate 64 immune cell types abundance. R “xCell” packages were utilized to analyze xCell scores (20). Each GC patient’s tumor-infiltrating immune cells and risk score were calculated relative to their abundance.

A total of eight transcripts were chosen for analysis based on their relevance to immunological checkpoints; as CD274, CTLA4, HAVCR2, LAG3, PDCD1, PDCD1LG2, TIGIT, and SIGLEC15. A heatmap illustrating risk scores and immune-checkpoint-relevant genes was generated utilizing R “pheatmap” package. We estimated potentiality of immunotherapy response utilizing TIDE algorithm (21).




2.5 Nomogram development and validation

To guide clinical decision-making, we developed a predictive nomogram combining predictive model risk score and clinical characteristics. A P-value<0.05 was used to screen survival-related clinical variables by univariate Cox analysis. After that, a nomogram was created using multivariate survival analysis. Calibration curves were utilized to plot nomogram predictions against measured rates. ROC curves were utilized to evaluate prognostic model’s specificity and sensitivity. We used R packages “rms”, “rmda”, and “time ROC” to plot the nomogram, calibration curve, and ROC curves.




2.6 Statistical analyses

The statistical analyses were done utilizing R Studio (V. 1.4). Students’ t-tests were used to determine the difference across normal and tumor samples. The spherical or Fisher’s tests were utilized when appropriate to determine if a correlation between risk score and clinical parameters existed. The Kaplan-Meier plot was utilized to assess survival time. All P values were 2-tailed at 0.05 significance level.





3 Results



3.1 Identifying DEGs that are related to a worse prognosis

The study’s procedure flowchart is depicted in Figure 1. From TCGA cohort, we obtained 3211 DEGs between GC tissues and adjacent non-tumor tissues. Among these, 2700 genes were upregulated, while 511 genes were downregulated. The heatmap and the volcano plot of DEGs are depicted in Figures 2A, B. Genes involved in mismatch repair, IL-17 signaling pathway, cell cycle, and base excision repair, were primarily upregulated. Pathways including cAMP signaling, protein digestion and absorption, PPAR signaling, Gastric acid secretion, and chemical carcinogenesis were highly enriched in downregulated genes (Figure 2C). In the GO functional analysis, the upregulated DEGs were chiefly enriched in nuclear division, mitotic cell cycle checkpoint, and DNA replication. In response to zinc ion, alcohol, and positive regulation of ion transport, the downregulated DEGs were enriched (shown in Figure 2D).




Figure 1 | Flow chart.






Figure 2 | Genes differentially expressed in gastric cancer based on the TCGA database. (A) The heatmap shows differentially expressed genes in gastric cancer based on the TCGA database. (B) Volcano plot of differentially expressed genes in gastric cancer from TCGA database. Up- and down-regulated genes are indicated in red and blue, respectively. (C) Bubble graph for KEGG pathways. (D) Bubble graph for GO pathways.



Under the cut-off threshold, there were 2371 genes in GSE54129, 627 genes in GSE66229, and 329 genes in GSE64951 were selected as prospective genes and intersected with to obtain DEGs (shown in Figure 3A). In total, the 208 DEGs were further screened in TCGA dataset through univariate Cox regression analysis (shown in Figure 3B). Functional enrichment analysis was conducted to understand DEGs underlying mechanisms among GC. The functional analyses revealed that DEGs were largely enriched across IL-17 signaling pathways, cytokine receptor binding, chemokine activity, cellular response to chemokine and positive regulation of leukocyte chemotaxis (shown in Figures 3C, D). We included 353 comprehensive clinical data samples among TCGA cohort for subsequent analysis and 13 genes were identified as predictive genes.




Figure 3 | Genes differentially expressed in gastric cancer based on the GEO database. (A) The heatmap shows differentially expressed genes in gastric cancer based on the GSE54129, GSE64951, and GSE66229. (B) Venn diagram of differentially expressed genes. (C) Bubble graph of molecular function and biological process. (D) DEGs were enriched by GO biological terms using Cytoscape’s BiNGO plugin.






3.2 Prognostic model construction and validation

The 353 GC patients from TCGA database were utilized as a training set. In order to verify prognostic signature accuracy and reliability, GEO GSE62254 was utilized as a validation cohort. Our study utilized TCGA dataset to establish a prognostic signature utilizing LASSO regression. The above 13 genes were further narrowed to 6 genes, namely, CTHRC1, MAMDC2, HSPB8, EZH2, C7, and PSAPL1. Figures 4A–F shows the Kaplan-Meier plots for these 6 genes. Based on LASSO regression analysis, prognostic signature was developed (shown in Figures 5A, B). Accordingly, risk scores were determined for each patient: 0.19×CTHRC1 + 0.06×MAMDC2 + 0.0005×HSPB8-0.13×EZH2 + 0.03*C7 + 0.15*PSAPL1. Based on validation and training sets, a risk score has been assigned to each patient. Patients were classified into high-risk and low-risk categories according to median risk score. Figures 5C, D demonstrates that high-risk patients had a lower OS rate than low-risk patients. Figure 5E shows that the prognostic signature was well established at 1-, 3-, and 5-year AUCs of 0.62, 0.67, and 0.69. Further validation of the proposed 6-gene prognostic model was conducted. As shown in Figures 6A, B, the prognostic model could determine the level of risk for GC patients based on Kaplan–Meier survival plot of validation set. Survival times were significantly shorter for high-risk scores patients than for those with low-risk scores (HR 1.84, 95% CI 1.30-2.59, p<0.01). In the validation set, the 1-, 3- and 5-year AUC values for risk score model were 0.57, 0.61 and 0.61, respectively (Figure 6C).




Figure 4 | Kaplan-Meier plot of the selected genes from the TCGA dataset. (A) Kaplan-Meier plot of CTHRC1. (B) Kaplan-Meier plot of EZH2. (C) Kaplan-Meier plot of HSPB8. (D) Kaplan-Meier plot of C7. (E) Kaplan-Meier plot of MAMDC2. (F) Kaplan-Meier plot of PSAPL1.






Figure 5 | Construction of GC prognostic signature in the TCGA dataset. (A) The selection of optimal predictive variables by 10-fold cross-validation. (B) LASSO coefficients. (C) The risk plot between the high-risk and low-risk groups. (D) Analysis of overall survival between high-risk and low-risk groups. (E) The receiver operating curve for overall survival over time.






Figure 6 | Validation of prognostic signature for GC. (A) Risk plot between the high-risk and low-risk groups in the external validation dataset. (B) High-risk versus low-risk survival analysis in the GSE62254. (C) Overall survival prediction curve based on GEO validation data.



The predictive signature was stratified based on histopathological grade, age, and TNM stage. Low-histologic grade patients with high-risk groups had a HR of 1.68 (95% CI 0.96-2.92) (p=0.07, shown in Figure 7A). Despite this, prognostic risk model correctly identified short- and long-term survival groups for high-grade GC patients (HR 1.92, 95% CI 1.25-2.96, p=0.003, shown in Figure 7B). We further conducted stratification analysis based on age, T, N, and clinical staging. There was a significant correlation of risk scores with survival was found in both groups (shown in Figures 7C-J). Among patients with late M stage disease, the relationship was not noteworthy (HR 1.30, 95% CI 0.43-3.96, p=0.64, shown in Figures 7K, L).




Figure 7 | Kaplan-Meier plot of stratified analyses of the prognostic signature for associations with clinical characteristics. (A) OS plot in G1+G2 patients. (B) OS plot in G3 patients. (C) OS survival plot in patients older than 65 year-old. (D) OS survival plot in patients younger than 65 year-old. (E) OS survival plot in T1+T2 stage. (F) OS survival plot in T3+T4 stage. (G) OS survival plot in N0 stage. (H) OS survival plot in N+ stage. (I) OS survival plot in stage I+stage II. (J) OS survival plot in stage III+stage IV. (K) OS survival plot in M0 stage. (L) OS survival plot in M1 stage. (OS, overall survival; G, grade; T, tumor; N, lymph node; M, metastasis).






3.3 Risk score-immune landscape relationship

ESTIMATE, immune, and stromal scores were compared between the two groups to investigate possible biological mechanisms. The high expression of CTHRC1, MAMDC2, HSPB8, C7 and PSAPL1 was correlated with higher ESTIMATE, stromal and immune score, than low expression group (shown in Figures 8A, C–F). The opposite results were observed in EZH2 (Figure 8B). Moreover, our results showed high-risk patients had significantly higher immune, ESTIMATE, and stromal scores than low-risk (Figures 8G–I).




Figure 8 | ESTIMATE scores of the selected genes from the TCGA dataset. (A) ESTIMATE scores of CTHRC1. (B) ESTIMATE scores of EZH2. (C) ESTIMATE scores of HSPB8. (D) ESTIMATE scores of C7. (E) ESTIMATE scores of MAMDC2. (F) ESTIMATE scores of PSAPL1. (G) Stromal score between the high- and low-risk groups. (H) Immune score between the high- and low-risk groups. (I) ESTIMATE score between the high- and low-risk groups. *p < .05, **p < .01, ***p < .001, and ns means not significant.



A heatmap shows immune cell infiltrate across TCGA cohort groups (shown in Figure 9A). EZH2 expression had a significant positive relationship with CD4+ memory T cell, CD8+ naive T cell, CD8+ effector memory T cell, common lymphoid progenitor, mast cell, gamma delta T cell, CD4+ Th1 and Th2 T cell, and a negative relationship with common myeloid progenitor, eosinophil, hematopoietic stem cell, and T cell NK. Research has shown significant differences in CTHRC1, MAMDC2, HSPB8, and C7 expression levels among the activated myeloid dendritic cell, CD4+ memory T cell, CD8+ naive T cell, hematopoietic stem cell, monocyte, gamma delta T cell, and B cell plasma. As shown in Figure 9B, the proportions of activated myeloid dendritic cell, CD4+ memory T cell, myeloid dendritic cell, eosinophil, granulocyte-monocyte progenitor, hematopoietic stem cell, macrophage, macrophage M1, and monocyte were significantly elevated among high-risk. We also noted a significant rise in relative fractions of CD4+ memory T cells, CD8+ naive T cells, common lymphoid progenitor, mast cell, plasmacytoid dendritic cell, regulatory T cells, gamma delta T cell, and B cell plasma among low-risk group.




Figure 9 | Infiltration of immune cells among high-risk groups versus low-risk groups. (A) Proportional heatmap of immune cells. (B) Bar graph illustrating differences in infiltrated immune cells in tumor microenvironments. *p < .05, **p < .01, ***p < .001, and ns means not significant.






3.4 Survival-related gene signature related to immune-checkpoint–relevant genes and immunotherapeutic response among GC patients

A heatmap illustrates survival-related gene expressions and immune-checkpoint-relevant genes (As depicted in Figure 10A). A notable association was observed across risk score and the expression of CTLA4, HAVCR2, PDCD1, PDCD1LG2, and TIGIT, indicating risk scores represent tumor-induced immunosuppression.




Figure 10 | Immunotherapy response of GC. (A) A heatmap of immune-checkpoint expression and risk scores. (B) A violin plot comparing ICB scores for high-risk and low-risk. (C) A violin plot comparing Exclusion score for high-risk and low-risk. (D) A violin plot comparing Dysfunction score for high-risk and low-risk. *p < .05, **p < .01, and ***p < .001.



The TIDE score was used as a predictor of clinical outcome after immune checkpoint blockade. Risk groups differed significantly from low- and high-risk groups (depicted in Figures 10B–D). The TIDE scores, exclusion scores and dysfunction scores for low-risk were lower than high-risk group. In addition, we identified prognostic signature for immune checkpoint therapy response in the GSE78220, GSE35640, GSE67501, and IMvigor210 cohort. As shown in Figures 11A–D, there was a tendency for non-responders with higher risk scores than responders.




Figure 11 | Immunotherapy response to immune checkpoints in the GSE35640, GSE67501, GSE78220, and IMvigor210 cohort.(A) The violin plot comparing responders and non-responders to immunotherapy in GSE35640. (B) The violin plot comparing responders and non-responders to immunotherapy in GSE67501. (C) The violin plot comparing responders and non-responders to immunotherapy in GSE78220. (D) The violin plot comparing responders and non-responders to immunotherapy in IMvigor210.






3.5 Nomogram validation and construction

According to survival-related gene signatures and clinical characteristics, a prognostic nomogram was developed. Univariate Cox regression analyses indicated that risk score, gender, age, clinical stage, and T stage are independent prognostic factors (depicted in Supplementary Table 1). Therefore, all of these factors were incorporated into a nomogram for the purpose of predicting the 1- and 3-year survival rates. Summing risk score and clinical parameters based on nomogram, the survival rate was calculated (Figure 12A). The nomogram calibration curves showed that 1-year and 3-year OS were in accordance (Figure 12B). Nomogram results indicate AUCs of 0.77 and 0.83 over 1- and 3-year periods (Figure 12C). Prognostic nomogram demonstrated greater accuracy in survival outcome predictions for GC patients.




Figure 12 | The assessment of a nomogram based on clinical characteristics and risk scores. (A) A nomogram based on the clinical parameters and risk model. (B) An analysis of the calibration curves for the TCGA dataset at 1-year survival and 3-year survival. (C) Time-dependent receiver operating curve that predicted overall survival.







4 Discussion

Over the past few years, the prognosis for GC patients has primarily been determined by clinical parameters, such as TNM stage, serum tumor biomarkers, and pathological types. Nevertheless, these factors are not useful for clinical decision-making due to their limited predictive efficacy. As a result, discovery of more efficacious biomarkers could make it easier for physicians to make individual treatment decisions. With the continuous evolution of sequencing technology, genomics could potentially play a significant role in identifying predictive biomarkers for various malignancies. There is little predictive value in a single gene for the outcomes of GC patients. In comparison to single gene models, multigene models are much more predictive than single gene models.

We studied DEGs between GC tissues and adjacent non-tumor tissues in GEO and TCGA datasets. There were 3211 DEGs in TCGA, 2371 DEGs in GSE54129, 627 DEGs in GSE66229, and 329 DEGs in GSE64951 selected as candidate genes and intersected with to obtain DEGs. In total, the 208 DEGs were further screened in TCGA cohort through univariate Cox regression analyses. Following this, LASSO regression was utilized to generate prognostic model of 6 DEGs. External validation showed favorable predictive efficacy. As a final step, nomogram was developed in this study, utilizing both clinical characteristics and a prognostic model.

The prognostic signature contains 6 biomarkers and categorizes GC patients into high- and low-risk group. Among 6 genes in the prognostic model, CTHRC1 was recognized as a novel gene involved in tissue remodeling and found to be overexpressed in carcinogenesis and metastasis of several solid cancers, as breast cancer (BC) (22) and non-small cell lung cancer (23). Gu (24) et al. investigated the relation of CTHRC1 expression and clinical features among GC patients. Patients with high CTHRC1 expression displayed poorer OS and disease-free survival (DFS) than low CTHRC1 expression patients. CTHRC1 has been reported to promoting cell migration and invasion through HIF-1α/CXCR4 signaling pathway in GC (25). Additionally, CTHRC1 overexpression induced tumor associated macrophage infiltration via AnxA1/FPR1 and GRN/TNFRSF1A signaling pathway, indicating CTHRC1 might be a promising predictive factor for immunotherapy (26).

MAMDC2 was differentially expressed between normal tissues and several solid tumors, including BC (27), head and neck squamous cell carcinoma (28), and GC (29). Meng (30) et al. identified MAMDC2 overexpression was significantly linked to poor DFS of BC. There have been controversial results reported in the literature (31). MAMDC2 was down-regulated in the BC cells. MAMDC2 Overexpression significantly suppressed proliferation and induced cell apoptosis in vitro and in vivo. There were contradictory reports on the involvement of MAMDC2 in tumor progression in the literature. In this study, high MAMDC2 expression patients experienced shorter OS than low MAMDC2 expression. MAMDC2 expression was inversely associated with CD4+ memory T cell, CD4+ effector memory T cell, CD8+ effector T cells, plasmacytoid dentritic cell, B cell plasma, CD4+ Th1 T cells, and gamma delta T cells. According to immune-checkpoint–relevant transcripts, MAMDC2 was strongly correlated to expression of PDCD1LG2, TIGIT, and SIGLEC15. Our findings suggest that MAMDC2 overexpression may contribute to immunological suppression in GC patients as well as a poor prognosis.

The stress-related protein HSPB8 was first discovered in human melanoma cells as a kinase of the H11 protein. HSPB8 Overexpression promoted proliferation, migration, and invasion (32, 33). HSPB8 suppressed mitochondrial impairment and aggravated proliferation and migration of A549 lung adenocarcinoma cells (34). In GC, HSPB8 expression was significantly linked to worse OS and recurrence-free survival (35). Furthermore, immune cell infiltrate analysis indicated B cells, CD4+T cells, and CD8+T cells were significantly different across high HSPB8 expression group and low HSPB8 expression group in bladder cancer (36).

The EZH2 methyltransferase is a core catalytic subunit of the polycomb repressive complex 2. The EZH2 protein mediates modifications in histone methylation that repress several tumor suppressor genes, as DKKI, CDH1, and DAB2IP (37). Zhao (38) et al. found EZH2 mediated EphB3 transcription through H3K27me3 modification, and inhibited tumor proliferation and metastasis by regulation E-cadherin and vimentin expression. Our findings indicate that high EZH2 expression patients had significantly longer OS than those with low EZH2 expression. The proportions of CD8+ effector memory T cells, CD8+ naive T cells, plasmacytoid dentritic cell, B cell plasma, CD4+ Th1 T cells, and gamma delta T cells were significantly elevated in low EZH2 expression patients, indicating EZH2 represented the activation of TME.

C7 was the final component of the complement cascade and essential for complement activation. Seol (39) et al. found C7 overexpression induced tumorsphere formation, and maintain stemness of liver cancer cells. However, several studies reported C7 displayed as a potential tumor suppressor and was related to tumor progression and prognosis for certain cancers (40, 41). Our findings suggested the high C7 expression patients had the trend to live a longer OS. Additionally, there was significant differences in the C7 expression levels across common lymphoid progenitor, plasmacytoid dendritic cell, CD4+ memory T cell, CD8+ naive T cell, gamma delta T cell, CD4+ Th1 T cell, and CD4+ Th2 T cell. The C7 expression had notable direct correlation with the expression of HAVCR2, PDCD1, PDCD1LG2, SIGLEC15, and TIGIT, indicating risk score was indicative of the extent of immunosuppression induced by tumors.

There was some literature about the oncogenic role of PSAPL1 in various solid cancers, including GC (42), BC (43), hepatocellular carcinoma (44). Our study indicated high expression PSAPL1 patients had a worse OS than those of low expression PSAPL1. According to immune scores and immune cell infiltration, there was no significant difference of stroma score, immune score, ESTIMATE score, and immune cell infiltration regard to PSAPL1 expression in GC patients. Further studies are required to elucidate PSAPL1 mechanisms in GC.

We studied interaction between risk models, immunoscores, and immune cell infiltrate based on six-gene signature. The high-risk group exhibited significantly elevated ESTIMATE score, immunescore, and stromal score relative to low-risk group. Utilizing abundance of tumor-infiltrating immune cells in each GC patient, risk scores were calculated. As a result, we identified that CD4+ memory T cells, CD8+ naive T cells, common lymphoid progenitor, mast cell, plasmacytoid dentritic cell, B cell plasma, regulatory T cells, gamma delta T cell, and B cell plasma relative fractions were significantly enriched in low-risk group. A notable correlation was observed between risk score and expression of CTLA4, HAVCR2, PDCD1, PDCD1LG2, and TIGIT, indicating risk scores represent tumor-induced immunosuppression. According to TIDE, the TIDE scores, exclusion scores and dysfunction scores for low-risk group were lower than those for high-risk group. TIDE algorithm and immune-checkpoint-relevant transcripts were consistent with xCell, suggesting immunosuppressive microenvironments were more common among high-risk GC patients.

This study may have major implications for patients with GC as far as prognosis and treatment are concerned. To help with clinical practice and risk classification, we offered a new signature. Low-risk individuals had longer life periods and were more likely to benefit from ICIs. In addition, we found a number of crucial genes that could serve as GC treatment targets. Several previous studies (45–47) constructed mRNA prognosis signatures in GC patients. The AUC values of these studies ranged from 0.54 to 0.62, which were inferior to the current study. We examined prognostic model significance for other solid cancer in addition to researching immunotherapy response and prognosis among GC patients.

Several limitations were identified in our study. Firstly, data on mRNA expression and clinical information were downloaded from an open-source database. The findings of these studies have not yet been confirmed in clinical trials. The environment, genetics, and epigenetics are also factors influencing GC. Further molecular biological studies are necessary to verify involvement of the 6 DEGs in GC progression. Finally, due to TCGA data unavailability, the risk model was unable to provide the predictive value compared to a number of widely used predictors, such as pathological grade and treatment approach.

In conclusion, we discovered a 6 gene signature to forecast GC patients’ OS. This risk signature proves to be a valuable clinical predictive tool for guiding clinical practice. Moreover, the profile revealed discernible variations in immune cell infiltration levels and immunotherapy response among low- and high-risk groups. This prognostic model thus offers a precise and impartial basis for directing unique therapy choices for GC.
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The drug pair consisting of Sophora flavescens Aiton (Sophorae flavescentis radix, Kushen) and Coptis chinensis Franch. (Coptidis rhizoma, Huanglian), as described in Prescriptions for Universal Relief (Pujifang), is widely used to treat laxation. Matrine and berberine are the major active components of Kushen and Huanglian, respectively. These agents have shown remarkable anti-cancer and anti-inflammatory effects. A mouse model of colorectal cancer was used to determine the most effective combination of Kushen and Huanglian against anti-colorectal cancer. The results showed that the combination of Kushen and Huanglian at a 1:1 ratio exerted the best anti-colorectal cancer effect versus other ratios. Moreover, the anti-colorectal cancer effect and potential mechanism underlying the effects of matrine and berberine were evaluated by the analysis of combination treatment or monotherapy. In addition, the chemical constituents of Kushen and Huanglian were identified and quantified by liquid chromatography-tandem mass spectrometry (LC-MS/MS). A total of 67 chemical components were identified from the Kushen–Huanglian drug pair (water extraction), and the levels of matrine and berberine were 129 and 232 µg/g, respectively. Matrine and berberine reduced the growth of colorectal cancer and relieved the pathological conditions in mice. In addition, the combination of matrine and berberine displayed better anti-colorectal cancer efficacy than monotherapy. Moreover, matrine and berberine reduced the relative abundance of Bacteroidota and Campilobacterota at phylum level and that of Helicobacter, Lachnospiraceae_NK4A136_group, Candidatus_Arthromitus, norank_f_Lachnospiraceae, Rikenella, Odoribacter, Streptococcus, norank_f_Ruminococcaceae, and Anaerotruncus at the genus level. Western blotting results demonstrated that treatment with matrine and berberine decreased the protein expressions of c-MYC and RAS, whereas it increased that of sirtuin 3 (Sirt3). The findings indicated that the combination of matrine and berberine was more effective in inhibiting colorectal cancer than monotherapy. This beneficial effect might depend on the improvement of intestinal microbiota structure and regulation of the RAS/MEK/ERK-c-MYC-Sirt3 signaling axis.
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Introduction

Colorectal cancer ranks second among malignant tumors in terms of incidence and is the third leading cause of cancer-related mortality (1, 2). Patients with inflammatory bowel disease (IBD) are at a higher risk of developing colorectal cancer. This is because the inflammatory reaction influences the development of tumorigenesis, which is involved in the physiological and pathological reaction process (3).

Recently, an increasing number of research studies focus on the role of intestinal microbiota in the development of colorectal cancer (4–8). The abundance of gut microbiota differs between patients with colorectal cancer and healthy individuals (7, 9, 10). For example, Bacteroidetes is more abundant in patients with tubular adenomatous polyps (11). Helicobacter, Lachnospiraceae_NK4A136_group, Candidatus_Arthromitus, norank_f_Lachnospiraceae, Rikenella, Odoribacter, Streptococcus, norank_f_Ruminococcaceae, and Anaerotruncus play indispensable roles in colorectal tumorigenesis and inflammation (12–20). Gut microbiota regulate signaling pathways to promote or delay tumor progression (21–23). Thus, intestinal flora can directly or indirectly regulate tumor-related signaling pathways and affect tumor progression.

The activation and transformation of RAS, an important component of the family of GTPases, have been association with cancer (24). RAS activates the MEK/ERK cascade, thereby altering the transcription of genes relate to the control of extensive intracellular biological mechanisms. Activated RAS recruits RAF kinase, a MAP kinase kinase (MAP3K), to active MEK. In turn, RAF promotes the activation of the effector ERK kinases. Activated ERK phosphorylates several genes involved in cell growth, differentiation, and motility (25), including c-MYC (26). Abnormal c-MYC is involved in genomic instability and tumorigenesis and maintains tumor growth (27). As far back as 1996, the overexpression of c-MYC is considered as a good prognostic factor for survival in colorectal cancer (28). Furthermore, MYC expression improved acetylation-dependent deactivation of succinate dehydrogenase complex flavoprotein subunit A (SDHA) by activating S-phase kinase-associated protein 2-mediated (SKP2-mediated) degradation of Sirt3 deacetylase and tumorigenesis (29).

In recent years, traditional Chinese medicine (TCM) has been used for the prevention and treatment of colorectal carcinoma. It has been shown that TCM inhibits tumorigenesis, improves the therapeutic effect, reduces toxicity, and lowers the risk of recurrence and metastasis (30–34). The effect of TCM on the regulation of intestinal flora is attracting increasing research attention (35–38).

Sophora flavescens Aiton (Sophorae flavescentis radix, Kushen) and Coptis chinensis Franch (Coptidis rhizoma, Huanglian) are commonly used in the treatment of intestinal diseases. The earliest use of this drug pair was recorded in the Prescriptions for Universal Relief (Pujifang). In addition, it has been reported that Kushen and Huanglian exert good curative effects in the treatment of tumors (39, 40). Matrine and berberine are two alkaloids contained in Kushen and Huanglian, respectively (41, 42). Matrine prevents colorectal cancer by inhibiting the proliferation, invasion, and metastasis, and inducing the apoptosis of colorectal cancer cells (43–45). Berberine exerts anti-colorectal cancer efficacy by regulating proliferation-related signaling pathway, short-chain fatty acid metabolism, intestinal inflammation, and gut microbiota (46–48). All in all, Kushen and Huanglian and their compounds have certain anti-colorectal cancer effects.

However, the most effective combination of the drug pair Kushen–Huanglian in inhibiting colorectal cancer and the mechanisms underlying the anti-colorectal cancer effect of this combination are currently unclear. Further studies are warranted to investigate whether the oral administration of compounds affects the composition of intestinal flora before it is absorbed into the blood to regulated disease-related molecular mechanisms and play a therapeutic role.

In this study, an orthotopic xenograft mouse model of colorectal cancer was used to investigate the anti-colorectal cancer effect of different combinations of Kushen and Huanglian. LC-MS/MS was performed to identify the chemical constituents of the Kushen and Huanglian. We also examined the mechanism underlying the effects of matrine and berberine on the gut flora of mice with colorectal cancer through sequencing and pathway detection.





Material and methods




Chemical and materials

Matrine (purity≥98%, Cat. No. B20679) and berberine (purity≥ 98%, Cat. No. B21379) were purchased from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China) (Figures 1H, I). The hematoxylin–eosin (HE) staining kit (Cat. No. G1120) was obtained from Solarbio (Beijing, China). Antibodies (c-MYC (Cat. No. 18583), phosphorylated-MEK [p-MEK] (Cat. No. 3958), MEK (Cat. No. 2352), p-ERK (Cat. No. 9106), ERK (Cat. No. 9102), Sirt3 (Cat. No. 2627), RAS (Cat. No. 67648), and glyceraldehyde-3-phosphate dehydrogenase [GAPDH] (Cat. No. 5174) were purchased from Cell Signaling Technology (Beverly, MA, USA). Horseradish-peroxidase (HRP)-labeled secondary antibodies (Cat. Nos. ab205718 and ab6789) were obtained from Abcam Plc (Cambridge, UK). Fufang Banmao capsules were produced by Guizhou Ebay Pharmaceutical Corporate Co. Ltd. (Guizhou, China). Acetonitrile gradient grade (Cat. No. 1.06007) for liquid chromatography were purchased from Merck KGaA (Darmstadt, Germany). Kushen (from Chifeng, Inner Mongolia) and Huanglian (from Dazhou, Sichuan province) were purchased from Jiangsu Province Hospital of Chinese Medicine (Nanjing, China).




Figure 1 | Kushen and Huanglian extract prevents colorectal tumorigenesis in an orthotopic xenograft mouse model of colorectal cancer; chromatogram of Kushen and Huanglian (1:1) extract. (A) Representative image of tumor tissue from model mice. (B) Tumor weight/body weight of mice (n = 6, ###p < 0.001 compared with Control group, *p < 0.05 compared with Model group). (C) Inhibitory rate of Kushen and Huanglian extract on colorectal cancer in model mice (n = 6). (D) Body weight of mice (n = 6). (E) Representative image of HE-stanned tumor tissue obtained from model mice. Scale bar: 50 μm. (F, G) Total iron chromatogram of Kushen and Huanglian (1:1) extract in ESI+ (F) and ESI− (G) mode. (H, I) MRM chromatogram of matrine (H) and berberine (I). (J–L) MRM chromatogram of matrine and berberine in Kushen and Huanglian extract [(J) 1:1; (K) 1:2; (L) 1:4)]. Red arrows indicate nuclear pyknosis.







Water extraction

For water extraction, Kushen and Huanglian were soaked in water (10× volume) for 30 min at 100°C. This process was repeated in a reduced volume of water (8×). The two extracts were combined and concentrated to 1.6 g crude drug/ml at 60°C. The extraction samples containing 1 g crude drug were dissolved in methanol solution (30 ml) and sonicated for 30 min. Next, the extractions were filtered using a filter unit (pore size, 0.45 μm) and diluted to an appropriate concentration for LC/MS analysis.





LC/MS analysis

An AB Sciex 5600 Triple ultra-performance liquid chromatography time-of-flight tandem mass spectrometry (UPLC-TOF-MS/MS) spectrometer was utilized to analyze the extracts of Kushen and Huanglian. A Waters Acquity UPLC HSS T3 column (1.8 µm, 2.1 mm × 50 mm) was used for the chromatographic separation. The LC eluents were acetonitrile (A) and deionized water with 0.1% formic acid (B). The gradient used was as follows: 0–1 min, 5% B; 1–33 min, 5%–95%B; 33–38 min, 95% B; 38–40 min, 95%–5% B; and 40–45 min, 5% B. The injection volume was 2 µl, and the flowrate was 0.3 ml/min.

The AB Sciex 5500 Triple UPLC-TQ-MS/MS was used for the quantitative analysis of Kushen and Huanglian extractions. A total of 10 chemical components were identified and quantified by using AB Sciex 5500 Triple Quad MS platform with multiple reaction monitoring (MRM). A Waters Acquity UPLC HSS T3 column (1.8 µm, 2.1 mm × 50 mm) was used for the chromatographic separation. The LC eluents were acetonitrile (A) and deionized water with 0.1% formic acid (B). The gradient used was as follows: 0–1 min, 15% B; 1–5 min, 15%–50%B; 5–7 min, 50% B; 7–10 min, 50%–15% B; and 10–13 min, 15% B. The injection volume was 5 µl, and the flowrate was 0.3 ml/min.





Standard solutions preparation

Matrine and berberine were accurately weighed and dissolved in methanol to obtain stock solutions at the concentration of 600 μg/ml. Mixed stock standard solution was prepared in methanol, and the concentrations of matrine and berberine in mix stock solution were 600 ng/ml. Then, the mixed standard stock solutions were diluted to seven concentrations for calibration curves. The linear range of matrine is 0.5–600 ng/ml, and berberine is 1–600 ng/ml.





Animal experiment

The protocol for animal experiments was approved by the Nanjing University of Chinese Medicine Institutional Animal Care and Use Committee (approval number of the Ethics Committee on Animal Experimentation: 202012A010). All animal experiments were carried out under the guidelines approved by the Institutional Animal Care and Use Committee of Nanjing University of Chinese Medicine. CT26.WT cells (1 × 106 cells) were injected into subcutis of five BALB/c nude mice. When the tumor volume reached approximately 100 mm3, the mice were anesthetized, and the tumor tissues were extracted and cut into squares (~1 mm3). A blade was used to scratch the exposed proximal colon serosa of BALB/c nude mice, and tumor tissue fragments (1 mm3) were attached on the damaged proximal colon serosa and covered with tissue adhesive (10 μl). The adessive was allowed to fully solidify for an additional 60 s; thereafter, the peritoneum and skin were sutured with a nylon suture (Cat. No. 220103, obtained from Ningbo Medical Needle Co., Ltd., Ningbo, China).

The mice that had undergone surgery were classified into 11 groups (six for each group): model group; Fufang Banmao Capsules group (positive group); Kushen and Huanglian (1:1) group (1:1; 0.6 g/kg/day); Kushen and Huanglian (1:2) group (1:2; 0.6 g/kg/day); Kushen and Huanglian (1:4) group (1:4; 0.6 g/kg/day); low-matrine (MT-Low) group (15 mg/kg/day); high-matrine (MT-High) group (30 mg/kg/day); low-berberine (BBR-Low) group (30 mg/kg/day); high-berberine (BBR-High) group (200 mg/kg/day); matrine and low-berberine (MT+BBR-Low) group (100 mg/kg/day; ratio of matrine and berberine was 1:2); and matrine and high-berberine (MT+BBR-High) group (200 mg/kg/day; ratio of matrine and berberine was 1:2). Six mice underwent surgery without the use of tissue adhesive (control group). Mice in all groups received the extract in normal saline by gavage.

Mice were treated for 21 days. Thereafter, they were anesthetized for tumor extraction. Tumor tissues were collected, divided into two pieces, and subjected to Western blotting, histology, and immunohistochemistry analyses.





HE staining and immunohistochemistry

For histopathological evaluation, tumor tissue sections were stained with HE solution. Thereafter, the sections were observed under an inverted microscope to identify alterations.

For immunohistochemistry, sections were incubated with a primary antibody against Sirt3 overnight at 4°C. Next, they were washed using phosphate-buffered saline (PBS) buffer and incubated with HRP-labeled secondary antibody for 1 h at room temperature. A DAB kit was used for staining. The analysis of cells that exhibited positivity for Sirt3 was performed using the image analysis software ImageJ. Representative images were captured from six independent samples.





16S Ribosomal RNA gene sequencing and bioinformatics analysis

DNA of intestinal flora was extracted from fecal samples frozen at −80°C (n = 6 per group). The samples were processed and analyzed by Shanghai Majorbiao Bio-Pharm Technology Co. Ltd. (Shanghai, China). The V3–V4 hypervariable region of bacterial 16S rRNA was amplified using polymerase chain reaction (PCR) with barcode-indexed primers 319F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGTTTCTCATAT-3′). Gel extraction was used for the purification of amplicon. Following the quantification of amplicons, library preparation and sequencing were performed using a TruSeq Nano DNA LT Library Prep Kit. Operational taxonomic units (OTUs) with over 97% sequence similarity were used for data analyzed, which was performed on the Majorbio Cloud Platform (www.majorbio.com). The diversity of the samples is presented as alpha diversity, while OUT, genus species, and abundance were used to calculate the Chao and Shannon diversity indices. The Chao index denoted microbiota richness in the sample, while the Shannon index represented community diversity. Furthermore, differences in the diversity of intestinal microbiota between groups were determined using principal coordinates analysis (PCOA) and partial least squares discriminant analysis (PLS-DA).





Western blot

Radioimmunoprecipitation assay (RIPA) buffer (Cat. No. P0013C, obtained from Beyotime Biotechnology, Shanghai, China) containing protease and phosphorylase inhibitor cocktails (Cat. No. P1046, obtained from Beyotime Biotechnology, Shanghai, China) was used to obtain protein from frozen tissues. The determination of protein content was performed by using BCA protein assay kit (Cat. No. P0010, obtained from Beyotime Biotechnology, Shanghai, China). Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel was used to separate proteins, which were subsequently transferred onto a polyvinylidene fluoride membrane. Next, the membranes were incubated with 5% skimmed milk for 2 h to block non-specific binding and incubated with primary antibodies overnight at 4°C. The next day, membranes were washed with TBST buffer and incubated with secondary antibody for 2 h at room temperature. The immunoreactivity was revealed by using an ECL chromogenic substrate, visualized through an imaging system, and quantitatively analyzed by using ImageJ software.





Statistical analysis

Values were presented as the means ± standard error of the mean. Student’s t-test and one-way ANOVA were used for statistical analysis, and p-values < 0.05 denoted statistically significant differences. The graph was drawn by using GraphPad Prism 9 and Majorbio Cloud Platform.






Results




Kushen and Huanglian extract prevented colorectal tumorigenesis

The tumor tissue weight, body weight, and the tumor inhibitory rate were calculated. As shown in Figures 1A–C, Kushen–Huanglian extract significantly reduced the ratio of tumor tissue weight to body weight of the model mice. Notably, the extraction at a 1:1 ratio was the most effective among the preparations.

The extract of Kushen and Huanglian did not exert an effect on the body weight of the model mice (Figure 1D), suggesting that there was no physical sign of poor condition in any of the experimental mice. According to the results of HE staining, treatment with Kushen and Huanglian effectively reduced the histological damage compared with control (Figure 1E). These results revealed that the combination of Kushen and Huanglian at a1:1 ratio showed the best inhibitory effect on colorectal tumorigenesis in mice with cancer versus other preparations.





Qualitative and quantitative analysis of Kushen and Huanglian extract

UPLC-TOF-electrospray ionization-MS/MS (UPLC-TOF-ESI-MS/MS) was used to analyzed the constituents of Kushen and Huanglian extract (1:1 ratio). The total ion chromatogram (TIC) (shown in Figures 1F, G) displays the major peaks, which were studied using positive and negative ESI modes. A total of 67 compounds were identified according to a previous report (Table 1).


Table 1 | Identified chemical compounds in the extract from Kushen and Huanglian.



UPLC-triple quadruple-MS/MS (UPLC-TQ-MS/MS) was used to quantitatively analyze matrine and berberine in the Kushen and Huanglian extract. The peaks of matrine and berberine are shown in Figures 1H–L. The levels of matrine and berberine were calculated based on their calibration curves. The results are shown in Table 2. The levels of matrine and berberine were 129 µg/g (0.129‰ of the herb) and 232 µg/g (0.232‰ of the herb). The ratio was approximately 1:2, which was used in the subsequent experiments.


Table 2 | The contents of matrine and berberine in the extract from Kushen and Huanglian.







Matrine and berberine prevented colorectal tumorigenesis

The tumor weights of mice in the MT-low group, BBR-low group, and MT+BBR-low group mice were decreased compared with that of mice in the control group; however, the difference was not statistically significant. In contrast, the tumor weight of MT-high group, BBR-high group, and MT+BBR-high group was remarkably declined (Figures 2A, B). The inhibitory rate in each group is displayed in Figure 2C. Of note, differences in the body weight between groups were not statistically significant (Figure 2D). Nevertheless, treatment with matrine and berberine reduced the weight of tumor tissue in the model mice.




Figure 2 | Matrine and berberine prevent colorectal tumorigenesis in an orthotopic xenograft model of colorectal cancer. (A) Representative image of tumor tissue obtained from model mice. (B) Tumor weight/body weight of mice (n = 6, ###p < 0.001 compared with Control group, *p < 0.05, ** p < 0.01 compared with Model group). (C) Inhibitory rate of matrine, berberine, and positive drug on colorectal cancer in model mice (n = 6). (D) Body weight of mice (n = 6). (E) Representative image of HE-stained tumor tissue from model mice. Scale bar: 50 μm. Red arrows indicate nuclear pyknosis.



Subsequently, pathological changes in tumor tissues were detected by HE staining. In the model group, the morphology of tumor tissue was obviously atypical and dense and was characterized by irregular arrangements. Compared with the model group, treatment with matrine and berberine (particularly at high dosage) effectively reduced the histological damage. As shown in Figure 2E, the morphological alterations demonstrated that, compared with the model group, positive drug, and treatment with matrine and berberine significantly reduced tumor cell density in the tumors. These results revealed that matrine and berberine could inhibit colorectal tumorigenesis in model mice.





Matrine and berberine improved the intestinal microbiota structure

Thereafter, we sought to characterize the effects of treatment with matrine and berberine on the composition of intestinal microbiome through analysis of bacterial 16S rRNA compositions. The Venn diagram indicated that the number of OTUs was higher at the phylum and genus levels in the model group compared with the control or matrine and berberine treatment groups (Figures 3A, 4A). Higher Shannon index values represented higher species diversity in the sample. The results demonstrated that treatment with matrine and berberine significantly reduced the Shannon and Chao indices in the model mice (Figures 3D, E, 4D, E). Moreover, the abundances of genera in each group were visualized on a heatmap, displaying trends at the phylum and genus levels. In addition, differences in the composition of the intestinal microbiome at the phylum and genus levels were recorded in the individual treatment groups (Figures 3C, 4C). The abundance diversity histogram of the top 10 phylum structure demonstrated that the Bacteroidota and Campilobacterota (i.e., the predominant flora in the samples) presented a difference between the model and matrine and berberine treatment groups (Figure 3B). Further study demonstrated that treatment with matrine and berberine reduced the abundance of Helicobacter, Lachnospiraceae_NK4A136_group, Candidatus_Arthromitus, norank_f_Lachnospiraceae, Rikenella, Odoribacter, Streptococcus, norank_f_Ruminococcaceae, and Anaerotruncus at the genus level (Figure 4B).




Figure 3 | Matrine and berberine regulated the species diversity of intestinal microbiota in mice at the phylum level. (A) Venn diagram summarizing the numbers of common and unique phyla. (B) Relative abundance of the top 10 phyla classified as colorectal microbiota constituents. (C) Abundance of gut microbiota species at the phylum level in each group represented by clustering heatmap. (D, E) Alpha diversity of the gut microflora in mouse fecal at the phylum level, represented by the Shannon (D) and Chao (E) indices. (F, G) Matrine- and berberine-mediated impact on bacterial composition in model mice at the phylum level, represented by PCoA (F) and PLS-DA (G) analysis (H) Bar plot of compositional differences in the gut microbiome between groups at the phylum level, calculated by the Wilcoxon rank-sum test. n =6, *p < 0.05, **p < 0.001, ***p < 0.001.






Figure 4 | Matrine and berberine regulated the species diversity of intestinal microbiota in mice at the genus level. (A) Venn diagram summarizing the numbers of common and unique genera. (B) Relative abundance of the top genera classified as colorectal microbiota constituents. (C) Abundance of gut microbiota species in each group at the genus level, represented by clustering heatmap. (D, E) Alpha diversity of the gut microflora in mouse fecal samples at the genus level, represented by Shannon (D) and Chao (E) indices. (F, G) Matrine- and berberine-mediated impact on bacterial composition in model mice at the genus level, represented by PCoA (F) and PLS-DA (G) analysis. (H) Bar plot of compositional differences in the gut microbiome between groups at the genus level, calculated using the Wilcoxon rank-sum test. n =6, *p < 0.05, **p < 0.001, ***p < 0.001.



These results revealed that the species richness of intestinal microbiota in the orthotopic xenograft colorectal cancer model mice was observably downregulated following the administration of matrine and berberine.

Notably, different groups exhibited distinct bacterial composition (Figures 3F, G, 4F, G). Alterations at the phylum and genus levels were also assessed. The results revealed statistically significant differences in seven phyla (i.e., Bacteroidota, Proteobacteria, Desulfobacterota, Patescibacteria, Actinobacteriota, Deferribacterota, and Spirochaetota) and 10 genera (i.e., Staphylococcus, Lactococcus, Esherichia-Shigella, norank_f_Muribaculaceae, Lachnospiraceae_NK4A136_group, unclassified_f_Lachnospiraceae, norank_f_Lachnospiraceae, Enterobacter, Alistipes, and Rikenella) (Figures 3H, 4H). The abundance of Proteobacteria in the matrine- and berberine-treated groups was higher than that recorded in the model group. In contrast, the abundance of the other six phyla was lower than that in the model group.





Matrine and berberine decreased c-MYC expression, inhibited RAS signaling pathway, and increased Sirt3 expression

The Western blot analysis demonstrated that treatment with matrine and berberine decreased the expression of transcription factor c-MYC in vivo (Figures 5A, B).




Figure 5 | Matrine and berberine decreased c-MYC expression, inhibited RAS signaling, and increased SIRT3 expression in model mice. (A–F) Representative Western blotting with quantification results for proteins present in tumor tissue obtained from mice (n = 6, ***p < 0.001). (G, H) Representative immunohistochemistry images with quantification results for Sirt3 in tumor tissue obtained from mice (n = 6, ***p < 0.001). Scale bar: 100 μm. *p<0.05, **p<0.01.



The efficacy of matrine and berberine to regulate the RAS/MEK/ERK signaling pathway was also inquired in vivo. The levels of RAS, MEK, p-MEK, ERK, and p-ERK in tumor tissues were detected through Western blot. The levels of RAS, p-MEK, and p-ERK in the neoplasm tissue obtained from model mice were significantly reduced after treatment with matrine and berberine (Figures 5A, C–F). Furthermore, our results suggested that treatment with matrine and berberine upregulated the expression of Sirt3 in tumorous tissue (Figures 5A, F–H).






Discussion

Oral preparation with TCM has a complex composition. The active components of such preparations were absorbed and distributed through the gastrointestinal tract to reach the site of action. Before being absorbed, the compounds could perturb the composition of the gastrointestinal flora (15, 20).

In TCM, the combination of Kushen and Huanglian is used for the treatment of intestinal disease. The major active compounds from Kushen and Huanglian also reduce the inflammation action and exhibit anti-colorectal cancer efficacy (49–54). Different drug ratios can affect the effectiveness of the herbs. According to the record of the Pujifang, the proportion of Kushen and Huanglian was 1:2. In this study, we evaluated Kushen and Huanglian at 1:1, 1:2, and 1:4 ratios to determine the combination with the best anti-tumor effect. We found that the combination at a 1:1 ratio exhibited the most potent anti-colorectal cancer effect. The chemical constituents of this preparation were detected using of UPLC-TOF-ESI-MS/MS. A total of 67 compounds were identified according to literature data. Further analysis showed that the contents of matrine and berberine were 129.47 and 232.87 µg/g, respectively. The ratio of matrine and berberine was approximately 1:2. Thus, we used matrine and berberine at this ratio to evaluate their effect against colorectal cancer. According to the literature (55–57), 15 and 30 mg/kg matrine and 100 and 200 mg/kg berberine were used to mice. In the combination of two compounds group, the total dosage of two compounds were 100 and 200 mg/kg, with the ratio of matrine to berberine of 1:2. We showed that the combination of matrine and berberine exerted a better anti-colorectal cancer effect in the orthotopic xenograft colorectal model mice than monotherapy.

The gut microbiota is a key component of the colorectal cancer microenvironment. Intestinal microecology disorders are strongly associated with the development and progression of colorectal cancer (58). In our animal experiments, the mice were treated by oral gavage. Before the drug was absorbed into the blood in the gastrointestinal tract, the drug may affect the composition of the gastrointestinal flora before it is absorbed. Therefore, we analyzed the mouse fecal gut flora by 16S rRNA sequencing. Treatment with matrine and berberine treatment significantly reduced the diversity of intestinal microbiota in tumor-bearing mice. According to the literatures, Proteobacteria abnormal expansion is usually considered as a signature of dysbiosis in gut microbiota. Irinotecan is widely used in the treatment of colorectal cancer; it can also increase the level of Proteobacteria and cause intestinal mucositis with diarrhea (59). The combined matrine and berberine increased the abundance of Proteobacteria, suggesting that they might be causing intestinal mucositis with diarrhea, which should be noted when using the combined matrine and berberine in the treatment of colorectal cancer. The abundance of Bacteroidota and Campilobacterota was positive related to colorectal cancer (13, 60). Furthermore, our experiment showed that matrine and berberine decreased the abundance of Bacteroidota and Campilobacterota. According to the previous research, Helicobacter pylori (an important member of Campilobacterota) could encode CagA gene to activate the RAS/MEK/ERK signaling pathway (61). RAS/MEK/ERK is one of the most dysregulated signaling pathway in cancer. Extensive research has been conducted on the development of inhibitors targeting the RAS/RAF-MEK-ERK/MAPK signaling pathway (25). Due to its active compounds, the Huanglian and Kushen drug pair exerts an anti-cancer effect by regulating the RAS/ERK/MEK-related signaling pathway (62–64). Thus, we detected the effect of matrine and berberine on the expression of proteins linked to the RAS/MEK/ERK signaling axis in tumor tissues obtained from mice. Matrine and berberine significantly inhibited the RAS/ERK/MEK signaling pathway by decreasing the phosphorylation levels of MEK and ERK and expression of RAS. Furthermore, matrine and berberine decreased the level of c-MYC protein, which could improve acetylation-dependent deactivation of SDHA by activating SKP2-mediated degradation of Sirt3 deacetylase and tumorigenesis. Moreover, our results demonstrated that matrine and berberine improved the expression of Sirt3, which could inhibit growth of tumor cells (65). Therefore, matrine and berberine could inhibit MYC-induced tumorigenesis by regulating degradation of Sirt3 deacetylase. These findings suggested that matrine and berberine exert its anti-colorectal cancer effect by regulating the RAS/MEK/ERK-c-MYC-Sirt3 signaling axis.

Collectively, the results indicated that matrine and berberine may act against colorectal cancer by regulating the intestinal microecological and the signaling pathway related to cell proliferation (Figure 6). The regulating effect of matrine and berberine on RAS/MEK/ERK-c-MYC-Sirt3 signaling axis may be attributed to their influence on the composition of intestinal microbiota. The present research study may provide a reference for the use of matrine and berberine in the prevention and treatment of colorectal cancer. However, the mechanisms underlying these have not been investigated far. Hence, further studies are warranted to clarify the role and mechanism of intestinal flora in anti-colorectal cancer effects.




Figure 6 | Mechanism underlying the anti-colorectal cancer effect of matrine and berberine.







Conclusion

The combination of Kushen and Huanglian at a1:1 ratio exerted the best anti-colorectal cancer effect among the combinations examined in this study. The chemical compounds contained in the Kushen and Huanglian extract were identified and evaluated. Additionally, the combination of matrine and berberine induced an almost equivalent anti-colorectal cancer effect to that noted after treatment with the drug pair. In addition, the combination exerted a better effect on colorectal cancer than monotherapy. The beneficial action of this treatment might depend on the improvement of the intestinal microbiota structure and regulation of the RAS/MEK/ERK-c-MYC-Sirt3 signaling pathway.
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Background

Recently, the use of immunochemotherapy in the treatment of advanced gastric cancer (GC) has been increasing and programmed cell death protein 1 (PD-1) inhibitors combined with chemotherapy has become the first-line treatment for advanced GC. However, few studies with small sample sizes have examined this treatment regimen to assess its effectiveness and safety in the neoadjuvant treatment phase of resectable local advanced GC.





Materials and methods

Herein, we systematically searched PubMed, Cochrane CENTRAL, and Web of Science for clinical trials on neoadjuvant immunochemotherapy (nICT) in advanced GC. The primary outcomes were effectiveness [evaluated by major pathological response (MPR) and pathological complete response (pCR)] and safety [assessed by grade 3–4 treatment-related adverse events (TRAEs) and postoperative complications]. A meta-analysis of non-comparative binary results was performed to aggregate the primary outcomes. Direct comparative analysis was used to compare pooled results of neoadjuvant chemotherapy (nCT) with nICT. The outcomes emerged as risk ratios (RR).





Results

Five articles with 206 patients were included, and all of them were from the Chinese population. The pooled pCR and MPR rates were 26.5% (95% CI: 21.3%–33.3%) and 49.0% (95% CI: 42.3%–55.9%), while grade 3–4 TRAEs and post-operative complication rates were 20.0% (95% CI: 9.1%–39.8%) and 30.1% (95% CI: 23.1%–37.9%), respectively. Direct comparison showed that with the exception of grade 3–4 TRAEs and postoperative complications, all outcomes including pCR, MPR, and R0 resection rate favoured nICT to nCT.





Conclusion

nICT is a promising strategy for use as an advisable neoadjuvant treatment for patients with advanced GC in Chinese population. However, more phase III randomized controlled trials (RCTs) will be required to further consolidate the efficacy and safety of this regimen.





Keywords: resectable advanced gastric cancer, neoadjuvant immunochemotherapy, perioperative immunotherapy, neoadjuant chemotherapy, meta – analysis





Introduction

In China, gastric cancer (GC) is the fourth most common cancer and third leading cause of cancer-related deaths (1). It is estimated that if gastric cancer risk cannot be effectively controlled, the global burden of gastric cancer is predicted to increase to 1.8 million new cases and 1.3 million deaths by 2040 (2).To date, great progress has been made in understanding the pathogenesis of GC, and surgery remains the backbone of curative treatment (3). Although D2 radical surgery is beneficial, the 5-year survival rate of patients with GC remains below 50% (4). To improve the prognosis of patients with advanced GC, several clinical studies have confirmed that neoadjuvant therapy in locally advanced GC can downstage the tumour, increase the R0 resection rate, and reduce the risk of postoperative recurrence, thereby improving patient outcomes compared with surgery alone (5, 6). Moreover, with ongoing developments in medicine, immunotherapy has started gaining approval in clinical settings, thus changing the landscape of tumour treatment with satisfactory results being observed in the treatment of melanoma and non-small cell lung cancer (7, 8). Immunotherapy has also shown promising results in the treatment of GC. For instance, the Checkmate 649 and Orient-16 studies confirmed that chemotherapy combined with PD-1 inhibitors has significant improvement in overall survival (OS) (HR 0·71;98·4% CI 0·59–0·86; p<0·0001 and HR 0.660; 95% CI 0.505–0.864; P=0.0023, respectively) and progression-free survival (PFS) (HR 0·68; 98% CI 0·56–0·81; p<0·0001 and HR 0.628; 95% CI 0.489–0.805; P=0.0002, respectively) versus chemotherapy alone in patients with a programmed cell death 1 ligand 1(PD-L1) combined positive score (CPS)>5 (9, 10). KEYNOTE-012 and -059 trials confirmed the efficacy of immune checkpoint inhibitors (ICIs) in patients with metastatic GC (11, 12). KEYNOTE-012 reported that overall response was achieved in 8 (22%) of 36 patients while 17 (53%) of 32 patients developed tumour lesion regression. KEYNOTE-059 presented an objective response rate of 15.5% (95% CI 10.1%–22.4%; 23 of 148 patients) in patients with PD-L1-positive tumours. Consequently, immunotherapy is now generally accepted globally as the first-line treatment for advanced GC. However, whether immunotherapy has benefit in the early stages of GC treatment, such as in the neoadjuvant phase, is a current research focus. Furthermore, immunotherapy combined with chemotherapy has been used clinically in GC as neoadjuvant therapy (e.g., in the NCT04354662, NCT04119622, and NCT04694183 trials), while large-scale clinical trials are yet be conducted to assess its efficacy and safety. Hence, this systematic review and meta-analysis of eligible data was performed to assess the efficacy and safety of neoadjuvant immunochemotherapy (nICT) by pathological complete response (pCR), major pathological response (MPR), R0 surgical resection (clinical and complete microscopic resection of the tumour) rate, grade 3–4 treatment-related adverse events (TRAEs), and postoperative complications, in an attempt to provide a more reliable basis for exploring novel therapeutic strategies for GC.





Materials and methods




Data sources and search strategy

In current study we followed the Preferred Reporting Items for Systematic Reviews and Meta analyses (PRISMA) and Reporting of Surrogate Endpoint Evaluation using Meta analyses (ReSEEM) guidelines (13, 14). We systematically searched PubMed, Medline, Web of Science and Cochrane Library electronic databases to 1 February 2023 for all clinical trials that tested nICT in advanced GC. The detailed search strategy and inclusion criteria are exhibited in online supplemental materials.





Data extraction

The following variables were extracted from all the included clinical trials, if available: pCR, MPR, R0 surgical resection rate; grade 3–4 TRAEs and incidence of postoperative complications. Other details such as the immune checkpoint inhibitor (ICI) regimen and sample size are also shown in the information sheet.





Statistical analysis

Data from the individual included studies were entered into a spread sheet for further analysis. Review Manage (RevMan) software version 5.4 was used to perform the statistical analysis. A meta-analysis of the non-comparative binary results was performed based on the most of the involved studies, which were one-arm clinical trials. For evaluating neoadjuvant therapy effectiveness and safety, the aggregated odds ratio (OR) and 95% confidence interval (CI) were transformed into occurrence rates (synthesis of detailed data in the supplementary information). P< 0.05 for Q test or I2 > 50% for I2 test was deemed to indicate significant heterogeneity in the literature, random effects model was adopted; otherwise, a fixed effects model was used (15, 16). The level of significance for all results was set at P < 0.05. Funnel plots were performed to evaluate possible publication bias (online Supplemental Figure 2).





Risk of bias assessment

Since studies on neoadjuvant immunochemotherapy were mostly non-randomized single-arm clinical trial without comparison groups. Methodological Index for Nonrandomized Studies was used to assess the risk of bias in eligible studies (17).






Results




Eligible studies

Five studies (18–22), with a total of 206 enrolled patients were included (Supplemental Figure 1). Details of the incorporated studies are shown in Table 1 and Supplemental Table 1. The literature quality of the included studies is summarised in Supplemental Table 2.


Table 1 | Details of extracted data included in the study.







Evaluation of effectiveness outcomes

To assess the efficacy of nICT, both the pCR and MPR rates were used. In included studies, the pCR rates ranged from 19.4%–33.3%. The pooled pCR rate was 26.5% (95% CI: 21.8%–33.3%) (Figure 1A). In addition, the MPR rates ranged from 39.4%–63.4%, with an aggregated MPR rate of 49.0% (95% CI: 42.3%–55.9%) (Figure 1B).




Figure 1 | Efficacy and safety evaluation of neoadjuvant immunotherapy plus chemotherapy for locally advanced and resectable gastric cancer. (A) Pathological complete response (pCR); (B) Major pathological response (MPR); (C) Grade 3–4 treatment-related adverse events (TRAEs); (D) Surgical complication.







Evaluation of safety outcomes

The incidence of grade 3–4 TRAEs was recorded as a measure of the safety of nICT, in line with the National Cancer Institute’s Common Terminology Criteria for Adverse Events (NCICT­CAE16; version 4.0). The combined incidence of grade 3–4 TRAEs was 20.0% (95% CI: 9.1%–39.8%) (Figure 1C). Three studies reported the precise number of postoperative complications, with the incidences ranging from 24.2%–36.7%, and having a combined incidence of 30.1% (95% CI: 23.1%–37.9%) (Figure 1D). Additionally, the R0 resection rates were 100% in most studies; therefore, it was complex to normalise and analyse the extracted data. The incidence of these outcomes is shown in Table 2.


Table 2 | The pairwise comparisons efficacy and safety for neoadjuvant immunotherapy combined with chemotherapy (nICT) and neoadjuvant chemotherapy(nCT).







Direct comparative analysis of neoadjuvant treatments

As most phase II clinical trials were nICT trials in GC, the majority of them were one-arm studies. Owing to this, a network meta-analysis could not be used to compare the efficacy and safety of nICT with that of reported nCT. Thus, based on the existing nCT-included studies (Supplemental Table 3), pairwise comparisons were conducted on the incidences of pCR, MPR, R0 resection, as well as grade 3–4 TRAEs and surgical complications associated with nICT and nCT to identify which neoadjuvant therapy regimen was more conducive for patients with GC. The combined outcomes suggested that there were significant differences between nICT and nCT in terms of pCR, MPR, and R0 resection rate, respectively, [(RR = 4.61; 95% CI: 3.41–6.23; p < 0.01), (RR =2.09; 95% CI: 1.71–2.56; p < 0.01), (RR =1.15; 95% CI: 1.12–1.17; p < 0.01)] (Table 2). Nevertheless, based on pooled outcomes, grade 3–4 TRAEs and surgical complications did not differ significantly between nICT and nCT, respectively, [(RR = 0.80; 95% CI: 0.49–1.32; p >0.05), (RR =1.09; 95% CI: 0.81–1.46; p >0.05)] (Table 2). Taken together, the above results demonstrate that nICT and nCT had comparable rates of grade 3–4 TRAEs and surgical complications, while nICT had higher rates of pCR, MPR, and R0 resection. Therefore, nICT has the potential to be a recommended neoadjuvant treatment for patients with GC.






Discussion

In the last several years, there has been rapid development of immunotherapy for patients with GC. In 2016, the KEYNOTE-012 trial was the first to demonstrate the potential of GC immunotherapy and lay the foundation for future clinical applications or studies of immunotherapy for GC (12). As third-line therapy, the ATTRACTION-2 study reported superior anti-tumour activity of nivolumab in patients with advanced GC/esophagogastric junction cancer (EGJC) previously treated with chemotherapy (23, 24). In addition, this therapeutic regimen significantly prolonged the survival of patients. KEYNOTE-061 investigated the efficacy of pembrolizumab versus paclitaxel as second-line treatment in patients with PD-1 positive GC/EGJC; nonetheless, the results showed no significant OS improvement with pembrolizumab over paclitaxel (25). Interestingly, a 2020 retrospective study reported by the American Society of Clinical Oncology (ASCO) demonstrated that pembrolizumab significantly prolonged OS and PFS in patients with a high tumour mutation burden (TMB-H) (TMB≥10 mut/MB) in the KEYNOTE-061 cohort (26). Moreover, some studies have found that pembrolizumab could benefit patients with advanced GC with microsatellite instability-high (MSI-H) cancer cells (27, 28). These findings suggest that identifying biomarkers to accurately screen the population with GC that is suitable for immunotherapy is a significant direction in the current research of this disease. The KEYNOTE-062 study was the first multicentre randomised controlled phase 3 clinical trial to evaluate the first-line treatment efficacy of pembrolizumab in patients with GC/EGJC. However, compared to chemotherapy alone, the combination of pembrolizumab and chemotherapy did not result in superior OS and PFS (29). Encouragingly, CheckMate-649, ATTRACTION-04, KEYNOTE-659, and ORIENT-16 reported that first-line treatment with PD-1 inhibitors in combination with chemotherapy could benefit patients with advanced GC (9, 10, 30, 31).

The above reports have prompted several researchers to apply immunotherapy in the neoadjuvant treatment strategy of GC. Furthermore, the curative effect of nICT was preliminarily demonstrated and immunochemotherapy showed great potential (18–22, 32). However, to date, the efficiency and safety of nICT in locally advanced GC have not yet been systematically assessed. Simultaneously, a large number of randomised controlled trials evaluating the clinical efficacy and safety of nICT in GC are lacking. Therefore, this study conducted a quantitative summary of reported studies to provide initial evidence and guidance for use in clinical decision-making during the neoadjuvant treatment of GC. To the best of our knowledge, the present meta-analysis of clinical trials on nICT for resectable advanced GC is the first in its field.

In 1982, Frei et al. first proposed the concept of neoadjuvant chemotherapy(nCT), which refers to systemic chemotherapy given before local treatment (surgery or radiotherapy) of malignant tumors, also known as initial chemotherapy, to show that it is different from postoperative adjuvant chemotherapy (33). Its main purpose is to reduce the volume of tumor lesions in patients or eliminate metastatic cancer cells in advance, which helps to improve the state before surgery and create favorable conditions for subsequent surgery (34). Immunotherapy mainly includes programmed death receptor 1/programmed cell death ligand 1 (PD-1/PD-L1) and cytotoxic T lymphocyte associated antigen-4 (CTLA-4) inhibitors (35, 36). In recent years, immunotherapy has been gradually applied in the treatment of tumors and it has shown unprecedented efficacy in several tumors (7, 8). This has prompted people to combine traditional neoadjuvant chemotherapy with immunotherapy to treat some advanced tumors to form a new neoadjuvant treatment: neoadjuvant immunochemotherapy(nICT) (37).

In this study, the combined rates of pCR, MPR, and R0 for nICT were 26.5%, 49.0%, and 98.5%, respectively, demonstrating the favourable outcome of this therapy in patients with GC. Regarding nCT, pCR, MPR, and R0 rates were 5.7%, 23.5%, and 85.9%, respectively. These outcomes indicated that nICT was superior to nCT, with statistically significant differences being observed (P<0.00001 for all) (Table 2). The incidence of grade 3–4 TRAEs and post-operative complications was 20.6% and 29.7% in nICT, and 25.7% and 27.3% in nCT, respectively, with no statistical differences observed (P=0.38, P=0.58, respectively) (Table 2). Fortunately, only a few fatal postoperative complications were reported in the included studies, and only one patient died as a result of hemophagocytic syndrome and renal insufficiency (22). In addition, a study of neoadjuvant nivolumab and ipilimumab for resectable GC reported pCR and MPR rates of 58.6% and 72.4%, respectively, indicating that patients obtained a better pathological response, making it easier to achieve a satisfactory prognosis (32). There may be two reasons for the high pCR and MPR rates observed in this aforementioned study. First, this clinical trial used a combination of PD-1 and cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) inhibitors to treat patients with advanced GC. In 2018, the CheckMate-032 study showed that nivolumab alone or nivolumab combined with ipilimumab had high anti-tumour activity and prolonged OS in patients with metastatic esophagogastric cancer (38). Second, the study included patients with deficient mismatch repair/microsatellite instability-high (dMMR)/MSI-H cancer cells, indicating that these patients may have had better responsiveness to immunotherapy (39). Besides, a study on the efficacy of neoadjuvant nivolumab monotherapy for resectable GC showed that the pCR and MPR rates were 3.23% and 16.1%, which were lower than those associated with nICT (40). Further, a previous study demonstrated that nCT enhances the expression of multiple checkpoint molecules and the infiltration of CD4+ and CD8+ immune cells in GC, and the molecular change levels of checkpoints are positively correlated with each other (41). Therefore, ICIs combined with chemotherapy may be more effective than ICIs alone in neoadjuvant treatment of advanced GC. In summary, the above outcomes showed the acceptable efficacy and safety of neoadjuvant immunochemotherapy. Furthermore, it is believed that clinical studies, such as ATTRACTION-05 (42) and KEYNOTE-585 (43) trials, which are currently underway, will provide more evidence on the clinical application of nICT.

There are several limitations to this study. First, in light of the fact that some studies have not reached their endpoints, some survival indicators (such as PFS and OS) could not be investigated. Second, although an extensive literature search was performed, a small number of studies have been included, with inadequate sample sizes and most of them being single-arm studies. Our study also has the following limitations:(I) We conducted a direct pairwise comparison between the nICT and nCT groups and could not fully consider the baseline characteristics between the two sets. (II) The lack of randomised controlled trials (RCTs) may have led to instability and deviations in the study findings. (III) Subgroup analysis of different PD-1 inhibitors was not conducted to evaluate the best immunochemotherapy regimen for clinical application. Furthermore, the patients in this study were all from the Chinese population. The above findings are limited to evaluating the efficacy of neoadjuvant immunochemotherapy for advanced GC in China, which may be difficult to generalize to the whole population. At the same time, we also look forward to more clinical trials of neoadjuvant immunochemotherapy in the treatment of advanced gastric cancer at home and abroad in the future, so as to evaluate its efficacy and safety more comprehensively.

In conclusion, this systematic review and meta-analysis of five non-randomised clinical studies indicated promising effectiveness and safety of nICT in patients with resectable advanced GC in China, providing preliminary clinical evidence for the widespread use of this therapeutic strategy. The results of these studies provide confidence for future research, and RCTs with long-term follow-up are needed to comprehensively evaluate the merits of the nICT for patients with resectable gastric cancer, providing larger sample sizes and complete data to validate the findings of this study.
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Platinum-fluorouracil combination chemotherapy is the standard neoadjuvant treatment for locally advanced gastric cancer in China, but it does not improve the survival benefit of patients. In recent years, the application of immune checkpoint inhibitors and/or targeted drugs in neoadjuvant therapy for gastric cancer has achieved certain efficacy, but the survival benefit of patients is still not obvious. Intra-arterial infusion chemotherapy, as a method of regional therapy, has been widely used in the treatment of many advanced tumors and achieved remarkable curative effect. The role of arterial infusion chemotherapy in neoadjuvant therapy for gastric cancer is not clear. We describe two patients with locally advanced gastric cancer treated with continuous arterial infusion neoadjuvant chemotherapy. Two patients received continuous arterial infusion of chemotherapy drugs for 50 hours, the drugs were pumped into the main feeding artery of the tumor through the arterial catheter. A total of 4 cycles were followed, then undergone surgical resection. The postoperative pathological pCR of two patients was 100%, TRG was 0 grade, and no further anti-tumor therapy was required after operation, achieving clinical cure. During the treatment period, no serious adverse events occurred in either patient. These results suggest that continuous arterial infusion chemotherapy may be a new adjuvant therapy for locally advanced gastric cancer.
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1 Introduction

The incidence and mortality of gastric cancer account for the third place among all kinds of malignant tumors in China in 2020. Only low percentage (about 20%) of gastric cancers are diagnosed in its early stage. Most of patients were in advanced stage, among which the proportion of locally advanced gastric cancer (LAGC)T3/4,N+, M0) reached a new high of 70.8% (1). The standard treatment regimen of for LAGC is radical resection or neoadjuvant chemotherapy (NAC) followed by radical resection (2). In China, 40% - 50% of patients with LAGC could receive radical resection, but the recurrence rate after radical resection alone was as high as 80%, the overall survival (OS) was about 12 months, and the 5-year survival rate was only about 35.9% (3). In order to achieve better therapeutic efficacy, more attention should be paid to the breakthrough progress in neoadjuvant therapy. Neoadjuvant therapy can not only reduce the tumor stage, improve the surgical resection rate and radical resection rate, but also reduce the risk of tumor recurrence and metastasis (4, 5), so it is recommended as one of the standard treatment modalities for LAGC (2). However, the indications, regimens, and cycles of neoadjuvant therapy are not strictly defined, and the impact of neoadjuvant chemotherapy on the survival of patients with gastric cancer in situ is still controversial (6). So, the clinical application of neoadjuvant chemotherapy is limited. The proportion of LAGC patients receiving neoadjuvant therapy in China is only 13.8%, and the pathologic complete remission (pCR) rate after neoadjuvant therapy was only 11.4% (7). In order to break the current predicament of LAGC treatment, scholars have made many attempts in recent years, especially in neoadjuvant therapy. Some scholars have added immune checkpoint inhibitors to the neoadjuvant therapy of gastric cancer (8), hoping to improve the therapeutic efficacy for gastric cancer by changing the types of drugs used in neoadjuvant therapy. Some scholars have also explored the therapeutic effect of immune checkpoint inhibitors combined with chemotherapy-targeted drugs on special types of gastric cancer (such as mismatch repair deficiency, dMMR/high microsatellite instability,MSI-H) (9), trying to further optimize the treatment regimen from different subtypes of gastric cancers. Sintilimab combination with neoadjuvant therapy for LAGC resulted in 19.4% of pCR, and 94.1% of one-year OS (10). Neoadjuvant therapy of Apatinib plus chemotherapy for gastric cancer (11) showed median event-free survival was 42 months. Unfortunately, most of the recent studies were phase II clinical studies, which need validation from phase III clinical trials. In addition, neoadjuvant chemotherapy of multi-agent combination did not significantly improve the overall survival of patients. Therefore, the treatment of LAGC still faces great challenges, and new treatment modes or strategies are urgently needed.

The key of LAGC treatment is to improve the local tumor control rate. Which can be improved by increasing the local drug concentration. Intra-arterial infusion chemotherapy is one way to increase regional drug concentration. This way is to infuse chemotherapy drugs directly into the tumor feeding artery through catheter. Compared with intravenous chemotherapy, intra-arterial chemotherapy can increase the drug concentration in tumor tissue by 2 - 4 times (12). The regional high concentration of the drug can ensure that the chemotherapeutic drug exert the maximum anticancer effect and improve the curative effect of tumor treatment. Arterial infusion chemotherapy is currently widely used in advanced liver cancer (13–15), advanced pancreatic cancer (16), etc. Some scholars have preliminarily explored the efficacy and safety of intra-arterial infusion of oxaliplatin combined with oral S-1 as neoadjuvant therapy for LAGC. The results showed that 4 patients had no obviously adverse events and the tumor regression rate reached to 100% (17). It is suggested that intra-arterial infusion chemotherapy can be used as a new adjuvant therapy for LAGC, which is worth further study. Here, we reported two patients with LAGC who received neoadjuvant therapy via continuous arterial infusion (50 hours). Postoperative pathology showed no tumor cells and tumor regression grading (TRG) (18) was 0. In addition, both patients did not receive any anti-tumor therapy after operation.




2 Case presentation



2.1 Case 1

A 74-year-old male was admitted to the local hospital due to right upper abdominal pain and discomfort for half a year, accompanied by weight loss of 6kg. Gastroscopy revealed a large ulcerated lesion of the antral mucosa, with annular growth, fragile texture and bleeding (Figure 1A). Biopsy pathology diagnosis showed poorly differentiated adenocarcinoma [Figure 1B (1)]. The patient visited our hospital for further treatment on April 23th,2021. Body weight at admission was 68kg, hemoglobin (Hb) level was 92g/L (normal reference value:130~175g/L), stool occult blood was negative. The levels of CEA\CA199\AFP\CA724 were within normal limits. Enhanced CT of the abdomen showed the presence of metastases in regional lymph node (Figure 1A) but no distant metastases. Clinical staging was performed using the AJCC/UICC TNM staging system for gastric cancer, eighth edition (19), and the stage was cT3N3M0, stage III. After discussion by the multidisciplinary team, the radical resection was feasible for this patient, but the patient and his family refused the treatment suggestion. With the consent of patient and his family, arterial infusion neoadjuvant therapy was started on 30-April-2021.




Figure 1 | Case data of patient 1. (A) Gastroscope and imaging examination.Changes of tumor or lymph node in gastroscopy and enhanced CT before treatment, after 2 and 4 cycles treatment. (B) Pathology examination (1): biopsy pathology before treatment (adenocarcinoma);(2): pathology after surgical resection (no tumor cells found) (C) Treatment process under DSA (1): angiography showed that the feeding artery of the tumor was gastroduodenal artery; (2): microcatheter tip placement location (in gastroduodenal artery).



DSA showed that the gastroduodenal artery was the main feeding artery of the tumor [(Figure 1C (1)]. The microcatheter was placed in the gastroduodenal artery under DSA guidance [(Figure 1C (2)]. Specific dosage and usage of drug pumped through indwelling arterial catheter: Oxaliplatin (70mg/m2) pumped for 2h; Calcium folinate (200mg/m2) pumped for 2h; Fluorouracil (1600mg/m2) pumped for 46h. 28 days was a course of treatment. Four cycles were performed.

After 2 cycles of treatment, the patient’s upper abdominal pain disappeared, with weight of 72kg and Hb of 101g/L. Enhanced abdominal CT and gastroscopy revealed a significant reduction in tumor volume (Figure 1A). According to the evaluation criteria for response in solid tumors, RECIST 1.1 criteria (20), efficacy was evaluated as partial response (PR). Reexamination after 4 cycles of arterial infusion treatment showed that the body weight was 73kg and Hb was 105g/L. Enhanced CT and gastroscopy of abdomen showed further reduction of tumor volume (Figure 1A), and the efficacy evaluation was PR again. 6 weeks after arterial infusion therapy. On September 18th,2021, laparoscopic distal subtotal gastrectomy & D2 lymphadenectomy was performed. Postoperative pathology showed no tumor cells in gastric ulcer and lymph nodes [Figure 1B (2)], TRG grade was 0. No anti-tumor therapy was given after operation, and the patient has regular followed-up with doctors till now. The patient experienced no significant adverse reactions throughout the treatment (Figure 2). The Hb increased to 105 g/L one year postoperatively and the weight was 78 kg. Changes in weight and blood cells during treatment were shown in (Figure 2.




Figure 2 | Changes of weight and blood cells in patient 1 and 2 during treatment. (A) Changes of weight during treatment. (B) Changes of hemoglobin during treatment. (C) Changes of PLT, WBC& neutrophils during treatment.






2.2 Case 2

A 66-year-old man with a history of hypertension and diabetes mellitus, visited our hospital due to anemia for 2 months with weight loss of 4kg on Dec 24th, 2021. Weight on admission was 77kg. Gastroscopy showed ulcerative neoplasia about 3cm×4cm in size on the posterior wall of lesser curvature of stomach, hyperemia and erosion, brittle and easy to bleed (Figure 3A). Biopsy pathology diagnosis was showed adenocarcinoma [Figure 3B (1)]. Hb level was 83 g/L, stool occult blood was positive. The levels of CEA\CA199\AFP\CA724 were within normal limits. Abdominal enhanced CT showed the presence of metastasis in regional lymph node but no distant metastasis (Figure 3A), and the clinical stage was cT3N2M0, stage III. The patient and his family also refused the preferred surgical resection. Arterial infusion neoadjuvant therapy was started on Jan 10th, 2022 with the consent of patient and his family.




Figure 3 | Case data of patient 2. (A) Gastroscope and imaging examination. Changes of tumor or lymph node in gastroscopy and enhanced CT before treatment, after 2 and 4 cycles treatment. (B) Pathology examination (1): biopsy pathology before treatment (adenocarcinoma); (2): pathology after surgical resection (no tumor cells found). (C) Treatment process under DSA (1): angiography showed that the feeding artery of the tumor was left gastric artery; (2): microcatheter tip placement location (in left gastric artery) Note: Figure 3A - green arrows. After 2 cycles of treatment, gastroscope also showed multiple small ulcers in the gastric body of patient 2, which was considered to be gastric mucosal reaction caused by high-concentration chemotherapy drugs in arterial infusion chemotherapy. After treatment with proton pump inhibitors, the patient's multiple ulcers improved and healed.



DSA showed that the left gastric artery was the main feeding artery for the tumor [Figure 3C (1)]. Under DSA guidance, a microcatheter was placed in the left gastric artery [Figure 3C (2)], and chemotherapy drugs were pumped through the indwelling arterial catheter. The specific drug dosage and usage are the same as those in Case 1. Reexamination after 2 cycles revealed Hb was 98 g/L and weight was 81 kg. Enhanced CT and gastroscopy of the abdomen showed a significant reduction in tumor volume and irregular superficial ulceration (Figure 3A). Efficacy was evaluated as PR. During gastroscopy after 2 cycles of treatment, the patient found multiple small ulcers in the gastric body, which was considered to be gastric mucosal reaction caused by high-concentration chemotherapy drugs in arterial infusion chemotherapy. After treatment with proton pump inhibitors, the patient’s multiple ulcers improved and healed (Figure 3A, green arrows).

Reexamination after 4 cycles of arterial perfusion showed that the weight was 85 kg and Hb was 99 g/L. The imaging findings showed further tumor shrinkage (Figure 3A), and the efficacy evaluation was PR. After 6 weeks of arterial infusion therapy, laparoscopic distal subtotal gastrectomy & D2 lymphadenectomy was performed on May 11th,2022. Postoperative pathology showed no tumor cells in gastric ulcer and lymph nodes [(Figure 3B (2)], TRG grade was 0. No anti-tumor treatment was given after the operation for this patient. However the patient died due to accident and was lost to follow-up. Throughout the treatment, the patient had grade I myelosuppression, and resolved spontaneously without special treatment (Figure 2). Hb level increased to 122 g/L postoperatively. Changes in weight and blood cells during treatment were shown in (Figures 2.





3 Discussion

The incidence of gastric cancer varies widely among regions of the world, with the highest incidence in East Asian populations and lower in North American populations (21, 22). China has the highest incidence of gastric cancer in East Asia. In 2019, the number of gastric cancer patients in China accounted for 44.21% of total GC cases in East Asia (23), and most patients were in advanced stage at diagnosis. It can be said that gastric cancer is a disease with Chinese characteristics, mainly characterized by late onset and late stage. In addition, the 5-year survival rate of gastric cancer in China was only 35%~40% (1). So, the treatment of gastric cancer in China is very challenging. Nearly 50% of patients still relapsed after surgery plus the standard regimen of perioperative platinum-based chemotherapy (24). Scholars attempted to get rid of the predicament of neoadjuvant chemotherapy for gastric cancer by adding new drugs. For example, Nivolumab plus Ipilimumab were applied to the combination regimen of neoadjuvant chemotherapy for the treatment of locally deficient mismatch repair/microsatellite instability high gastric or esophagogastric junction adenocarcinoma. The results showed that 60% of patients had pCR and 19% of patients had grade 3 - 4 adverse events (9). Sintilimab was added to platinum-based neoadjuvant chemotherapy, only 19.4% of patients achieved pCR (10). Therefore, the progress of neoadjuvant therapy for gastric cancer is still slow, and it is still inconclusive for treatment regimen and cycle.

Arterial infusion chemotherapy belongs to regional chemotherapy, which is essentially a pharmacokinetic treatment of drug delivery into solid malignancies (12). Arterial infusion chemotherapy can make more concentrated drug in the tumor target area. Arterial infusion chemotherapy has its unique theoretical advantages in the treatment of tumors: 1) Arterial infusion chemotherapy has strong pertinence (targeting). The drugs can be accurately located in the tumor feeding artery. High-concentration drug directly acts on the tumor part without metabolism, and the drug concentration in the local tumor tissue reaches tens to hundreds of times that of the normal tissue, so that the anti-tumor effect can be maximized. Previous studies of HAI showed that the exposure of FUDR, 5-fu, and DDP in tumor tissue increased by 100-to 400-fold, 5-to 10-fold, and 4-to 7-fold in the hepatic arterial route compared with the intravenous route (25). 2) High-concentration drugs mainly act on local tumor, and the drug concentration flowing through other tissues and organs of the whole body is low, which reduces the damage of chemotherapy drugs on other tissues, thus protecting other normal tissues, explaining the relatively low incidence of adverse reactions of arterial infusion chemotherapy (16, 26, 27). Clinical studies had demonstrated that hepatic arterial infusion chemotherapy can significantly increase the rate of resectable transformation in patients with colorectal liver metastases (28). The median OS of advanced unresectable intrahepatic cholangiocarcinoma was only 11 months, and the control rate of patients with advanced unresectable intrahepatic cholangiocarcinoma was 84% with a median OS of 25 months (29). However, there is no report about the continuous arterial infusion chemotherapy in neoadjuvant therapy of gastric cancer. The patients in this study were treated with neoadjuvant therapy by arterial infusion. Intra-arterial infusion chemotherapy is the same as systemic chemotherapy, but only changes the route of administration. In this study, the dose of continuous arterial infusion was slightly lower than that of intravenous infusion, but significant curative effect was still achieved. The TRG classification of 2 patients with LAGC was 0, and no other special treatment was required after operation. The survival and quality of life of patients were greatly improved. It is suggested that intra-arterial infusion chemotherapy was effective in the neoadjuvant therapy of LAGC. It is worth mentioned that the related adverse reactions caused by chemotherapy drugs are reduced, due to the low dose of drugs used during arterial infusion chemotherapy. Only one of the 2 patients presented in this paper had grade I bone marrow suppression, which recovered spontaneously without special treatment. It was suggested that the safety of arterial infusion chemotherapy was high.

In this study, patient 2 was found to have multiple new small ulcers in gastric body during gastroscopy after 2 cycles of treatment, which was considered to be gastric mucosal reaction caused by high-concentration chemotherapy drugs by arterial infusion. After treatment with proton pump inhibitor, the patient’s multiple ulcers improved and healed. It was suggested that the high concentration of chemotherapeutic drugs may lead to ulcer and other complications in normal gastric mucosa during arterial infusion therapy. Previous literature has reported that the incidence of arterial thrombosis associated with arterial cannulation may be high (28). There were no adverse reactions related to arterial cannulation in either patient in this study. This article reports a new neoadjuvant therapy for LAGC, continuous intra-arterial infusion chemotherapy, which shows good tolerability, safety and significant therapeutic efficacy.
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Kinesin family member 23 (KIF23), an index of tumor proliferation, can serve as a prognostic marker in numerous tumors. However, the relationship between KIF23 expression and diagnostic value, immune infiltration, and immunotherapy response remains unclear in gastric cancer(GC). We primarily demonstrated that GC tissue had higher levels of KIF23 expression than the adjacent normal tissue on mRNA and protein levels. The ROC analysis revealed KIF23 had an outstanding diagnostic value of GC in the training and validation set (AUC = 0.958, and AUC = 0.86793, respectively). We discovered that KIF23 was positively associated with age, histological type, and H. pylori infection of GC. Subsequently, the KIF23 expression level was correlated with the gene mutation, function enrichment, immune cell infiltration, and immune cell marker of GC based on multiple online websites and R software. KIF23 expression was related to the infiltration of CD8+ T cells, CD4+T cells, macrophages, and dendritic cells in GC. Especially, KIF23 expression was positively significantly associated with the Th1 cell marker STAT1 (Signal transducer and activator of transcription 1). Patients with high KIF23 expression exhibited greater immune cell infiltrates, including T cell CD4+ memory helper, Treg, and M1 cells, which indicated that high KIF23 expression is more conducive to immunosuppression. Finally, KIF23 expression had a positive relationship with TMB and MSI, and affected the immune microenvironment in GC tissues by increased expression of ICPs such as CD274(PD-L1), CTLA4, HAVCR2, and LAG3. Our study uncovered that KIF23 can serve as an immune-related biomarker for diagnosis and immunotherapy response of GC.
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Introduction

Gastric cancer (GC) is the most frequently diagnosed malignant tumor and the third leading cause of cancer-related deaths globally (1, 2). Without specific symptoms in the early stage, GC is often diagnosed in the advanced stage during which no satisfactory therapy is available (3). Thus, new molecular targets should be explored to reform current GC treatments. Immunotherapy, usually based on programmed death-1 (PD-1), cytotoxic T lymphocyte-correlated antigen 4 (CTLA4), and programmed death ligand-1 (PD-L1), has shown great therapeutic potential for various cancers, such as lung cancer and renal cancer (4). However, anti-CTLA4, anti-PD-1, and anti-PD-L1 are lowly sensitive to GC, only triggering weak responses in advanced GC (5–8). It has been found that infiltration of immune cells, such as tumor-infiltrating lymphocytes (TILs), tumor-associated macrophages (TAMs), tumor-infiltrating neutrophils (TINs), and neutrophils, not only can mark tumor prognosis, but also closely related to the efficacy of immunotherapy (9, 10). Therefore, improving the affection of immunotherapy and developing new immunotherapy targets for GC is urgent. Kinesin superfamily (KIF), a class of motor proteins mainly found in eukaryotic cells and encoded by more than 40 genes, participates in a variety of cell biological processes, such as microtubule movement, spindle formation, mitosis, axon extension, and cell material exchange (11, 12). The overexpression of KIF members is closely implicated in the development of many tumors, such as lung cancer, breast cancer, and liver cancer (11). Kinesin family member 23 (KIF23) acts in the separation of cytoplasm during mitosis (13) and activation of the Wnt/β-catenin signaling pathway in GC (14). KIF23 is closely related to immune infiltration in ovarian cancer (15). In lung adenocarcinoma, LINC00337 may up-regulate the expression of KIF23 through competitively binding to has-mir-373 and has-mir-519d (16). Previous studies have confirmed the expression of KIF23 was high in GC (14, 17), however, the potential role of KIF23 in diagnosis and immune response of GC patients has not been investigated.

Here, we comprehensively explored the expression, diagnostic value, and alteration characteristics of KIF23, and its interactions with tumor-infiltrating immune cells (TIICs), immune-related markers, and immune checkpoint genes using bioinformatics analysis and Immunohistochemistry(IHC) verification. In summary, this study aims to identify KIF23 as a diagnostic and immunotherapy response to gastric cancer.





Methods




Collection of genetic data

The Stomach Adenocarcinoma (STAD, GC) dataset was downloaded from TCGA (https://portal.gdc.cancer.gov/) which included 32 samples of adjacent gastric tissue and 375 samples of GC tissue (Workflow Type: HTSeq-FPKM). The samples lacking corresponding clinical data were excluded from the analysis. Level-3 HTSeq-FPKM data were transformed into transcripts per million reads (TPM) for subsequent analyses. Subsequently, validation cohort GSE2685 was selected from the GEO database (https://www.ncbi.nlm.nih.gov/geo/).





Expression analysis and diagnostic value analysis

The expression of KIF23 in GC tissues and adjacent gastric was demonstrated by Boxplots and a paired differential plot. Gene expression data were divided into two groups (high expression and low expression) based on the median KIF23 expression level. The median mRNA levels of KIF23 expression in GC tissue and adjacent gastric tissue were analyzed and plotted in GEPIA (https://gepia.cancer-pku.cn/). In addition, differential expression analysis and its correlation to specific gene expression were produced using GEPIA. Receiver operating characteristic(ROC) curves were plotted, and the area under the ROC curve was calculated using the “ROCR” package in R (18). The patients were divided into a high KIF23 expression group and a low KIF23 expression group according to the best-matched value for the diagnostic analysis. We selected the datasets (GSE2685) from GEO and TCGA to access the diagnostic value of KIF23. The best cut-off value was derived using Cut-off Finder software based on an R routine which optimized the significance of the split between Kaplan-Meier (K-M) survival curves measured by the log-rank test (19).





Gene co-expression and functional enrichment analysis

The Function module of LinkedOmics (http://www.linkedomics.org/) was used to analyze mRNA sequencing data from 407 GC patients in TCGA. The result was presented as a volcano plot. The top 50 positively and negatively correlated genes were depicted by heatmaps. These genes were put into the GO and KEGG websites to obtain the enriched GO terms and significant KEGG pathways. In addition, these genes were selected to construct the PPI network using the STRING database (http://string-db.org). Subsequently, we used Cytoscape software(version 3.8.2) (https://cytoscape.org/) and Gene-MANIA (https://genemania.org/) to screen for hub genes and visualize the correlation between hub genes and KIF23 expression.





Mutation analysis

The mutation frequency of KIF23 in GC was evaluated using cBioPortal (http://www.cbioportal.org/). The mutation types of KIF23 in GC were further evaluated using the Catalogue of Somatic Mutations in Cancer (COSMIC) database (http://cancer.sanger.ac.uk). “KIF23” was input into the “quick selection” module for the exploration of genetic alteration. In addition, the catastrophic landscape based on KIF23 expression in GC patients was constructed and visualized using the “maftools” R package. In this package, each tumor’s TMB (Tumor Mutation Burden) and MSI (microsatellite instability) score was determined using the tmb function. We also investigate KIF23 expression with TMB and MSI by Spearson correlation analysis.





Immunity-related characteristics analysis

TIMER is an online tool for the systematic analysis of immune cell infiltration in various cancers (https://cistrome.shinyapps.io/timer/) (20). We explored the expression of KIF23 in diverse cancer types, and the correlation of KIF23 expression with the abundance of TIICs, including B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and dendritic cells. The correlation between gene expression and tumor purity was displayed on the left-most panel (21). Lastly, we explored the correlations between KIF23 and gene markers of TIICs, including T cells(general), monocytes, CD8+ T cells, B cells, TAMs, M1 macrophages, M2 macrophages, neutrophils, natural killer (NK)cells, dendritic cells (DCs), T-helper 1 (Th1) cells, T-helper 2(Th2) cells, T-helper 17 (Th17) cells, Tregs, follicular helper T (Tfh) cells, and exhausted T cells.

We concurrently calculated the makeup of 22 immune cells using the CIBERSORT method (https://cibersort.stanford.edu/). Among the 375 GC tumor tissues with complete gene expression data in the TCGA database, samples with the median value of KIF23 expression were divided into high- and low-expression groups. Then, XCell (https://xcell.ucsf.edu/) portals were used to analyze the relationship between KIF23 expression and immune-related cells. Furthermore, CD274, CTLA4, HAVCR2, LAG3, PDCD1, SIGLEC15, TIGIT, and PDCD1LG2 were selected to be immune-checkpoint–relevant transcripts, and the expression values of these eight genes were extracted (22–24). Calculate mRNAsi using the OCLR method, which was developed by Malta et al. (25). 11,774 genes make up the gene expression profile based on the mRNA expression signature. Between the stemness hallmarks and the normalized expression matrix of GC samples, a Spearman correlation analysis was performed. The dryness index was mapped to the range [0, 1] by subtracting the smallest value and dividing the result by the maximum.





Clinical samples and immunohistochemistry analysis

Tissue microarray (TMA) of primary GC samples were purchased from Shanghai Outdo Biotech Co., Ltd. (Shanghai, China). HStmAde060PG-01 included 30 cases of gastric adenocarcinoma tissues and paired adjacent tumor tissues. IHC staining was performed with the following steps. Formalin-fixed, paraffin-embedded tissue slides were dewaxed with xylene and rehydrated by a graded series of alcohols, followed by antigen retrieval and block with 5% BSA for 60 min. Incubation was carried out at 4 °C overnight with primary antibodies. Primary antibodies included anti-KIF23 polyclonal antibody (1:200; Affinity). IHC staining was performed according to the manufacturer’s protocol to examine the expression level of KIF23 in GC and matched adjacent tissue. KIF23 rabbit polyclonal antibodies were purchased from Affinity Biosciences (DF2573, Affinity, American) and used at a dilution of 1:200. Two pathologists independently evaluated the immunostaining of each tissue section in a double-blind manner. The immunoreactive score (IRS) (26, 27) for each slice was calculated by multiplying the staining intensity in four gradations (0, negative; 1, weak; 2, moderate; 3, strong) with the percentage of positive cells in five gradations (0, negative; 1, < 10%; 2, 10%-50%; 3,51%-80%; 4, >80%). Each specimen was measured in three different magnification fields. IRS ranged from 0 to 12, with IRS >6 indicating high KIF23 expression and IRS ≤6 indicating low KIF23 expression. The study was approved by the Ethics Committee of Dazhou Integrated TCM and Western Medicine Hospital.





Statistical analysis

All statistical analyses and plots were conducted using R (Version 4.0.3) and GraphPad Prism(version 9.0). The Wilcoxon rank-sum test and Wilcoxon rank signed test was used to analyze the expression of KIF23 in non-paired samples and paired samples, respectively. Kruskal-Wallis test, Wilcoxon rank-sum test, and logistic regression evaluated relationships between clinical-pathologic features and KIF23 expression. Furthermore, a P-value<0.05 was considered to be statistically significant.






Results




Expression and diagnostic value of KIF23 in GC patients

The KIF23 expression level in tumor tissues was significantly higher than that in adjacent tissues (P < 0.001; Figure 1A), and also higher in tumor tissues than in paired adjacent tissues (P < 0.001; Figure 1B). To evaluate the diagnostic performance of KIF23 in GC, we conducted ROC curve analyses. The computed AUC value ranging from 0.5 to 1 indicates the discriminative potential from 50% to 100% (28). The ROC analysis of TCGA-STAD revealed significant diagnostic accuracy with AUC=0.958 (95% CI 0.937–0.978) (Figure 1E). Thus, KIF23 had the potential to be a novel diagnostic biomarker for GC.




Figure 1 | The mRNA level and diagnostic value of KIF23 in GC patients. (A) GC patients and normal patients of TCGA database. (B) Paired GC of TCGA database. (C) GEO database. (D) GEPIA database. Red stands for increased expression; blue stands for decreased expression. *p<0.05, **p<0.01, ***p<0.001. ROC curves for GC patients in TCGA datasets (E) and GEO datasets (F).







Verification of KIF23 expression and diagnostic value

To validate the protein level of KIF23 in GC, we performed immunohistochemistry and found that the expression of KIF23 was elevated in GC tissues (Figures 2B, D, J–M) compared with that in adjacent tissues (Figures 2A, C, E–H). According to the KIF23 IHC staining, 20% (6/30) of adjacent GC tissues showed low expression of KIF23, while 96.67% (29/30) of GC tissues showed high expression of KIF23 (Figure 2I). The profile of KIF23 mRNA expression was analyzed in GC and adjacent gastric tissues based on GEPIA (P < 0.05; Figure 1D). Finally, GSE2685 from the GEO databases was analyzed to verify the expression of KIF23 in GC. The expression of KIF23 was higher in the tumor tissues compared to that in adjacent tissues (Figure 1C). ROC curves were constructed to evaluate the diagnostic value of KIF23 for GC. The area under the ROC curve of GSE2685 was 0.86793 (Figure 1F).




Figure 2 | IHC results about KIF23 protein expression. (A, C, E–H) KIF23 expression in adjacent gastric tissues. (B, D, J–M) KIF23 expression in GC tissues. Magnification: E, G, J, H (×200); F, H, K, M (×400). (I) Rate of KIF23 expression with high and low in GC and adjacent gastric tissues. ***P<0.001.







Associations of KIF23 expression with clinicopathologic characteristics

The clinicopathologic characteristics of the GC patients are listed in Table 1. As Table 1 showed, KIF23 expression was remarkably positively associated with age (P=0.004), histological type (P=0.006), and H pylori infection (P=0.030). No significant difference in KIF23 mRNA level was found in patients with pathological T stage (P=0.756), pathological N stage (P=0.904), pathological M stage gender (P=0.626), pathological stage (P=0.356), primary therapy outcome (P=0.635), gender (P=0.776), residual tumor (P=0.777) and histologic grade (P=0.129).


Table 1 | Association between KIF23 expression levels and clinical characteristics in the TCGA-GC cohorts.







Gene co-expression and hub gene analysis in GC

To further validate the biological activities of KIF23 in GC, the KIF23-related DEGs were evaluated in GC. The volcano map identified KIF23-related DEGs, with positively related genes on the right of the plot and negatively related genes on the left of the plot (Figure 3A). Additionally, the heatmaps of the top 10 positively related genes were BUB1B, BUB1, PRC1, ARHGAP11A, C15orf23, TPX2, CCNB2, FANCI, NUSAP1 and ZWILCH (Figure 3B). The top 10 negatively related genes identified were LTC4S, MARCH2, GYPC, FXYD1, CLEC3B, CBX7, JAM2, PBXIP1, GFRA1 and MFAP4 (Figure 3C). To determine the relationship of the top 100 positively related genes of KIF23 in GC, a PPI network was established. As shown in Figure S1, frequent interaction among the top 100 genes had close relationships with KIF23 expression. After calculating my degree using Cystoscope software, we obtained ten hub genes that revealed the closest relationships. The ten hub genes were BUB1, CDK1, CCNA2, CDCA8, CCNB1, CCNB2, KIF11, KIF2C, NCAPG, and UBE2IR (Figure 3D). Furthermore, we investigated the results to analyze the interaction between KIF23 and the top 20 most frequently altered genes using Gene-MANIA tools (Figure 3E).




Figure 3 | Co-expressed genes and PPI Network analysis of KIF23. (B, C) Heatmaps indicate the top 50 genes positively and negatively correlated with KIF23 in GC by LinkedOmics. (A) Correlations between KIF23 and differentially expressed genes in GC. (D) The top 10 hub genes. (E) PPI network analyzed by GeneMANIA.







Functional enrichment analysis and predicted signaling pathways

To better understand the functional implication of KIF23 in GC based on the top 100 significantly related genes, GO enrichment analysis was performed using the “Cluster Profile” package. GO results (Figure 4A) revealed the top four significant biological processes (BP), top four cellular components (CC), and top four molecular functions (MF). The results showed these co-expression genes were mainly involved in tubulin binding, microtubule, and regulation of cell division in biological processes, cellular components, and molecular functions, respectively. Moreover, according to KEGG analysis, the results of KIF23 related co-expression gene were mainly involved in several pathways such as cell cycle, oocyte meiosis, and secretion and DNA replication pathways (Figure 4B). The results of KEGG pathway analysis showed that the functions of KIF23 and its neighboring genes were mainly enriched in the cell cycle, DNA replication, Fanconi anemia pathway and homologous recombination (Figures 4C, D). These results demonstrated that KIF23 has a wide range of effects on the genes and pathways involved in cell cycle.




Figure 4 | Potential mechanisms of KIF23 in GC. (A) Barplot graph for GO enrichment. (B) Bubble graph for KEGG pathway. (C) GO biological process terms and (D) KEGG pathways significantly enriched in genes coexpressed with KIF23 in the GC cohort by LinkedOmics.







Landscape of KIF23 mutations in GC

The mutation frequency of KIF23 in GC was evaluated in the cBioPortal database. Five datasets (MSK, AMC, INSERM, RIKEN, and TCGA-Pan-Cancer Atlas), which included 1000 samples, were selected for analysis (25, 26). The somatic mutation frequency of KIF23 in GC was 1.8%, which mainly consisted of missense mutations (Figure 5A). This mutation frequency was relatively low, with only 18 in 1000 samples. Furthermore, the mutation types of KIF23 were further evaluated in another database, COSMIC. For clarity, two pie charts of the mutation types are shown in Figure 5B, C. Missense substitutions occurred in approximately 42.39% of the samples, synonymous substitutions occurred in 11.11% of the samples, and frameshift deletions occurred in 11.36% of the samples (Figurer 5B). The substitution mutations mainly occurred at G>A (27.01%), followed by C > T (24.82%), C > A (10.22%) and G > T (9.85%) (Figure 5C). Finally, the somatic mutation and copy number variations (CNVs) landscape of 372 GC patients in the TCGA-STAD cohort revealed that the samples exhibited a high frequency of gene mutations (93.55%) or CNVs with high KIF23 expressions, such as TTN, TP53, MUC16, LRP1B, and others (Figure 5D).




Figure 5 | KIF23 mutations in GC. (A) Representation of KIF23 mutations in GC. (B, C) Types and substitution of KIF23 mutation in GC. (D) Landscape of top 20 genes with somatic mutation KIF23 in GC.







KIF23 regulates immune cells infiltration and immune markers in GC

In TIMER database, we found that KIF23 was correlated with the infiltration of six types of immune cells (B cell, CD8+ T cells, CD4+ T cells, macrophage, neutrophil, DCs) in GC and ESCA (as a control) (Figure 6). To be specific, KIF23 expression was negatively related to the infiltration of CD8+ T cells (r=-0.236, P=4.62E-06), CD4+T cells (r=-0.218, P=2.57E-05), macrophages (r=-0.324, P=1.65E-10), neutrophil (r=-0.132, P=1.09E-02), and dendritic cells (r=-0.233, P=5.63E-06) in GC. However, in ESCA, no significant association between KIF23 and three TIICs including CD8+ T cells(r=-0.046, P=5.39E-01), CD4+ T cells(r=-0.139, P=6.42E-02), and macrophages (r=0.034, P=6.47E-01) was observed. These findings might suggest that KIF23 expression was correlated with the infiltration of all the above TIICs in GC.




Figure 6 | Correlation of KIF23 expression with immune infiltration in STAD and ESCA.



We analyzed the correlations in TIMER between KIF23 and marker genes of different immune cells, including CD8+ T cells, T cells(general), B cells, monocytes, TAMs, M1 macrophages, M2 macrophages, neutrophils, NK cells, and DCs in GC, using esophageal carcinoma (ESCA) as the control. Moreover, we analyzed the levels of functional T cells, including Th1 cells, Th2 cells, Tfh cells, Th17 cells, Tregs (regulatory), as well as exhausted T cells. After adjustment for purity, the results revealed the KIF23 expression was significantly correlated with the expression of markers of some immune cells and T cells in ESCA and GC. (Table 2). Our analyses showed the KIF23 expression in GC tissue was significantly correlated with the expression of the marker genes in B cells, TAMs, neutrophils, NKs, DCs, and T-helper (Figure 7), but not in ESCA (Figure S2).


Table 2 | Correlation between KIF23 and related marker genes of immune cells in TIMER.






Figure 7 | Scatterplots of correlations between KIF23 expression and gene markers of B cell (A), Monocytes (B), TAMs (C), Neutrophils (D), Dendritic cell (E), Th1 (F), Th2 (G), Tfh (H), Treg (I) and T cell exhaustion (J) in STAD.



Subsequently, the GEPIA database was utilized to validate a significant correlation between KIF23 expression and the markers of immune cells (Table 3): B cell marker, CD79A (r=-0.31; P=3.1e-10); TAM marker, CCL2 (r=-0.23; P=3.9e-06); neutrophil markers, CCR7 (r=-0.26; P=1.3e-07); NK cell markers, KIR2DL4(r=0.16; P=0.0016); DC markers, BDCA-1 (r=-0.38, P=3.1E-15), CTLA-4(r=0.16, P=0.00084). Especially, a significant correlation existed between KIF23 and marker genes of T cells: Th1 marker, STAT1 (r=0.4, P=1.8E-17). Therefore, these findings confirm that KIF23 is specifically correlated with immune infiltrating cells in GC.


Table 3 | Correlation between KIF23 and related marker genes of immune cells in GEPIA.







Immune cell infiltration patterns in different expressions of KIF23

To investigate the role of risk scores consisting of KIF23 in the GC tumor microenvironment, we evaluated the immune cell score of each GC sample using CIBERSORT, and xCell algorithms. More detailed and diverse uniform access to bulk RNA sequencing data is available to assess the immune cell scores of each GC sample. This allows a comparative analysis of immune cell infiltration between the high- and low-expression groups. The stacked histogram of Figure 8A shows the relative percentages of 22 immune cells in the high- and low-expression groups obtained by the CIBERSORT algorithms. We observed that the levels of T cell CD4+ memory resting, T cell CD4+ memory activated, T cell follicular helper, NK cell resting, monocyte, macrophage M0, macrophage M1, Mast cell resting, and eosinophil infiltration were significantly higher in the high-expression group than in the low-expression group, where the results of the CIBERSORT algorithm showed B cell memory, T cell CD8+, T cell regulatory (Tregs), NK cell activated, Monocyte, and mast cell activated infiltrated at higher levels in the low-expression group than in the high-expression group. Next, we analyzed the relationship between KIF23 expression and infiltrating immune cells in gastric cancer based on the xCELL algorithm. As shown in Figure 8B, the proportion of T cell CD4+ Th1, Plasmacytoid dendritic cell, T cell CD8+ naïve, Common lymphoid progenitor, and T cell CD4+ Th2 were significantly higher in the KIF23 high expression group than low expression group. Contrarily, the proportion of immune score, stroma score, microenvironment score, B cell memory, T cell CD8+, T cell CD8+ central memory, T cell CD4+ memory, T cell CD4+ naïve, Class-switched memory B cell, B cell, B cell memory, Endothelial, T cell CD4+ effector memory, Granulocyte-monocyte progenitor, Monocyte, Endothelial cell, Hematopoietic stem cell, and stroma score were higher in the KIF23 low expression group.




Figure 8 | Relationship of KIF23 with immune infiltration. (A) 22 subtypes for CIBERSORT analysis of TCGA cohort in high and low KIF23 level. (B) Heatmap for Xcell analysis of TCGA cohort in high and low-KIF23 level. *P<0.05,**P<0.01 and ***P<0.001.







KIF23 acts as a potential biomarker of immune response predictor in GC

Antitumor immunity indicates tumor immunotherapy effectiveness and correlates with tumor mutation burden (TMB), and microsatellite instability (MSI) in the tumor microenvironment (29). Immune checkpoint inhibition(ICI) therapy has a significant impact on tumors with high MSI (MSI-H) and TMB (30). Then, we explored the correlation between KIF23 expression levels and TMB, and MSI to see if KIF23 may predict immunotherapeutic responses in GC. As shown in Figures 9A, B, KIF23 expression revealed a positive correlation with MSI and TMB in GC (R=0.29, p<0.001; and R=0.44, p<0.001). Then, we analyzed the relationship between expression levels of immune checkpoint (ICP) genes and KIF23 in GC. The immune checkpoint genes of CD274(PD-L1), CTLA4, HAVCR2, and LAG3 were upregulated in the high KIF23 expression group (Figure 9C). In addition, we found that the mRNAsi was higher in the high KIF23-expression groups relative to that in the respective low-expression groups (p< 0.001) (Figure 9D).




Figure 9 | The potential function of KIF23 expression in GC. (A, B). Correlation of KIF23 expression with MSI and TMB score. (C) Correlation of KIF23 expression with immune checkpoint genes, including CD274, CTLA4, HAVCR2, LAG3, PDCD1, PDCD1LG2, TIGIT, and SIGLEC15 (***P<0.001 and * P<0.05). (D) Comparison of mRNAsi in the high- and low-KIF23 expression.








Discussion

KIF23, located on chromosome ch15q23, was discovered in 1992 (31). KIF23 is involved in cell proliferation and differentiation (32) and abnormally expressed in glioma (33), liver cancer (34), breast cancer (35) and non-small cell lung cancer (36, 37). In this study, the expression level of KIF23 was high in GC tissues compared to that in adjacent tissues by several public databases. Recent studies suggested that KIF23 was highly expressed in GC (14, 17), and related to its poor prognosis (17). Herein, we found that the profile of KIF23 expression in GC tissue was consistent in multiple cohorts. Consistently, we also validated that the protein level of KIF23 was highly expressed in GC tissues compared to adjacent tissues. Additionally, the ROC curves suggest that KIF23 was a potential diagnostic biomarker of GC, which may aid pathological diagnosis for GC.While KIF23 is a transformation factor, the mechanism by which it is regulated in GC remained unclear. In general, we found several mutational expressional alterations of KIF23 in GC, mainly missense substitutions. However, the mutation frequency was relatively low (only 1.8%). More research is needed to illustrate the clinical significance of these mutations. First, we analyzed the protein-coding genes related to KIF23 and its co-expression genes in GC tissues. The top 10 protein-coding genes positively correlated with KIF23 were BUB1B, BUB1, PRC1, ARHGAP11A, C15orf23, TPX2, CCNB2, FANCI, NUSAP1 and ZWILCH. On the other hand, the top 10 negatively correlated genes included LTC4S, MARCH2, GYPC, FXYD1, CLEC3B, CBX7, JAM2, PBXIP1, GFRA1, and MFAP4. Furthermore, STRING and Gene MANIA databases illustrated the protein interaction between KIF23 and other partners. The proteins related to KIF23 perform the following biological functions: cell cycle, mitosis, DNA damage response, cell proliferation, and aging. Thereafter, GO and KEGG pathway analysis revealed that an up-regulated expression of KIF23 was primarily related to cell cycle, and DNA replication, oocyte meiosis. Previous studies have also reported that KIF23 is associated with cell proliferation (13), and regulates the cell cycle in many types of cancers (14). Wnt/β-catenin signaling plays an important role including proliferation, differentiation, migration, stemness, invasion, and angiogenesis of cancer cells (38–40). Specifically, Wnt/β-catenin signaling can promote cancer development by regulating the tumor-immune cycle in the tumor microenvironment, including T cell infiltration, dendritic cells, T cells, and tumor cells (41, 42). We thus postulated that KIF23 promotes GC cell proliferation by activating the Wnt/β-catenin signaling pathway. Cell cycle proteins in malignant cells have attracted considerable interest as potential targets for cancer therapy. Further studies could help verify which processes and pathways KIF23 plays an important role in GC.

We further found that KIF23 expression changed with the expression of immune infiltration and marker genes of immune cells, thus highlighting the possible role of KIF23 in immunological regulation in GC. As the tumor develops, immune cells migrate from the blood into tumor tissue, a process closely related to clinical outcomes. This study also found that the expression of KIF23 was correlated with immune infiltration in GC. We found that KIF23 expression was positively correlated with the degree of macrophage infiltration, B cell, CD8+, CD4+, DC, and neutrophil in GC, especially macrophage (Figure 7A). In HCC, Pu et al. investigated that KIF23 expression was correlated to immune cell infiltration, including B cells, CD8+T cells, CD4+T cells, monocytes, macrophages, neutrophils, and dendritic cells (43). In addition, the correlation between KIF23 and immunological marker genes suggests that KIF23 can control immune cell infiltration within the tumor microenvironment (TME) in GC. Shu et al. reviewed that target TAMs can achieve cancer immunotherapy (41), inhibiting the growth of tumors. TAMs have been widely deemed as a favorable condition for tumor development, including tumor cell growth, EMT, and immune suppression in TME.

We further analyzed the correlation between KIF23 and monocytes, DC, and TAMs markers in the GEPIA database. Correlation results were similar to those in TIMER (Table 3). DCs can promote tumor metastasis by reducing CD8+T cell cytotoxicity (44). We further found KIF23 level was correlated with markers of multiple T cell markers (Th1, Th2, Tfh and Th17) in GC, especially corrected with Th1 marker (STAT1). STAT1 is a vital component of the JAK/STAT tumor-regulating signaling pathway, which can regulate cell cycle, immune response (45) and antigen processing (46). Together, the current study showed KIF23 was corrected with STAT1, indicating KIF23 may regulate immunologic effects through STAT1 pathway in GC. This result may help us understand that KIF23 regulates immune cell infiltration in GC.

In addition, we discovered that the low KIF23 expression group had greater levels of B cell memory, T cell CD8+, and monocyte infiltration than the high KIF23 expression group. In the high KIF23 group, T cell CD4+ memory helper, Treg, and M1 cells upregulate. This demonstrates high KIF23 expression is more conducive to immunosuppression. Interestingly, KIF23 was found to have a positive relationship with TMB and MSI in GC. A higher stemness index was also connected to biological activity in cancer stem cells. High KIF23 levels were shown to be related to greater levels of the immunological checkpoint molecules (ICPs) PD-L1 (CD274), CTLA4, HAVCR2, and LAG3. As a result, we postulated that elevated KIF23 expression affected the immune microenvironment in GC tissues by increased expression of ICPs such as CD274(PD-L1), CTLA4, HAVCR2, and LAG3. This suggested that high KIF23 levels encourage GC cells to evade immune surveillance. Furthermore, KIF23 mediated the activation of ICP genes and was a potential target for GC immunotherapy. As a result, KIF23 has the potential to be exploited as an immunotherapy biomarker and predictor of tumor immunotherapeutic response.

Several limitations may exist in the results of this study. First, this study is based on data retrieved from public repositories. Due to healthy donor gastric tissues are unavailable for analysis in TIMER, we selected esophageal cancer of the same origin as a control. Second, the correction between KIF23 and STAT1 mRNA wasn’t performed by experimental validations in vivo and in vitro. Third, there is no amount of clinical cases to interpret the study results. However, we obtained similar results from multiple databases, which upholds our conclusion. In future, we will knock down KIF23 in human gastric cell lines and in mouse gastric cancer models, and develop an inhibitor of KIF23 to treat GC models. These results are helpful to understand the biological role played by KIF23 in the development of GC. Furthermore, the expression of KIF23 in gastric adenocarcinoma tissue may be a biomarker for diagnosis and efficacy of immunotherapy in patients.





Conclusion

In summary, KIF23 is highly expressed in GC tissue and associated with immune cell infiltration, especially positive correction with the Th1 cell marker STAT1. KIF23 may serve as a potential biomarker for diagnosis and immunotherapy response of GC.
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After radical gastrectomy for gastric cancer, patients should be monitored from two perspectives. One is local recurrence or metastasis, and the other is nutritional and metabolic side effects. Herein, we report a case of severe osteoporosis that was misunderstood for bone metastasis due to increased bone scan and positron emission tomography–computed tomography uptake in the patient who underwent total gastrectomy and consecutive multivisceral metastasectomy. She was administered bisphosphonates, calcium carbonate, and cholecalciferol. After 3 months, a follow-up bone scan revealed decreased intensity of hot-uptake lesions, healed fracture lesions, and eventually improved bone pain. This study supports the need for careful nutritional screening as well as cancer surveillance after gastrectomy for gastric cancer and the need for screening guidelines for bone metabolic diseases.
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Introduction

Radical gastrectomy for advanced gastric cancer is the only treatment that is anticipated to cure the disease. Following gastrectomy with or without combined resection of other organs, patients must be monitored from two perspectives. One is local recurrence or metastasis, and the other is nutritional and metabolic side effects.

In gastric cancer, liver metastasis is the most common, followed by peritoneal and lung metastases. Conversely, bone metastasis is relatively rare (1). If bone metastasis is found, palliative chemotherapy or radiotherapy is usually administered; however, the prognosis is poor, and the quality of life is aggravated (2–4).

Nutritional and metabolic complications after gastrectomy are common and include weight loss (30%–84%), anemia (30%–60%), and bony disease (15%–30%) (5). After gastrectomy, food, bile, and pancreatic enzymes do not mix well in the intestines. Therefore, fat and fat-soluble vitamin D absorption is reduced, resulting in vitamin D deficiency. In addition, calcium absorption in the duodenum is also reduced, which eventually leads to osteoporosis (6, 7).

Long-term survivors of curative gastrectomy for stomach cancer often develop osteoporosis. The incidence of osteoporosis in patients who survive for >5 years after gastrectomy for gastric cancer is approximately 34% (8). However, while osteopenia or osteoporotic bone metabolic disease is relatively common, spontaneous microbony fractures due to severe osteoporosis are extremely rare. In that case, a bone scan or positron emission tomography–computed tomography (PET-CT) might detect active uptake lesions as bone metastasis. Although a bone scan is a highly sensitive test for bone diseases, it does not provide accurate information regarding its nature (9, 10).

In particular, if other conditions limit calcium absorption, the aggravation of osteoporosis can lead to spontaneous fracture (11), and positive findings are detected with bone scans or PET-CT. Herein, we report a case of severe osteoporosis that was misunderstood for bone metastasis due to increased bone scan and PET-CT uptake in a patient who underwent total gastrectomy and consecutive multivisceral metastasectomy.





Case description

A 38-year-old woman underwent laparoscopic distal gastrectomy with Billroth II anastomosis for advanced gastric cancer in July 2006 (pT3N0M0, stage IIA, based on the American Joint Commission on Cancer Staging System 8th edition). The histological type was signet ring cell carcinoma, the depth of invasion was the subserosal layer, and the proximal resection margin was 2 cm.

In July 2007, the patient underwent completion total gastrectomy with distal pancreatectomy and splenectomy for remnant gastric cancer (pT4bN0M0, stage IIIA, based on the American Joint Commission on Cancer Staging System, 8th edition). The histological type was a tubular adenocarcinoma that is poorly differentiated and involved the pancreas. After surgery, the patient received six cycles of adjuvant chemotherapy with a combination of 5-fluorouracil and cisplatin.

During follow-up, dysphagia developed approximately 2 years later. Recurrence at the jejunojejunostomy site was found on CT and barium swallow series. In July 2009, after resection from the esophagojejunostomy to the jejunojejunostomy, including recurrent tumors, a Roux-en-Y esophagojejunostomy was newly created. The patient refused adjuvant chemotherapy, and only follow-up observation was performed.

However, 3 years later, a tumor was found in the left adrenal gland on follow-up CT, and fluorodeoxyglucose (FDG) uptake increased on PET-CT. The fourth surgery was performed in May 2012. Radical nephrectomy, adrenalectomy, Roux limb resection, and esophagojejunostomy were performed because the adrenal tumor invaded the left kidney, jejunal mesentery, and mesocolon. Histopathological examination confirmed metastatic signet ring cell carcinoma of the adrenal gland without lymph node metastasis. After surgery, the patient received eight cycles of S-1 adjuvant chemotherapy.





Diagnostic assessment, details of the therapeutic intervention, follow-up, and outcomes

In February 2022, 9 years later, the patient visited our hospital again with worsening general aches and multiple bone pain (Figure 1). A bone scan showed multiple hot-uptake lesions on the rib and sternum, suggesting osteoporotic fractures or bone metastases (Figure 2). PET-CT confirmed FDG uptake similar to the bone scan (Figure 3). Additional sternal magnetic resonance imaging (MRI) revealed a focal enhancing lesion on the right third rib, suggesting bone metastasis (Figure 4). Therefore, rib segmental resection is required to differentiate between bone metastases and fractures.




Figure 1 | Timeline from the first surgery to the most recent onset of new symptoms. After undergoing a total of four surgeries over 6 years, the patient did well for 9 years without recurrence of metastasis and then visited our hospital again with new symptoms.






Figure 2 | Bone scan images were performed to evaluate the cause of worsening general pain and multiple bone pain that occurred 9 years after the last surgery. These images showed multiple hot-uptake lesions suggesting bone metastases or multiple traumatic fractures in the spine, pelvis, and ribs.






Figure 3 | (A, B) Chest MRI scans. Red arrows indicate high-signal-intensity lesions at the sternum and right third rib. (C, D) PET-CT scans. Yellow arrows indicate multiple FDG uptakes in the sternum and ribs. High-signal-intensity lesions on MRI were consistent with lesions with FDG uptake on PET-CT. MRI, magnetic resonance imaging; PET-CT, positron emission tomography–computed tomography; FDG, fluorodeoxyglucose.






Figure 4 | In the bone mineral density test, T-scores of the L spine and femur were less than −2.5, corresponding to osteoporosis. The total T-scores of L spine and femur were −5.1 and −3.8, respectively.



However, the patient was afraid of an invasive procedure because of undergoing several difficult surgeries in the past and wanted to avoid it. Therefore, we decided to approach and manage her multiple bony fractures first, and invasive procedures or anti-tumor treatment were delayed until disease aggravation.

Further evaluation of bony metabolism was performed. As a result of laboratory tests, calcium was 8.0 mg/dl (normal range, 8.8–10.6 mg/dl); phosphorus, 2.2 mg/dl (normal range, 2.5–4.5 mg/dl); and total 25(OH) vitamin D, <5.00 ng/ml (deficiency, <20 ng/ml; sufficiency, 30–100 ng/ml). In the bone mineral density test, the T-score was −5.1 in the L spine and −3.8 in the femur neck, indicating that it corresponds to osteoporosis. Therefore, bisphosphonate, calcium carbonate, and cholecalciferol were administered.

After 3 months of treatment, laboratory test results improved to 9.0 mg/dl for calcium, 4.8 mg/dl for phosphorus, and 17.7 ng/ml for total 25(OH) vitamin D. In addition, compared with the previous bone scan findings, the follow-up bone scan showed a decreased intensity of hot-uptake lesions, and the fracture lesions healed. Eventually, bone pain improved (Supplementary Figure 1).





Discussion

After gastrectomy, metabolic bone disease occurs due to vitamin D deficiency and decreased calcium absorption. However, as this metabolic bone disease progresses slowly, symptoms do not begin to appear until several years after gastrectomy. Therefore, osteoporosis is a common nutritional problem in patients with gastric cancer who survive long after gastrectomy. The patient in the case report was a long-term survivor of gastric cancer after gastrectomy; therefore, the risk of metabolic bone disease was high. However, as three previously recurred, the possibility of osteoporosis was missed because the concern for bone metastasis was greater.

The patient was a 54-year-old woman who underwent menopause 7 years ago and underwent total gastrectomy for gastric cancer. Therefore, she was at a higher risk for osteoporosis than the general population. In addition, multiple Roux-limb resections shortened the jejunum, resulting in reduced vitamin D absorption and impaired vitamin D metabolism due to nephrectomy. Generally, vitamin D is absorbed through the gastrointestinal (GI) tract and converted to vitamin D3 under ultraviolet light. Subsequently, vitamin D is converted to 25-hydroxycholecalciferol in the liver. Finally, in the kidneys, it is converted to its active form, 1.25-dihydrocholecalciferol. Vitamin D promotes calcium absorption at the intestinal level, increases bone mineralization, and maintains calcium homeostasis in the bones (12).

National cancer screening programs have recently been initiated, and most gastric cancers are diagnosed and treated at an early stage. In Korea, the 5-year relative survival rate for gastric cancer is >77% (13). Early detection and treatment of recurrence and metastasis are important during the survival period of patients with gastric cancer; however, long-term health problems during the extended survival period have also become important. Accordingly, interests have recently increased in approaching and appropriately managing health problems, improving patients’ quality of life, and reducing socioeconomic costs related to complications during the long-term survival period.

Long-term survivors of gastrectomy for gastric cancer can experience various health problems (14, 15). Osteoporosis can lead to complications such as fractures, chronic pain, reduced quality of life, and increased mortality (16, 17). Nutritional screening and management are required to prevent these complications in patients with gastric cancer. Currently, various guidelines are available for the diagnosis and treatment of gastric cancer. Among these are recommendations for bone metabolic disorders that can occur after gastrectomy for gastric cancer.

The European Society for Medical Oncology (ESMO) guidelines recommend follow-up tailored to the individual patient, disease stage, and dietary support, with attention to vitamin and mineral deficiencies (18). However, this study did not suggest a specific diet, vitamin, or mineral supplementation. The Korean practice guidelines for gastric cancer suggest that dual-energy X-ray absorptiometry can be used for the quantitative evaluation of bone mineral content and screening for osteoporosis. In general, oral calcium and vitamin D supplementation is recommended for populations at high risk of osteoporosis (19). However, this guideline also did not provide specific methods of oral calcium and vitamin D supplementation and pointed out that no universal guidelines are currently available for the prevention or management of metabolic bone disorders related to gastrectomy. Among the nutrition guidelines, the European Society for Clinical Nutrition and Metabolism (ESPEN) guidelines suggest general trace element and vitamin supplementation in patients with cancer patients (20). However, the guidelines were for nutritional support for patients with cancer in general, and patients who underwent gastrectomy for gastric cancer were not specifically mentioned. In particular, they were not guidelines for nutritional support for bone metabolism disorders.

Several studies have investigated severe osteoporosis after gastrectomy for gastric cancer. Most studies have investigated changes in bone metabolism by comparing bone mineral density with calcium, phosphorus, and parathyroid hormone levels (6). In addition, studies have been conducted to predict risk factors for osteoporosis. Recently, a nomogram has been developed to predict the risk of osteoporosis after gastrectomy for gastric cancer (21). However, we did not find any cases of severe osteoporosis that were misunderstood as recurrence due to a history of multiple surgeries for gastric cancer recurrence.

Previous studies have suggested that osteoporosis contributes to bone metastasis. In osteoporosis, increased inflammatory factors facilitate hematogenous metastases to the bone, and increased growth factors could enrich the local microenvironment, promoting the growth of the metastatic mass (22, 23). Thus, untreated osteoporosis may accelerate the progression of bone metastasis when it occurs (24). These studies are another reason that supports the importance of preventing and treating osteoporosis in long-term gastric cancer survivors who have undergone gastrectomy.

Patients who undergo gastrectomy for gastric cancer are at high risk of developing nutritional and metabolic complications. In particular, patients who undergo additional resections owing to recurrence should undergo nutritional screening and cancer surveillance. Therefore, nutritional and metabolic complications must be prevented. However, screening guidelines for osteoporosis in patients who underwent gastrectomy for gastric cancer have not yet been established. This study supports the need for screening guidelines for bone metabolic diseases in patients who have undergone gastrectomy for gastric cancer.
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Objectives

The objective of the study was to compare the consistency of various staining methods, including H&E, Methylene Blue, Warthin-Starry (W-S), Immunohistochemistry (IHC) and Quantum dots immunohistochemistry (QDs-IHC), in detecting Helicobacter pylori (HP) in cases of mild, moderate and severe chronic gastritis.





Methods

Biopsy samples were obtained from 225 patients with chronic gastritis at the Department of Pathology, Yichang Central People’s Hospital between January 2019 and October 2019. The presence of HP was detected using H&E, Methylene Blue, W-S, IHC, and QDs-IHC.





Results

The positive rates for HP detection using H&E, Methylene Blue, W-S, IHC, and QDs-IHC were 42.22%, 51.11%, 53.78%, 59.11%, and 58.67%, respectively. In cases of mild chronic gastritis, the consistency of test results between H&E, Methylene Blue, W-S, and QDs-IHC with IHC were Kappa=0.196, P=0.033, Kappa=0.706, P<0.001, Kappa=0.717, P<0.001, and Kappa=0.968, P<0.001, respectively. Similarly, in cases of moderate chronic gastritis, Kappa values between H&E, Methylene Blue, W-S, and QDs-IHC with IHC were 0.356, P<0.001, 0.655, P<0.001, 0.741, P<0.001, and 0.946, P<0.001, respectively. For cases of severe chronic gastritis, the Kappa values between the staining methods and IHC were 0.271, P=0.037, 0.421, P=0.002, 0.621, P<0.001, and 1, P< 0.001, respectively.





Conclusion

The study showed that the positivity rate of IHC was significantly higher than that of H&E, Methylene Blue, and W-S in detecting HP infection in chronic gastritis cases. In terms of consistency with IHC, QDs-IHC was the most reliable staining method across all severity grades, while the agreement between H&E and IHC was poor, and that between Methylene Blue and W-S with IHC was average. Pathology departments may choose the most appropriate staining method based on their specific needs, considering the staining time, contrast, and cost of each method.





Keywords: Helicobacter pylori, chronic gastritis, immunohistochemistry, methylene blue, Warthin-Starry, quantum dots immunohistochemistry





Introduction

Helicobacter pylori (HP) is a gram-negative species of bacteria that reside between the mucosal and submucosal layers of the pyloric zone of the antrum. More than 50% of the global population is infected with HP (1). Recent studies have shown that HP infection is the leading cause of chronic gastritis and has been associated with peptic ulcers, gastric mucosa-associated lymphoid tissue (MALT) lymphoma, and gastric cancer (2–4). HP was designated as a class I carcinogen by the International Agency for Research on Cancer (IARC) in 1994, making it a clear carcinogenic agent. The Kyoto Global Consensus on HP gastritis and Maastricht Consensus on the Management of HP infection both define HP gastritis as a transmissible disease (5, 6). The most recent publication, “Screening and Eradication of Helicobacter pylori for Gastric Cancer Prevention: Taipei Global Consensus” promotes HP eradication strategies for gastric cancer prevention and features collaborative studies on population-wide screening and HP eradication initiatives (7). Therefore, the accurate diagnosis and treatment of HP infection is crucial in the diagnosis and treatment of the associated diseases, making precise detection of HP a significant topic of interest.

In clinical practice, the detection methods for HP can be mainly divided into invasive and non-invasive tests. Non-invasive tests, such as urea breath test, serum antibody detection, and stool antigen test, are relatively simple but may have a certain rate of misdiagnosis. Invasive tests include gastroscopy and histopathological examination using tissue samples obtained during gastroscopy to detect HP infection. Several methods for detecting HP from gastroscopic mucosal biopsy specimens are available in the pathology department, including H&E, special stains, immunohistochemistry (IHC), and Polymerase Chain Reaction (PCR) among others. PCR detection has high sensitivity, but due to its expensive cost and demanding experimental conditions, it is currently not widely available in some remote areas with poorer conditions. Through continuous practice, the IHC method has become the main method used by the author’s department to assist in detecting the infection status of HP due to its excellent performance. Recently, QDs-IHC has also been applied to the detection of HP in gastric mucosal biopsies. However, studies assessing the utility of these various tests in patients with various degrees of inflammation are scarce. The main objective of this manuscript is to discuss various common adjunct diagnostic methods employed in pathology departments for the detection of HP. The study aimed to assess the presence of HP infection in gastroscopic mucosal biopsy samples utilizing H&E, Methylene Blue, W-S, IHC, and QDs-IHC techniques. IHC was used as the gold standard for the first time to analyze the consistency of four other methods with IHC in detecting HP results in different types of chronic gastritis, in order to evaluate the superiority and inferiority of these detection methods. This research will provide a certain basis for selecting a precise and practical HP detection method for clinical diagnosis.





Subjects and methods




Study material

Chronic gastritis can mainly be classified into the following types according to etiology and pathological characteristics: 1) Hp-related chronic gastritis, which is a common type associated with Hp infection; 2) Autoimmune chronic gastritis, which is rare and related to immune abnormalities; 3) Drug-related chronic gastritis, such as non-steroidal anti-inflammatory drugs and indomethacin-induced chronic gastritis; 4) Radiation-induced chronic gastritis, which occurs after radiation therapy; 5) Idiopathic chronic gastritis, which is a minority of chronic gastritis with unknown etiology (8). This manuscript screened out cases diagnosed with chronic gastritis by searching the department’s information system, while excluding cases mentioned in items 2 to 5 above. From January 2019 to October 2019, a total of 225 (determined through a power analysis, taking into account an estimated effect size, desired statistical power, and significance level) gastric mucosal biopsies were collected from patients diagnosed with chronic gastritis at the Department of Pathology, Yichang Central People’s Hospital. All screened cases were classified into mild, moderate, and severe chronic gastritis according to the literature (9). All specimens were fixed in 10% neutral buffered formalin, routinely dehydrated, embedded in paraffin, and serially sectioned at 4 μm thickness. Adherent slides were laid in a consistent orientation and stained with H&E, Methylene Blue, W-S, IHC, and QDs-IHC. This study was approved by the ethics committee of the People’s Hospital of Yichang city. All cases were obtained with the written consent of the patients themselves or their families members.





H&E staining

H&E staining was performed according to the routine laboratory procedures using an H&E automated stainer (Thermo, USA). H&E were prediluted, reagents purchased from Zhuhai Beso Biotechnology Co., LTD.





Methylene blue staining

Methylene Blue staining was performed according to the manufacturer’s instructions (Beso, Zhuhai, China). Paraffin sections were routinely deparaffinized to water. Staining was performed using distilled water cleaning followed by dropwise addition of Methylene Blue staining solution (prediluted, Beso, Zhuhai, China) for 10 minutes. Excess dye solution was removed by washing with distilled water. Specimens were air dried using an electric blower before being transparent with xylene and sealed with neutral gum. Positive and negative controls were set up simultaneously to ensure the accuracy and objectivity of the study.





W-S staining

W-S staining was performed according to the manufacturer’s instructions (Beso, Zhuhai, China). Paraffin sections were routinely deparaffinized to water, washed with deionized water, and immersed in staining solution (prediluted, Beso, Zhuhai, China). The sections were then placed in a water bath box at 56°C to react for 30-60 minutes. After being removed without water washing, the sections were placed on a staining rack and the pre-prepared developing solution was added for 10-20 seconds. The sections were then washed with preheated deionized water at 56°C when they appeared gold-yellow or yellow-brown. After dehydration with absolute ethanol, they were transparent with xylene and sealed with neutral gum. Positive and negative controls were set up simultaneously to ensure the accuracy and objectivity of the study.





IHC staining

IHC was performed using the EnVision two-step method. Deparaffinized sections were stripped and repaired in a high-pressure pot with repair solution containing EDTA (pH 9.0) for three minutes. A 3% hydrogen peroxide solution was soaked for 15 minutes to eliminate peroxidase activity. Monoclonal mouse anti-HP antibody (prediluted, Maixin, China) was added dropwise and incubated for 60 minutes at room temperature. The secondary antibody was horseradish peroxidase labeled anti-mouse/rabbit IgG (prediluted, Dako, Denmark). After incubation for 30 minutes at room temperature, diaminobenzidine (DAB) chromogen solution was added dropwise for seven minutes at room temperature, and finally, the nuclei were counterstained with hematoxylin. Positive and negative controls were set up simultaneously to ensure the accuracy and objectivity of the study.





QDs-IHC staining

Deparaffinized sections were stripped and repaired in a high-pressure pot with repair solution containing EDTA (pH 9.0) for three minutes. After incubation in 2% BSA buffer (Sigma, USA) at 37°C for 30 minutes, monoclonal mouse anti-HP antibody (prediluted, Maixin, China) was added dropwise and incubated at 37°C for 60 minutes. The sections were then incubated in 2% BSA buffer at 37°C for another 10 minutes. Quantum dot-labeled goat anti-mouse IgG-525 (prediluted, Jiayuan, China) was subsequently added for incubation at 37°C for 50 minutes. The sections were blocked with 90% glycerol (Sigma, USA). Positive and negative control tissues were added to ensure the accuracy and objectivity of the study.





Interpretation of results

H&E, Methylene Blue, W-S, and IHC staining results were observed under a light microscope, while QDs-IHC results were observed under a fluorescence microscope. All staining results were interpreted by two independent observers with senior titles in a double-blind manner. If the interpretations were inconsistent, a third independent observer was consulted. The positive signals of HP were classified into four grades (0, 1+, 2+, and 3+) according to the pathological diagnostic criteria of chronic gastritis of China and the new Sydney system by visual analogue scoring (9–11).





Statistical analysis

Paired chi-square test and Kappa test were performed by SPSS 20.0 to analyze the data. Kappa < 0.40 represented poor consistency, 0.40 ≤ Kappa < 0.75 represented consistency in general, and Kappa ≥ 0.75 represented good consistency (12). The level of statistical significance was set at P < 0.05. Sensitivity and specificity were calculated based on the following formulae: Sensitivity= (True positive/(True positive + False negative)) * 100%; Specificity= (True negative/(True negative + False positive)) * 100% (13).






Results




Clinical features

A total of 225 cases of chronic inflammation gastric mucosal biopsy cases were screened through database retrieval and review slices. Among them, 123 cases (54.67%) were males aged 20-75 with an average age of (51.6 ± 11.2) years old, and 102 cases (45.33%) were females aged 27-79 with an average age of (52.8 ± 10.4) years old. Of the total cases, 83 (36.89%) demonstrated mild chronic gastritis, 94 (41.78%) displayed moderate chronic gastritis, and 48 (21.33%) showed severe chronic gastritis.





Morphology and localization of HP with different detection methods

HP positive signals were mainly distributed in the gastric pit cavity and mucus on the mucosal surface, which appeared spiral, curved or short rod-shaped. In H&E staining, HP was observed as rod-shaped, S-shaped or small dots (Figure 1A). In Methylene Blue staining, HP exhibited a blue S-shaped, short rod-shaped, or small dot-shaped appearance, with the background tissue staining blue (Figure 1B). In W-S staining, HP appeared as brown to black, while the rest of the background tissue stained yellow to brown (Figure 1C). In IHC staining, HP appeared yellow or brown spiral, S-shaped, or short rod-shaped (Figure 1D); occasionally, coccoid forms of HP were observed in the epithelial cell layer and the lamina propria of the gastric mucosa (Figure 1F). QDs-IHC staining showed high-brightness green fluorescence under a fluorescence microscope, appearing as a short rod shape, spiral-shaped, or dot-shaped. HP predominantly localized in the gastric mucosal tissue’s epithelial surface and gastric pits, with a small amount located in the glandular cavity close to the mucosa (Figures 1E, G).




Figure 1 | Results of HP detection (arrows refer to HP bacteria) (A) H&E stain, (B) Methylene Blue stain, (C) W-S stain, (D, F) IHC stain, envision two-step staining; (E, G) QDs-IHC staining, indirect staining. All images are from the same severe chronic gastritis case. Original magnifications:×300 (A–E), ×600 (F, G).







Statistics of HP detection results among different detection methods in different degrees of inflammation

As show in Figure 2. The HP positivity of H&E staining was 95 (42.22%) in 225 chronic gastritis cases, 7 (8.43%), 51 (54.26%) and 37 (77.08%) in mild, moderate and severe chronic gastritis, respectively. That of Methylene Blue staining was 115 (51.11%) in total, 14 (16.87%), 60 (63.83%) and 41 (85.42%) in mild, moderate and severe chronic gastritis, respectively. That of W-S staining was 121 (53.78%) in total, 16 (19.28%), 64 (68.09%) and 40 (85.42%) in mild, moderate and severe chronic gastritis, respectively. Overall HP positivity by IHC staining was 133 (59.11%) and 20 (24.10%), 70 (74.47%) and 43 (89.58%) in mild, moderate and severe inflammation cases, respectively. Overall HP positivity by QDs-IHC staining was 132 (58.67%) and 21 (25.30%), 68 (72.34%) and 43 (89.58%) in mild, moderate and severe inflammation cases, respectively. These data showed that the positivity rate of IHC was significantly higher than that of H&E, Methylene Blue, and W-S in detecting HP infection in chronic gastritis cases.




Figure 2 | Statistics of different detection methods in patients with mild, moderate and severe chronic gastritis.







Consistency analysis of detection results among different detection methods

Table 1 shows the consistency of detection results among H&E, Methylene Blue, W-S, and QDs-IHC with IHC in all cases of chronic gastritis. Table 2 displays the consistency of detection results among H&E, Methylene Blue, W-S, and QDs-IHC with IHC in mild, moderate, and severe chronic gastritis. These results suggest that in terms of consistency with IHC, QDs-IHC was the most reliable staining method across all severity grades, while the agreement between H&E and IHC was poor, and that between Methylene Blue and W-S with IHC was average.


Table 1 | Consistency analysis of five different HP detection methods in chronic gastritis.




Table 2 | Consistency analysis of five different HP detection methods in different degrees of gastritis.








Discussion

The incidence of HP infection is closely related to the level of socioeconomic development and sanitation. Research indicates that the natural population of China has a 54.76% infection rate (14). HP-related gastritis is one of the most common infectious diseases and the most important cause of gastric cancer in China. Gastric cancer ranks fifth among the top ten cancers worldwide with a death toll of 770,000 in 2020 (15). Early detection and effective treatment of HP-associated gastritis is crucial in preventing gastric cancer (2, 4, 16, 17). Pathology departments use various methods to diagnose HP, including morphology-based H&E, Methylene Blue, and W-S stains, immunology-based IHC and QDs-IHC, and gene-based PCR tests. PCR require expensive experimental conditions that limit their usage in remote areas and third-world countries. This research aimed to compare the consistency of H&E, Methylene Blue, W-S, IHC, and QDs-IHC in detecting HP in biopsy specimens of chronic gastritis, providing a basis for selecting the appropriate detection method for clinical diagnosis of HP-related gastritis.

H&E staining requires high-power microscopy to accurately observe HP morphology, which may be indistinguishable from impurities and contamination during staining. The positive rate of HP varies greatly in different laboratories. Only pathologists who have undergone rigorous training and follow a consistently optimized preparation process can guarantee accurate detection of HP. The results of this study showed that HP in H&E was pale and had poor contrast. When there was only a small amount of HP infection, the diagnosis was often missed due to the difficulty of observation. The false positive and false negative results of H&E staining were 10 (7.5%) and 48 (52.17%), respectively (Table 1). Therefore, the sensitivity and specificity of H&E staining were only 63.91% (85/(85 + 48)) and 89.13% (82/(82 + 10)). Some studies show that H&E has poor specificity with high false positives and false negatives (18), which is consistent with our results.

Methylene Blue staining has several advantages, including fewer staining steps, less time-consuming procedures, ease of operation, and low cost. However, it is important to be cautious when examining the staining results under a high magnification microscope, as the HP and background cells both present as blue. To address this, some studies have modified Methylene Blue staining, making it easier to observe the surface near the mucosal cells under the mucus layer in order to identify any changes in HP morphology. Despite these modifications, potential diagnosis oversights remain a concern as it is easy to miss changes in HP morphology. For example, El-zimaity et al. evaluated gastric biopsies from 200 patients treated for HP infection and found that Methylene Blue staining had up to 11% false negatives (19). Similarly, in this study, we found that Methylene Blue staining had a 25% (23/92) false negative rate, particularly in weakly positive (+) cases like those observed via H&E staining. The sensitivity and specificity of methylene blue staining were 82.71% (110/(110 + 23)) and 94.57% (87/(87 + 5)) (Table 1).

W-S staining reveals HP bacteria as brown to black, providing high contrast against the yellowish-brown background. However, this method requires complex preparation of the dye solution, specific temperature control, and prolonged dyeing time, with stringent external environmental demands. The presence of black silver particles can lead to false positive results if not discriminated carefully from HP bacteria. In our study, the false positive rate of W-S staining was 3.76% (5/133), comparable to the 6% rate reported by Rotimi et al. (20), but higher than IHC staining. The sensitivity and specificity of W-S staining were 82.71% (116/(116 + 17)) and 94.57% (87/(87 + 5)) (Table 1).

The IHC staining of HP results in a positive brown signal, which stands out against the light blue nuclear background observed after restaining with Hematoxylin. The positive signal can be easily observed in the gastric pits and glandular lumen of the gastric mucosa, even under low-power microscope. However, the increased use of antibiotics and proton pump inhibitors has brought about significant changes in the characteristics of HP infection (21, 22). The number of HP that has been exposed to these adverse environmental conditions has reduced, making it more challenging to locate them. Those that remain may be found in deep recesses or glands, or even migrate to the proximal region of the stomach, making it difficult to recognize them through morphological observation using H&E, Methylene Blue, and W-S staining. Instead, the use of the IHC method, based on antibody-antigen binding, allows for the easy identification of spherical HP and even small amounts of HP in the gastric epithelium and stroma. In addition to aiding in the identification of a small amount of HP on the surface of caveolae and mucosa (Figure 1D), the IHC method can also be used to observe HP bacteria and deformed components of HP within stromal and epithelial cells (Figure 1F).

QDs are a type of nano-fluorescent dye that has been developed in recent years. They have significant advantages over traditional fluorescent dyes, such as good light stability and high fluorescence intensity. Due to their excellent physical and chemical properties, QDs are increasingly used in bioimaging (23), molecular and cell labeling (24, 25) and in vivo labeling (26). This study shows that QDs-IHC staining offers several benefits, including high-brightness green fluorescence, clear contrast with the background, excellent sensitivity, and specificity, similar to the IHC method. With QDs-IHC, even a small number of bacteria can be easily detected under a fluorescence microscope. Although, it requires the use of antibodies labeled with quantum dots and a fluorescence microscope for observation, which may not be suitable for basic hospitals lacking adequate equipment. Moreover, patients will incur higher costs and greater burden.

The results of the concordance analysis reveal that the agreement between H&E and IHC staining was inadequate for mild, moderate, or severe chronic gastritis. The agreement between Methylene Blue and W-S staining and IHC staining was moderate, while the agreement between QDs-IHC and IHC staining was satisfactory. Therefore, relying solely on H&E staining to diagnose the presence of HP infection in gastric biopsy cases, regardless of the severity of gastritis, is highly unreliable. Methylene blue staining and W-S staining are also insufficient in detecting HP infection adequately. Only the use of IHC or QD-IHC methods can accurately diagnose HP infection to the greatest extent possible.

This study, however, does have certain limitations. For instance, it only entails a comparative analysis of various detection methods conducted within a single laboratory of the author’s department. Thus, a multi-center comparative analysis with a larger sample size would yield more compelling results. Additionally, clinicians and pathologists must acknowledge that even with the highest positive rate for IHC testing, a negative result does not necessarily mean the absence of HP infection. This is related to factors such as whether the sample is fully adequate and whether the section is sufficient. In addition, a larger sample size, stricter selection criteria for cases, and diverse independent observers’ interpretations would enhance the persuasiveness of the results. We will consider conducting multi-center comparative analysis in future studies, involving stricter selection criteria for cases and further increasing the sample size. Additionally, we will select diverse observers, including those with different professional levels, to interpret the results.

In summary, each detection method has its own set of advantages and disadvantages. Pathologists can assess the staining time, staining contrast, and cost of different staining methods and select a detection method that is best suited to their requirements. Histochemical staining may present challenges in detecting rare spherical HP, particularly if they are located deep within the gland or inside the cell. When diagnostic features are unclear in H&E staining, such as in cases where the number of bacteria is small, or when tissue is rare or exhibits morphological changes, confirmatory IHC staining analysis can be performed to improve diagnostic accuracy. Additionally, if possible, QDs-IHC staining analysis can also be considered.
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Background

As the most common gastrointestinal malignancy worldwide, liver metastases occur in half colorectal cancer (CRC) patients. Early detection can help treat them early and reduce mortality in patients with colorectal cancer liver metastases (CRLM). Finding useful biomarkers for CRLM is thus essential.





Methods

The TCGA and GEO databases were used to download the expression profiles and clinical data of the patients. Differential analysis screened for genes associated with CRLM, and univariate Cox regression analysis identified genes associated with prognosis. The least absolute shrinkage and selection operator (LASSO) method further preferred genes to construct a prognostic signature. Kaplan-Meier survival curves were used to show patients’ overall survival (OS). Receiver operating characteristic (ROC) curves showed the accuracy of the model. Risk scores and clinical characteristics of patients were included in multivariate Cox regression analysis to identify independent risk factors, and a nomogram was constructed. The proportion of immune cells and infiltration were assessed using the ‘CIBERSORT’ package and the ‘ESTIMATE’ package.





Results

We constructed a signature consisting of seven CRLM-associated genes, and signature-based risk scores have great potential in estimating the prognosis of CRC patients. Moreover, the poor response to immunotherapy in high-risk patients might contribute to the poor prognosis of individuals. Furthermore, we found that overexpression of Hepcidin antimicrobial peptide (HAMP), the only gene highly expressed in CRC and liver metastatic tissues, promoted CRC development and that it was associated with tumor mutation burden (TMB), DNA mismatch repair (MMR) genes, and microsatellite instability (MSI) in various tumors. Finally, we found that in CRC patients, low expression of HAMP also represented a better immunotherapeutic outcome, reflecting the critical role of HAMP in guiding immunotherapy.





Conclusion

We identified a prognostic signature containing 7 CRLM-associated genes, and the signature was specified as an independent predictor and a nomogram containing the risk score was built accordingly. In addition, the derived gene HAMP could help guide the exploration of profitable immunotherapeutic strategies.
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Introduction

Colorectal cancer (CRC) ranks second in cancer-related deaths globally (1). 2020 Global Cancer Statistics says there were almost over 900,000 CRC-related deaths worldwide annually, accounting for 10% of new cancer cases and deaths (2). Patients with regional or distal CRC have a noticeably decreased survival rate while having a better prognosis if they do not have metastases (3). CRC is most likely to metastasize to the liver, accounting for 70% of all metastatic cases (4). Half of CRC patients will develop liver metastasis, and one of the reasons for this is the compromised intestinal vascular barrier (5). Bacterial dissemination to the liver after gut vascular barrier injury promotes the formation of pre-metastatic ecotone and facilitates the recruitment of metastatic cells. Early detection is helpful in early treatment and reducing mortality of colorectal cancer liver metastasis (CRLM) patients because, at the time of the diagnosis of liver metastasis, over one-third of CRC patients have progressed into all liver tissues (6). Surgical removal of affected liver tissue while preserving sufficient hepatic function is the only chance of long-term survival for CRLM patients (7). However, most CRC with extensive metastases or other metastatic diseases is unresectable (8). In addition, recurrence of CRC is not uncommon after surgical resection (9). Advancements in understanding CRC have increased the effectiveness of treatment methods, and finding effective biomarkers for CRLM may assist in early treatment management (10).

Immunotherapy can be used for first-line or follow-up treatment of metastatic CRC (11). Patients who respond well to tumor immunotherapy have a better prognosis (12), and predicting the effect of immunotherapy has an essential role in assessing patient prognosis. The infiltration of immune cells in the tumor microenvironment (TME) and the stromal cell proportion play an essential role in promoting tumor development and immunotherapy (13). Therefore, the status of TME can predict the treatment outcome of patients and has an essential impact on the assessment of prognosis. However, the TME encompasses numerous distinct cell types, each exerting different effects on tumor growth and response to immunotherapy. The cellular composition and function within the TME continuously change throughout tumor progression, and both the tumor and its corresponding TME exhibit a high degree of heterogeneity across patients and tumor sites. These properties may contribute to inaccurate predictions of immunotherapy response (14, 15). Although high microsatellite instability (MSI-H) in colorectal cancer patients is considered a significant predictor of response to immune checkpoint inhibitor therapy, not all MSI-H patients benefit from immunotherapy. Studies have shown that only 40-70% of MSI-H colorectal cancer patients are likely to benefit from immunotherapy (16, 17). Furthermore, the percentage of MSI-H colorectal cancer patients is only about 15% (18). Thus, there is a need to find new predictors to guide immunotherapy.

Hepcidin is encoded by hepcidin antimicrobial peptide (HAMP), which controls iron absorption in the intestine and is released from macrophages to maintain iron homeostasis (19). Increased HAMP expression can lead to iron deficiency (20), which can cause the progression of CRC by failing to meet the iron requirement for immune cell functions (21). Besides, the expression of HAMP is increased in CRC samples compared to the normal samples (22). Moreover, hepcidin-ferroportin signaling promotes tumor cell homing, which is critical in tumor metastasis (23). Whether HAMP expression is associated with CRLM still needs further exploration.





Materials and methods




Data collection

Expression profile information and relevant clinical information for a total of 622 patients with colon cancer (COAD) and rectal cancer (READ) were downloaded from TCGA (https://tcga-data.nci.nih.gov/tcga/ ) database. Thirty-two data without complete survival information were removed. Mutation data and expression profiles for pan-cancer were also downloaded via the TCGA database. The GSE81582 dataset containing expression profiles and relevant clinical information for 19 CRLM and 23 primary CRC samples was downloaded from GEO (https://www.ncbi.nlm.nih.gov/geo/ ) database.





Differential expression analysis

Differential expression analysis was performed using the ‘limma’ package to select differentially expressed genes (DEGs) (24). The absolute value of logarithmically converted fold change (|Log2FC|) > 0.6 and utilized a false discovery rate (FDR) filtering level of 0.05.





Prognostic signature construction

Univariate Cox regression analysis identified genes associated with prognosis. least absolute shrinkage and selection operator (LASSO) analysis was performed using the ‘glmnet’ package (25) in R language to screen the genes further. Moreover, the following formula was used to determine the risk score:  . The   is the risk factor calculated by the LASSO model for each gene, and the   is the expression of each gene. The TCGA sample data were randomly divided into training and validation groups at a 1:1 ratio. Using the median risk score value, patients inside this training cohort were split into low- and high-risk groups. The survivor and ‘survminer’ package were used to generate overall survival (OS) Kaplan-Meier curves for high- and low-risk groups. To compare the survival curves, the log-rank test was used. The ‘timeROC’ package (26) developed receiver operating characteristic (ROC) curves to evaluate the predicting efficacy of the signature. Decision Curve Analysis (DCA) was performed using the ‘dca.R’ package.





Nomogram establishment

To create a nomogram for predicting patient outcomes, we utilized the ‘rms’ package. We fitted a multivariate Cox proportional hazards regression model using the significant prognostic factors identified in our study. Subsequently, we employed the ‘cph’ function to estimate the regression coefficients and hazard ratios for each variable. We then used the ‘nomogram’ function to construct a graphical representation of the Cox model, facilitating an intuitive visualization and interpretation of the results. The performance of the nomogram was assessed using calibration plots, which were generated with the ‘calibrate’ function in the ‘rms’ package.





TME assessment and immunotherapy prediction

The proportion of 22 immune cell infiltrates in CRC patients was calculated using the ‘CIBERSORT’ package. Stromal score, immune score, and tumor purity of malignant tumors were assessed using the ‘ESTIMATE’ package. The expression of several immune checkpoint levels was compared using the Wilcoxon test (27). The immunophenoscore (IPS) was obtained through The Cancer Immunome Atlas (TCIA) (https://tcia.at/home ) database. The tumor immune dysfunction and exclusion (TIDE) score was calculated using the online website TIDE (http://tide.dfci.harvard.edu/ ). Neoantigen data for tumors were obtained from a previous study (28).





Drug treatment response

The response of each patient to each drug treatment was predicted by estimating the half-maximal inhibitory concentration (IC50) using the ‘oncoPredict’ package, and associations with 198 drugs were calculated using Spearman rank correlation coefficients.





Expression of HAMP in multiple cancer types

The expression of HAMP in several cell lines was verified using the cancer cell line encyclopedia (CCLE, broadinstitute.org) database. HAMP expression in pan-cancer was observed using TIMER2.0 (cistrome.org). The MSI score for each tumor was obtained from a previous study (29). The TMB of each tumor was calculated using the ‘tmb’ function of the ‘maftools’ package. The MSI, TMB, and gene expression data of the samples were integrated separately for correlation analysis.





Functional enrichment analysis

GO and KEGG enrichment analyses were performed on the identified DEGs using the ‘clusterProfiler package (30). The adjusted p-value< 0.05 was used as the criterion to filter significantly enriched GO terms and KEGG pathways. The c2.cp.kegg.v7.0.symbols.gmt genome was obtained through the MSigDB database (http://software.broadinstitute.org/gsea/msigdb ). GSEA analysis with the above data. The p-value< 0.05 was used as filtering criteria to screen significantly activated KEGG pathways.





CRC tissues and immunohistochemistry

Eight pairs of fresh CRC and adjacent normal tissues were obtained from CRC patients treated with radical surgery at the First Affiliated Hospital of Xi’an Jiaotong University. All subjects signed an informed consent form. In compliance with the Helsinki Declaration, the study was approved by the Medical Ethics Committee of the First Affiliated Hospital of Xi’an Jiaotong University. As previously reported, the immunohistochemical staining procedure was performed using the streptavidin peroxidase-conjugated method (SP-IHC) (31). The hepcidin antibody (cat. no. sc-100277) was purchased from (Santa Cruz Biotechnology, Texas, USA).





Culture of CRC cell line

RPMI 1640 media (Gibco BRL, Carlsbad, CA, USA) supplemented with 10% FBS (Gibco BRL, Carlsbad, CA, USA) was used to maintain human colon cancer cells (DLD-1) and intestinal epithelial cells (FHCs) (Shanghai Institute of Cell Biology, Chinese Academy of Sciences, China). Cells were cultured at 37°C with 5% CO2.

The target gene (HAMP) silenced RNA (si-RNA) was constructed by the Life Technologies (Thermo Fisher Scientific), and we transfected the DLD-1 cells with 100 nM siRNA using lipofectamine 2000 (Invitrogen, CA, USA) according to the manufacturer’s protocol (Invitrogen, CA, USA).





Quantitative real-time polymerase chain reaction

The TRIzol reagent was used to isolate the total RNA of cells (Invitrogen, Carlsbad, CA, USA). Then, the obtained RNAs were used for cDNA synthesis with the PrimeScript RT Reagent kit (TaKaRa, Osaka, Japan). cDNA was next used for qPCR with SYBR Green fluorescence signal detection assays (TaKaRa, Osaka, Japan) on an IQ5 instrument (Bio-Rad, CA, USA). The forward primer for HAMP is 5’- CTGACCAGTGGCTCTGTTTTC -3’, and the reverse primer is 5’- GAAGTGGGTGTCTCGCCTC-3’. Using the 2−ΔΔCT approach, the level of mRNA expression was measured.





Transwell migration assay

The RPMI 1640 medium supplemented with 10% FBS medium was placed in the bottom compartments of a transwell chamber, and RPMI 1640 serum-free medium containing 1*105 transfected DLD-1 cells was added to the upper compartments. After incubation for 24h at 37°C and 5% CO2, the upper chambers were emptied and fixed using methanol. The migrating cells were then stained with 0.1% crystal violet. Then the staining was observed under an inverted phase contrast microscope. The migrated cells were counted in five randomly selected high-power visual fields, and their number was averaged. The experiments were repeated to verify the consistency and reliability of the experimental results. Each experiment was performed three times under the same conditions and using the same methods and materials.





Statistical analysis

The chi-square test was used to compare the composition ratios of categorical variables between the two groups. The log-rank test completed the comparison of each Kaplan-Meier curve. The correlation was evaluated using the Pearson correlation analysis and Spearman correlation analysis. The Wilcoxon signed-rank test completed the comparison of different groups. The statistical analysis was based on the R (4.0.2) programming language. P value< 0.05 was the filtering criterion.






Results




Identification of CRLM-related genes

There were 1835 up-regulated genes and 9516 down-regulated genes in CRC samples compared to normal tissue in the TCGA dataset (Figure 1A), and 102 up-regulated genes and 33 down-regulated genes in CRLM samples compared to primary CRC samples in the GSE81582 dataset (Figure 1B). Details of these two differential gene sets were recorded in (Supplementary Tables 1, 2). Ninety-six genes were identified after extracting the intersection of the two differential gene sets (Figure 1C).




Figure 1 | Identification of colorectal cancer liver metastatic (CRLM) related genes (A): The volcano diagram of colorectal cancer (CRC) vs. normal samples in the TCGA dataset. The blue and red dots represent the downregulated and upregulated genes, respectively. (B): The volcano diagram of CRLM samples vs. CRC non-metastatic samples in the GSE81582 dataset. The blue and red dots represent the downregulated and upregulated genes, respectively. (C): Venn diagram depicting the genes associated with CRLM. The blue circle represents differentially expressed genes between CRC and normal samples in the TCGA dataset, while the orange circle represents differentially expressed genes between CRLM samples and non-metastatic CRC samples in the GSE81582 dataset. The overlapping section illustrates the set of genes that are differentially expressed in both datasets. (D): Forest plot illustrating the 11 significant CRLM-associated genes identified through univariate Cox regression analysis. The plot displays each gene’s hazard ratios and corresponding 95% confidence intervals. (E): Partial likelihood deviation plot for LASSO regression. The x-axis shows log(lambda) values, while the y-axis represents partial likelihood deviation values. The dashed line on the left indicates the optimal value of lambda, and the number above each curve corresponds to the number of non-zero coefficients in the model.







Developing and evaluating of a prognostic model

The TCGA sample data were randomly divided into training and validation groups at a 1:1 ratio (Table 1). The training and validation groups were used to study the prognostic importance of CRLM-related genes by constructing and validating CRLM-related prognostic features together with the overall group. Using univariate Cox analysis, we discovered CRLM genes that are related to prognosis. Then, using LASSO analysis, 7 important CRLM-related genes (HAMP, COLEC11, MMP3, UGT2B7, C8G, SERPINA1, IFITM10) were further identified, and signatures were constructed. (Figure 1D, E). The following formula was used to compute the risk score:  . The   for each gene and the expression of each gene in all samples can be found in Supplementary Table 3. Patients were categorized based on their median risk score. This sample distribution was reasonable in both three groups according to the distribution of risk scores and the distribution of survival status. (Figures 2A–C). According to Kaplan-Meier analysis, the high-risk group’s OS was significantly lower in the training, validation, and overall groups compared to the low-risk group (Figures 2D–F). We displayed time-dependent ROC curves to measure the prediction model’s effectiveness and calculated the area under the curve (AUC). The Decision Curve Analysis (DCA) plots effectively demonstrated the clinical utility and net benefit of our model across a range of threshold probabilities (Supplementary Figure 1). The results showed that this prediction model was valuable in the training, validation, and overall groups in predicting OS in the short and long term. (Figures 2G–I).


Table 1 | The clinical characteristics of colorectal cancer patients in the training and validation group.






Figure 2 | Developing and evaluating of a prognostic model (A–C): The distribution of the risk scores, overall survival status, and survival time in the training (A), validation (B), and overall (C) groups. (D–F): The Kaplan–Meier curves for survival status and survival time in the training (D), validation (E), and overall (F) groups. The x-axis represents the survival time, while the y-axis represents the survival probability. The blue line represents patients with low-risk scores, while the yellow line represents those with high-risk scores. (G–I): Receiver operating characteristic (ROC) curves demonstrated the potential of the CRLM-associated signature in predicting 1-year, 3-year, and 5-year overall survival (OS) in training (G), validation (H), and overall (I) groups.







Developing and evaluating of a nomogram

Risk Score, Age, and AJCC Stage were independent indicators of CRC prognosis by multivariate Cox regression (Figure 3A). Based on the findings, a nomogram (Figure 3B) was developed to predict OS by combining risk score with age and AJCC stage. Finally, calibration curves were used to assess the nomogram’s prediction capabilities. According to the statistics, actual survival times were quite close to the predictions of this nomogram for 1, 3, and 5 years (Figures 3C–E). The information above indicates that this nomogram has a strong predictive ability.




Figure 3 | Developing and evaluating of a Nomogram (A): Forest plot of multivariate Cox analysis of clinical factors and risk scores with OS. (B): Nomogram for predicting the 1-, 3-, and 5-year OS of CRC patients. (C–E): Calibration plots show the association of predicted 1- (C), 3- (D), and 5- (E) year OS with actual survival duration. The grey dotted line represents the ideal predictive model, while the solid blue line represents the actually predicted survival probability through the model.







Relationship between immunotherapy and predictive model

First, comparing the percentage of immune infiltrating cells in the different risk groups, statistically, significant differences were found for Plasma cells, Some T cells (Figure 4A). Although there was no difference in the immune scores, in the high-risk group, the score of stromal and ESTIMATE was significantly higher (P< 0.05), and the tumor purity was significantly lower in the high-risk group (Figures 4B–E). The clinical use of ICIs was guided by comparing the differences in immune checkpoint gene expression levels between the high- and low-risk groups (Figure 4F), and many checkpoint genes differed significantly between the two groups, including the potent immunotherapeutic targets PDCD1 (PD-1), CD274 (PD-L1), and CTLA4. To assess the efficacy of immune checkpoint inhibitor treatment, the IPS was used (Figure 4G). There were no statistically significant differences in IPS, IPS-CTLA4 blockers, IPS-PD1/PD-L1/PD-L2 blockers, or IPS-CTLA4 and PD1/PD-L1/PD-L2 blockers between the two groups. Interestingly, the TIDE scores were significantly higher in the high-risk group than in the low-risk group (Figure 4H). Furthermore, in the high-risk group, the MSI and Neoantigen levels were significantly higher (Figure 4I, J).




Figure 4 | Immune-related analysis of CRC patients (A): Box plot showing the proportion of immune cells in the different risk groups. (B–E): Box plots evaluating differences in the immune score (B), stromal score (C), ESTIMATE score (D), and tumor purity (E) in high and low-risk groups. (F): Expression of immune checkpoint genes in the high-risk and low-risk groups. (G): Violin plot showing the difference in values of IPS, IPS-CTLA4 blockers, IPS-PD1/PD-L1/PD-L2 blockers, and IPS-CTLA4 and PD1/PD-L1/PD-L2 blockers in the high-risk and low-risk groups. (H, I): Box plots evaluating differences in TIDE score (H), MSI level (I), and Neoantigen level (J) in high and low-risk groups. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.







Sensitivity to anti-cancer drugs in various risk scores

In CRC patients, we estimated the IC50 of 198 chemotherapy medications or inhibitors and determined the efficacy of the risk score as a predictor of chemotherapy response. The estimated IC50 for Axitinib, Cediranib, Dasatinib, Ibrutinib, Lapatinib, Osimertinib, Rapamycin, and Ribociclib in the high-risk group was significantly lower (Figures 5A–H). Additionally, compared to the high-risk group, the IC50 of Camptothecin, Cisplatin, Dabrafenib, Dactinomycin, Docetaxel, Tamoxifen, Gemcitabine, and Oxaliplatin was significantly lower in the low-risk group (Figures 5I–P). Finally, the correlation between the risk score and the above drugs was calculated using the Spearman rank correlation coefficient (Figure 5Q). These findings show that the risk score is connected to the drug’s sensitivity.




Figure 5 | Drug sensitivity analysis. (A–P) Box plots of sensitivity analysis for Axitinib (A), Cediranib (B), Dasatinib (C), Ibrutinib (D), Lapatinib (E), Osimertinib (F), Rapamycin (G), Ribociclib (H), Camptothecin (I), Cisplatin (J), Dabrafenib (K), Dactinomycin (L), Docetaxel (M), Tamoxifen (N) Gemcitabine (O), and Oxaliplatin (P) in patients at low and high risk. (Q) Radar plot of correlation between drug sensitivity and Risk scores.







HAMP highly expressed in both data sets

Of the 7 genes in this prognostic model, HAMP was the only gene that was highly expressed in both data sets of CRC and CRLM simultaneously (Figure 6A, B, Supplementary Table 4). To verify the correlation between HAMP expression and CRC, we further explored the expression of HAMP in a variety of CRC cell lines in the CCLE database. HAMP expression was higher in the CRC cell line than in the normal cell line (p = 0.029) (Figure 6C). However, between samples of different genders, there was no significant difference in HAMP expression (Figure 6D). The expression of HAMP in cancer samples ascended with the worsening of the stage (Figure 6E). Moreover, the expression of HAMP in stage I was significantly lower than that in stage II (p = 0.014), III (p = 0.00042), and IV (p = 0.002) (Figure 6E). There was no significant expression difference in different MSI (Figure 6F). When compared to the high MSI (MSI-H) group, HAMP expression was considerably lower in the microsatellite stability (MSS) group (p = 0.0045) (Figure 6F). Demonstrated that HAMP is related to CRC and the progress of cancers. In the TCGA dataset, we divided the samples into the High HAMP group and the Low HAMP group according to the median of HAMP expression. According to the survival study, the high HAMP group had significantly lower rates of OS (P = 0.0023), disease-free interval (DFI) (P = 0.00015), and disease-specific survival (DSS) (P = 0.0031) (Figures 6G–I). Indicated that HAMP could function as an independent biomarker for OS prediction. To further verify HAMP expression in the CRC samples, In eight pairs of clinical samples, we employed qRT-PCR and IHC to confirm our findings. The results revealed that HAMP expression was significantly higher in CRC samples than in control samples at both the mRNA (Figure 6J) and protein (Figure 6K) levels (p< 0.05).




Figure 6 | Hepcidin antimicrobial peptide (HAMP) highly expressed in both data sets (A): The box plot illustrates the difference in HAMP expression between tumor and normal samples. (B): The box plot illustrates the difference in HAMP expression between metastatic samples and non-metastatic CRC samples. (C): The box plot illustrating the difference in HAMP expression in CRC and non-cancerous cell lines. (D): The box plot illustrates the difference in HAMP expression between male and female samples. (E): The box plot illustrating the difference of HAMP expression in samples with different stages. (F): The box plot illustrating the difference of HAMP expression in samples with different MSI. (G–I): The Kaplan-Meier survival curves show that the OS (G), disease-specific survival (DSS) (H), and disease-free interval (DFI) (I) of the High HAMP group were significantly lower than those of the Low HAMP group. (J): The mRNA expression of HAMP in eight pairs of normal and tumor samples. (n = 8, *: p< 0.05) (K): The immunohistochemistry (IHC) of HAMP in normal and tumor samples.







Analysis of HAMP in pan-cancer

HAMP expression was significantly increased in most cancer tissues compared to normal tissues, including BRCA, COAD, ESCA, GBM, HNSC, KICH, KIRC, KIRP, LUAD, LUSC, and STAD (Figure 7A). Tumors regularly have altered DNA methylation states, and the DNA methyltransferase family is primarily responsible for DNA methylation. In the majority of cancer types, HAMP was significantly correlated with the four main methyltransferases (Figure 7B). Furthermore, (Figure 7C) shows the correlation of HAMP with DNA mismatch repair genes in pan-cancer. TMB of various tumor samples was counted separately. In BLCA, CESC, COAD, LGG, SARC, and THYM, HAMP was associated with TMB positively, but in THCA, HAMP was associated with TMB negatively. (Figure 7D). Finally, we noted that HAMP was positively correlated with MSI in COAD, whereas it was negatively correlated with MSI in GBM, LIHC, LUSC, OV, SKCM, STAD, TGCT, and UCEC (Figure 7E).




Figure 7 | Analysis of HAMP in Pan-Cancer (A): The box plot illustrating the difference in HAMP expression between tumor samples and normal samples in different cancer types in TIMER analysis. (B): The circular graph shows the interaction of HAMP with the four major DNA methyltransferases in pan-cancer. The first outer ring is the cancer type, the second ring is the four DNA methyltransferases (DNMT1: red, DNMT2: blue, DNMT3A: green, DNMT3B: purple), the third ring is the correlation coefficient, and the fourth ring is the p-value. (C): Heatmap shows how HAMP interacts with five DNA mismatch repair genes across various cancer types. The bottom right triangle is colored to represent p-values, while the top left triangle is colored to represent correlation coefficients for each association. (D, E): The radar chart shows the association of HAMP with TMB (D) and MSI (E) in each cancer type.







Identification of HAMP-related molecular functions and pathways

GO annotation findings indicated that HAMP-related genes were primarily involved in tumorigenesis and metastasis (e.g., positive regulation of cell activation, adhesion) and immune response-related processes (e.g., cytokine binding, immune receptor activity) (Figure 8A). KEGG analysis showed an association with tumorigenesis and metastasis pathways (e.g., PI3K-Akt signaling pathway, Cell adhesion molecules) and immune activation pathways (e.g., Cytokine-cytokine receptor interaction, Chemokine signaling pathway) (Figure 8B). Finally, GSEA was performed, and the same results showed that the tumorigenesis, metastasis pathways, and immune activation pathways were mainly involved (Figure 8C).




Figure 8 | Functional enrichment analysis (A): GO analysis on the biological processes (BP), cellular components (CC), and molecular functions (MF). (B): KEGG enrichment pathway analysis. (C): Activated pathways analyzed by gene set enrichment analysis (GSEA).







Relationship between immunotherapy and HAMP

First, the percentage of immune infiltrating cells in the different HAMP expression groups was compared. HAMP expression was positively connected with macrophages (M0, M1, M2), whereas it was inversely related to dendritic cells activated, T cells CD4 memory resting, mast cells activated, plasma cells, and monocytes (Figure 9A, B, Supplementary Figure 2). The high expression group had substantially higher immune, stromal, and ESTIMATE scores (P< 0.05). In the meantime, the tumor purity in the high-expression group was significantly lower (P< 0.05) (Figures9C–F). Clinical use of ICIs was guided by comparing differences in immune checkpoint gene expression levels between the high- and low-expression groups (Figure 9G), and many checkpoint genes differed significantly between the two groups, including powerful targets PD-1/L1 and CTLA4. Response to immune checkpoint inhibitor therapy was assessed with the IPS Score (Figure 9H). The IPS, IPS-PD1/PD-L1/PD-L2 blockers scores were significantly lower in the high expression group. Additionally, the group with solid expressiveness had significantly higher TIDE scores (Figure 9I). The levels of MSI and Neoantigen were considerably more significant in the group with high expression (Figure 9J, K). These findings imply an essential link between HAMP expression and immunotherapy.




Figure 9 | Immune-related analysis of HAMP in CRC patients (A): Box plot showing the relative proportion of immune cells in the different HAMP expression groups. (B): Radar chart illustrating the correlation between HAMP and different immune cells. (C–F): Box plots evaluating differences in the immune score (C), stromal score (D), ESTIMATE score (E), and tumor purity (F) in different HAMP expression groups. (G): Box plots evaluating the expression of immune checkpoint genes in different HAMP expression groups. (H): Violin plot showing the difference in values of IPS, IPS-CTLA4 blockers, IPS-PD1/PD-L1/PD-L2 blockers, and IPS-CTLA4 and PD1/PD-L1/PD-L2 blockers in different HAMP expression groups. (I–K): Box plots evaluating differences in TIDE score (I), MSI level (J), and Neoantigen level (K) in different HAMP expression groups. *P<0.05, **,P<0.01, ***P<0.001, ****P<0.0001.







Sensitivity to anti-cancer drugs in various HAMP expression

We estimated the IC50 of 198 drugs or inhibitors in CRC patients to determine the validity of HAMP expression profile as a predictor of chemotherapy response. The estimated IC50 for Axitinib, Cyclophosphamide, Dasatinib, Rapamycin, Ribociclib, Sorafenib, Zoledronate, and SB216763 was noticeably lower in the high expression group (Figures 10A–H). Moreover, the estimated IC50 for Trametinib, PD0325901, SB505124, and SCH772984 in the low expression group was significantly lower compared to the high expression group (Figures 10I–L). Consequently, the connection of HAMP expression and the IC50 values of the above drugs was calculated using Spearman rank correlation coefficients (Figure 10M). These results reflect that the expression of HAMP is correlated with drug sensitivity.




Figure 10 | Drug sensitivity analysis. (A–L): Box plots of sensitivity analysis for Axitinib (A), Cyclophosphamide (B), Dasatinib (C), Rapamycin (D), Ribociclib (E), Sorafenib (F), Zoledronate (G), SB216763 (H), Trametinib (I), PD0325901 (J), SB505124 (K) and SCH772984 (L) in patients at different HAMP expression group. (M): Radar plot of correlation between drug sensitivity and HAMP expression.







HAMP promotes the migration of CRC cells

We transfected the CRC cell line DLD-1 with si-RNA of HAMP (si-HAMP), and the qRT-PCR results showed that the expression of HAMP in the si-HAMP group was significantly lower than that in the control group (Figure 11A) in mRNA levels (p< 0.05). Then the transwell migration assay of the si-HAMP and control groups revealed that the number of migrated cells in the si-HAMP group was significantly lower than that in the control group (Figure 11B), indicating the silencing of HAMP in the CRC cells suppressed the cell migration. The statistical analysis of the transwell migration assay is shown in Figure 11C (p< 0.05).




Figure 11 | HAMP promotes the migration of CRC cells. (A): Bar plots show the mRNA expression levels of HAMP in DLD-1 CRC cells in the control and si-HAMP groups (*: p< 0.05). (B, C): The crystal violet staining of migrated cells by transwell migration assay. Transwell migration assays show the effects of inhibition of HAMP on the migration of DLD-1 CRC cells. Data represent the means ± SEM, * p< 0.05. n = 3 independent experiments.








Discussion

The liver is the organ that CRC distant metastases most frequently affect (32). Nearly half of CRC patients develop liver metastases (33), and even after successful resection, most patients still experience disease recurrence (34). In order to identify potential targets and evaluate patient prognosis, critical genes associated with CRLM are essential. We analyzed mRNA expression profiles for CRC samples, CRLM, and primary CRC samples to screen for differentially expressed CRLM-associated genes. There were observed to be 96 differentially expressed genes in total. We then further created a new 7-genes prognostic model by LASSO regression and further calculated risk scores to classify CRC patients into high-risk and low-risk groups. The final performance of the model was validated in the training, validation, and overall groups, and the ROCs and DCAs verified its robustness in predicting 1-year, 3-year, and 5-year OS, demonstrating its reliable predictive ability for CRC patients’ prognosis. In multivariate Cox regression analysis, age, stage, and risk score could be used as independent indicators to assess the prognosis of CRC. Based on these findings, we developed a nomogram with strong predictive power.

Immunological characteristics of CRC influence immunotherapy response and patient clinical prognosis (35, 36). A significant portion of the TME is made up of immunological infiltrating cells, and the main component of anti-tumor immunity is the T-cell immune response (37), in addition to Plasma cells (38, 39), monocytes (40) and dendritic cells (41) play an anti-tumor immunity role, and Higher risk scores were shown to be adversely connected with the infiltration of T cells, plasma cells, monocytes and dendritic cells in our investigation. This suggests that a higher risk score may imply a poorer anti-tumor response. Significant components of the TME include immune and stromal cells, and high stromal and immune scores tend to have a poor prognosis (42, 43). As expected, in our study, the high-risk group had significantly higher immune scores, stromal scores, and ESTIMATE scores. Higher tumor purity in certain tumors predicts a relatively better prognosis (44, 45). Similarly, our study presented that the low-risk group had higher tumor purity. Although, in the high-risk group, the expression levels of numerous immunological checkpoint genes were much more significant, including much more potent immunotherapy targets PD-1/L1 and CTLA4, suggesting that blocking these immunological checkpoints may assist the high-risk population. We used the TIDE (46) score and IPS (47) to infer sensitivity to immunotherapy. But we found that, in the high-risk group, the TIDE score was significantly higher, and there was no noticeable difference in IPS. It indicates that the likelihood of immune evasion is high in the high-risk group, and ICI medication is nearly impossible to benefit patients. Overall, the high-risk group presented a negative immunotherapy result and prognosis. For tailored treatment to enhance patient prognosis, our subsequent investigation revealed chemotherapeutic drugs or inhibitors that are sensitive to various risk groups.

As the only differential gene overexpressed in both tumor and metastatic samples in the 7-genes signature associated with CRLM described above, we hypothesized that overexpression of HAMP may promote the development of CRC. Previous studies demonstrate that aberrant expression of HAMP could contribute to the progression of hepatocellular carcinoma by reducing the infiltration of cytotoxic immune cells because it failed to meet the iron requirement of immune cells (48). Iron acts as an oncogenic or co-carcinogenic agent that can induce hepatocellular carcinoma (49), and abnormal iron intake is an important risk factor for the development of hepatocellular carcinoma (50). In addition, increased levels of HAMP expression are positively correlated with CRC staging, depending on the status of tumor suppressors in CRC (51). Similarly, qRT-PCR showed significantly elevated HAMP mRNA compared to normal cell CRC cell lines, and IHC also showed higher HAMP protein levels in tumor tissues. The transwell assay showed that HAMP overexpression promoted tumor cell migration. Survival analysis showed that samples from the high HAMP group had significantly lower OS, DSS, and DFI than those from the low HAMP group. The above analysis suggests that HAMP overexpression may promote tumor development and is a potential prognostic biomarker that can distinguish CRC patients with different prognoses.

Analysis targeting the oncogenic role of HAMP and the associated immunological profile in pan-cancer showed that HAMP expression was significantly up-regulated in the majority of tumor types. HAMP overexpression was shown to be related to DNA methyltransferase. The presence of dMMR-MSI-H in some solid tumors is a clear biomarker of potential response to immunotherapy (52, 53). TMB is a valid biomarker for immune checkpoint inhibitor selection in certain cancer types (54). Our results showed that upregulation of HAMP is associated with DNA mismatch repair genes, TMB, and MSI with different cancers, demonstrating the crucial role of HAMP in predicting the effects of immunotherapy.

It is shown that HAMP is closely associated with immune regulation (55), and our enrichment analysis results suggested that HAMP-related genes are mostly engaged in immune activation pathways (cytokine-cytokine receptor interactions, chemokine signaling pathways) in CRC. However, in CRC, the relevance of HAMP to immune cell infiltration and stromal cells in the TME is still unclear. In our study, Plasma cell, monocyte, and dendritic cell infiltration were significantly higher in the low HAMP-expressing group. Similarly, the scores of IPS, IPS-PD 1/L1/L2 blockers were found to be higher in the low-expressing group, and the TIDE score was significantly lower in the low-expressing group than in the high-expressing group. The above results suggest that the low HAMP expression group may be more suitable for immunotherapy.

Our study has certain limitations because the data we used came from open databases, the results are retrospectively constructed and validated, and the value of the prognostic model needs to be validated in a larger clinical cohort. In addition, the mechanism of HAMP in promoting liver metastasis in CRC needs to be validated by further experiments.





Conclusion

Overall, we constructed a prognostic model consisting of 7 CRLM-associated genes. As independent risk factors, age and AJCC Stage with risk scores were constructed nomogram. In addition, the derived gene HAMP helps to guide the exploration of profitable immunotherapeutic strategies.
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Background: Differential diagnosis of primary intestinal lymphoma (PIL) and Crohn’s disease (CD) is a challenge in clinical diagnosis.

Aims: To investigate the validity of the nomogram based on clinical and computed tomography (CT) features to identify PIL and CD.

Methods: This study retrospectively analyzed laboratory parameters, demographic characteristics, clinical manifestations, and CT imaging features of PIL and CD patients from two centers. Univariate logistic analysis was performed for each variable, and laboratory parameter model, clinical model and imaging features model were developed separately. Finally, a nomogram was established. All models were evaluated using the area under the curve (AUC), accuracy, sensitivity, specificity, and decision curve analysis (DCA).

Results: This study collected data from 121 patients (PIL = 69, CD = 52) from Center 1. Data from 43 patients (PIL = 24, CD = 19) were collected at Center 2 as an external validation cohort to validate the robustness of the model. Three models and a nomogram were developed to distinguish PIL from CD. Most models performed well from the external validation cohort. The nomogram showed the best performance with an AUC of 0.921 (95% CI: 0.838–1.000) and sensitivities, specificities, and accuracies of 0.945, 0.792, and 0.860, respectively.

Conclusion: A nomogram combining clinical data and imaging features was constructed, which can effectively distinguish PIL from CD.

KEYWORDS
 primary intestinal lymphoma, Crohn’s disease, nomogram, computer tomography, diagnosis


1. Introduction

The intestine is the most common site of extranodal lymphoma other than the stomach, with the ileum being the most common (1). Primary intestinal lymphoma (PIL) is very rare, accounting for less than 4% of all gastrointestinal malignancies, and most are non-Hodgkin’s lymphomas (2). The pathological biopsy is considered to be the gold standard for diagnosing PIL. However, there is a possibility of a negative biopsy due to the small size or superficiality of the specimen. In addition, the manifestations in clinical of PIL are not specific, so it is often confused with other intestinal diseases (3).

Crohn’s disease (CD) is an idiopathic inflammatory disease with a slow course, often alternating between relapses and remissions, influenced by genetic, immunological and environmental factors (4, 5). The diagnosis of CD relies not only on tissue biopsy but also on a combination of clinical signs, laboratory tests, and imaging (5). CD most commonly occurs in the terminal ileum and ileocecal region, which has similarities with PIL (6). In addition, there are overlapping aspects of PIL and CD in terms of clinical signs and imaging manifestations, which increases the difficulty of differential diagnosis between PIL and CD.

It is noteworthy that the treatment of PIL and CD is completely different. PIL is mainly treated with surgery or chemotherapy (7, 8). However, CD is usually treated with pharmacological treatment for induction and maintenance (5). Delayed diagnosis of PIL and CD may lead to poor prognosis and disease complications (9). Therefore, accurate and rapid diagnosis of PIL and CD can help in the selection of treatment options, which is a great challenge for clinicians.

Therefore, we retrospectively collected data on clinical features, laboratory parameters, and radiological characteristics of PIL and CD patients. The aim is to develop an effective and simple diagnostic model that would be helpful in differentiating PIL from CD.



2. Materials and Methods


2.1. Subjects

We searched medical records for 264 patients diagnosed with PIL and CD from January 2011 to December 2022 at the Shandong provincial hospital affiliated to Shandong First Medical University (Center 1). Finally, 121 patients who met the inclusion criteria (69 patients with histologically confirmed PIL and 52 patients with clinically diagnosed CD including biopsy pathology) were included. We collected 43 patients approved by Qilu Hospital of Shandong University (Center 2) from June 2015 to August 2022. Due to the retrospective nature of this study, the requirement of informed consent was waived. Figure 1 shows the flowchart of participant selection.

[image: Figure 1]

FIGURE 1
 Flowchart of participant selection.




2.2. Methods

Patients with PIL were included according to the Dawson criteria (10). Patients with CD were included according to the following criteria: (1) clinical diagnosis of CD; (2) no previous intestinal surgical treatment. All the above patients underwent at least one computed tomography (CT) examination and pathological examination during hospitalization. All of the above patients were excluded according to the following criteria: (1) patients with both PIL and CD; (2) patients with other gastrointestinal malignancies; and (3) lack of the required medical imaging images. Basic clinical data were recorded and displayed. Non-enhanced, arterial-phase, and venous-phase CT images were collected from all patients.



2.3. Data collection

Clinical information about the patients including demographic characteristics, laboratory parameters, and clinical manifestations and imaging features was obtained from the electronic medical record.

Demographic parameters included gender and age of onset.

Laboratory data were recorded as follows: hemoglobin level, platelet count, albumin level, lymphocyte absolute value, neutrophil cell absolute value, eosinophil absolute value, and C-reactive protein (CRP) level.

Clinical manifestations include time from onset to diagnosis, abdominal pain, diarrhea, bloating, bloody stools, fever, increased frequency of stools, abdominal mass, tenesmus, and weight loss.

All included patients had undergone at least one CT examination and were evaluated by two experienced radiologists. The CT features include intestinal wall thickness, intestinal stenosis, aneurysmal dilatation, enlargement of the abdominal lymph nodes, the enhanced density of the peri-intestinal fat, “comb sign,” the degree and mode of enhancement after enhancement scan, and CT values in each phase (Figure 2). Consider dilatation or stenosis of the intestinal lumen as observed in at least two planes at the lesion.

[image: Figure 2]

FIGURE 2
 (A) Mucosal enhancement a patient with PIL. (B) Homogeneous enhancement in a patient with CD. (C) “Comb sign” in a patient with CD.


In terms of enhancement methods, tumors with low or no enhancement areas within the tumor are considered to have heterogeneous enhancement. Layered enhancement is considered to be mucosal, relatively poor submucosal, and serosal enhancement (11, 12). The enhancement of the innermost layer of the intestinal wall is mucosal enhancement. For the level of enhancement, compared with plain CT, an increase of 10–30 HU in the CT value in enhanced CT images is defined as a mild enhancement. The increase in CT value of the lesion at a level of 30–50 HU is defined as a moderate enhancement. More than 50 HU is defined as a severe enhancement. Segmentation of CT images in plain, arterial, and venous phases was performed using ITK-SNAP (RRID:SCR_017341) (version 4.0, http://www.itksnap.org) (13). The region of interest (ROI) was delineated by the physician with a multi-layer manual outline of the lesion area, excluding the intestinal lumen and vessels.



2.4. Statistical analysis

Several scales were designed to analyze information on patients’ demographic, clinical, laboratory, and imaging characteristics. Patients in the PIL and CD group were analyzed using IBM SPSS Statistics (RRID:SCR_019096) (version 25.0; SPSS, Inc., Chicago, IL, United States) and GraphPad Prism (RRID:SCR_002798) (version 9.0; GraphPad, San Diego, CA). Continuous variables that were normally distributed were expressed as mean ± SD, otherwise median (upper and lower quartiles) was used. Categorical variables were expressed as frequencies and percentage values. All statistical tests were two-sided. p < 0.05 was considered a statistically significant difference. Missing values were all less than 20%, and missing values were filled using multiple interpolations. Predictive mean matching (PMM) was chosen to interpolate the data 20 times, and then the interpolated results were split and summarized to generate the final dataset.

First, univariate logistic analysis was performed for each variable. Then, parameters with p < 0.05 and AUC ≥0.6 (rounded) were integrated, and the laboratory parameters model, clinical model combining demographic data with clinical symptoms, and imaging features model, respectively, were developed using R Project for Statistical Computing (RRID:SCR_001905) (version 4.2.3, https://www.r-project.org/). In addition, covariate diagnostics were performed for each model’s variables. Finally, the indicators with p < 0.05 in the three models were integrated and the nomogram was plotted.

In addition, receiver operating characteristic (ROC) curves were plotted to assess the discrimination. The DeLong test was used to compare the AUC between models. The Hosmer–Lemeshow goodness-of-fit test was used to determine the goodness-of-fit of the nomogram and calibration curves were plotted to assess the agreement between the predicted and actual results. Sensitivity, specificity, and accuracy were calculated to assess the performance of all models. Finally, clinical decision curves (DCA) were plotted to understand patient benefits. Patients from Center 2 served as an external validation set to demonstrate the robustness of the model. The characteristics of the two centers are shown in Table 1. Most of the characteristics of the two centers are not statistically different.



TABLE 1 Baseline characteristics of the training cohort and the external validation cohort.
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3. Results


3.1. Patients

A total of 121 patients from Center 1 (52 CD and 69 PIL) and 43 patients from Center 2 (19 CD and 24 PIL) were included in this study.



3.2. Demographic features

No significant difference was found between PIL and CD patients in terms of gender. However, the age of onset in patients with the PIL group was significantly higher than those in the CD group (52.59 ± 19.08 years vs. 44.96 ± 18.67 years, p < 0.05).



3.3. Clinical manifestations

In terms of clinical presentation, the time from onset to diagnosis was significantly longer in the CD group than in the PIL group [median time, 12.00 (2.25, 36.00) mo vs. 2.00 (1.00, 6.00) mo, p < 0.05]. The incidence of diarrhea, increased frequency of stools, fever, and weight loss was significantly higher in the CD than in PIL (p < 0.05). In contrast, the incidence of abdominal masses was significantly higher in the PIL group than in the CD (p < 0.05). One-way logistic regression analysis of demographic characteristics of primary intestinal lymphoma and Crohn’s disease are presented in Table 2.



TABLE 2 One-way logistic regression analysis of demographic characteristics of primary intestinal lymphoma and Crohn’s disease.
[image: Table2]



3.4. Laboratory parameters

Laboratory tests showed no significant difference in lymphocyte absolute value and eosinophil absolute value between the PIL group and CD group. CRP level, platelet count, and neutrophil cell absolute value were significantly higher in the CD group compared to the PIL group (p < 0.05). Albumin and hemoglobin levels were lower in the CD group compared to the PIL group. One-way logistic regression analysis of laboratory parameters of primary intestinal lymphoma and Crohn’s disease are listed in Table 3.



TABLE 3 One-way logistic regression analysis of laboratory parameters of primary intestinal lymphoma and Crohn’s disease.
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3.5. Computed tomography imaging features

CT examination showed that aneurysmal dilatation of the lesion area and enlarged abdominal lymph nodes were more common in the PIL group than in the CD group (p < 0.05). Patients with CD had significantly more intestinal stenosis, the enhanced density of the peri-intestinal fat, and “comb sign” at the lesion than patients with PIL (p < 0.05). The intestinal wall was thickened in both PIL and IBD patients, but significantly thicker in PIL patients than in CD patients [median time, 17.44 (13.76, 25.62) mm vs. 9.74 (7.31, 12.35) mm, p < 0.05]. On enhancement scans, PIL more often showed homogeneous, mild enhancement, whereas CD tended to have moderate, stratified, or mucosal enhancement (p < 0.05). In addition, the CT values of lesions in the arterial and venous phases were higher in patients with CD compared to PIL (p < 0.05). One-way logistic regression analysis of computed tomography imaging features of primary intestinal lymphoma and Crohn’s disease are listed in Table 4.



TABLE 4 One-way logistic regression analysis of computed tomography imaging features of primary intestinal lymphoma and Crohn’s disease.
[image: Table4]



3.6. Development of differentiation models of PIL with CD patients

Comparative analysis of laboratory parameters, clinical manifestations, and imaging features was performed to establish the best model with the best discriminatory ability.

First, all indicators were analyzed separately by univariate logistic analysis, and those with p < 0.05 and AUC ≥0.6 in the univariate logistic analysis were included in multivariate logistic regression analysis. The laboratory parameters model, clinical model, and imaging features model were developed and covariate diagnoses were performed. Hemoglobin, albumin, and CRP levels as well as platelet counts and neutrophil cell absolute value were included in the laboratory parameters models. Age of onset, time from onset to diagnosis, diarrhea, increased frequency of stools, fever, abdominal mass, and weight loss were included in the clinical model. Imaging features model included intestinal wall thickness, intestinal stenosis, aneurysmal dilatation, enlargement of the abdominal lymph nodes, the enhanced density of the peri-intestinal fat, “comb sign” and layered or mucosal enhancement at the lesion, and venous phase CT values. In the training cohort and external validation cohort, the AUCs of the laboratory parameters model, clinical model, and imaging features model were 0.706 and 0.647; 0.903 and 0.761; and 0.978 and 0.897, respectively. Forest plots and ROC curves of the three models are shown in Figures 3, 4.

[image: Figure 3]

FIGURE 3
 Forest plot of multivariate regression analysis based on laboratory parameters model, clinical model, and imaging features model.


[image: Figure 4]

FIGURE 4
 The ROC curves of the laboratory parameters model, clinical model, and imaging features model in the training cohort (A) and the external validation cohort (B), respectively.




3.7. Development and evaluation of Nomogram

The indicators with p < 0.05 in the above model were selected to build a nomogram, including time from onset to diagnosis, increased frequency of stools, intestinal wall thickness, and “comb sign” with layered or mucosal enhancement at the lesion. The nomogram was plotted in Figure 5. The scores of the nomogram were calculated as follows:

[image: image]
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FIGURE 5
 Nomogram based on clinical signs and imaging features.


The AUC of the nomogram was 0.982 and 0.921 for the training cohort and the external validation cohort, respectively. The DeLong test was used to compare the AUC between models. In the training cohort and external validation cohort, the nomogram had no statistical significance with the image feature model (p = 0.5527/0.8753) but had statistical significance with other models (p < 0.05). The nomogram fit well in the training cohort (p = 0.148) and the external validation cohort (p = 0.660) according to the Hosmer–Lemeshow goodness-of-fit test. The nomogram shows good agreement in the calibration curves of both cohorts (Figure 6). In addition, the decision curves for the laboratory parameters model, clinical model, imaging features model, and nomogram are shown in Figure 7. Nomogram showed the highest net benefit, followed by the imaging features model. The accuracy, specificity, and sensitivity of all models are shown in Table 5.

[image: Figure 6]

FIGURE 6
 ROC and Calibration curves of Nomogram in training cohort and external validation cohort. (A) ROC curve of nomogram in the training cohort. (B) ROC curve of nomogram in the external validation cohort. (C) Calibration curve of nomogram in the training cohort. (D) Calibration curve of nomogram in the external validation cohort.


[image: Figure 7]

FIGURE 7
 The decision curve analysis for all models in training cohort (A) and external validation cohort (B).




TABLE 5 The performance of models in the training cohort and external validation cohort.
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4. Discussion

With the increasing incidence and prevalence of PIL and CD year by year, the differential diagnosis of PIL and CD has been widely and continuously concerned. In recent years, endoscopic biopsy and imaging have provided great assistance in the diagnosis of the disease. However, when the lesion is small in size or deep in location, endoscopy cannot accurately obtain a specimen suitable for diagnosis (3). In addition, endoscopic biopsy being an invasive test, the increased depth of sampling carries the risk of perforation because of the thin wall of the small intestine. Imaging evaluation plays an important role in the diagnosis of PIL and CD. In general, the thickening of the intestinal wall of about 2 cm contributes to the diagnosis of lymphoma (14). However, our study showed that approximately 62% of PIL patients did not achieve a thickening degree of 2 cm, with the minimum being only 10.18 mm. Additionally, PIL with different pathological types may exhibit imaging features similar to those of CD thereby influencing the radiologist’s judgment. This study aimed to develop a non-invasive model to provide valuable assistance for the differentiation of PIL and CD.

Many previous studies have attempted to differentiate PIL from CD and have made good progress. Zhang et al. (3) developed a highly sensitive and specific model for discriminating CD from PIL by collecting laboratory indices, clinical parameters, endoscopic features, and imaging features with an area under the ROC curve of 0.989. Recently, Yang et al. (15) established a differential diagnosis scoring model for CD versus ulcerative primary intestinal lymphoma (UPIL) based on clinical symptoms, endoscopic and imaging features. The accuracy of the model was as high as 83.66%. Meanwhile, the scoring model also showed high performance in the internal validation set, with an area under the ROC curve of 0.901. However, previous studies have built only one model to discriminate PIL from CD. In addition, the lack of an external validation cohort and the single evaluation metric may not provide an adequate assessment of the robustness of the model.

In this study, we first developed a laboratory parameters model. The AUC of the laboratory parameters model was greater than 0.69 in both the training and external validation cohort, with specificity exceeding 0.75. However, although the model had a high specificity but a low sensitivity of 0.632. In addition, the DCA curve showed a low patient benefit. Then, we developed a clinical model based on demographic and clinical symptoms. The clinical model had a higher AUC, accuracy, and specificity than the laboratory parameters model, with a specificity of 0.917. However, the sensitivity of the clinical model is similar to that of the laboratory parameters model. After that, we built an imaging features model based on CT images with an AUC as high as 0.897 in the external validation cohort, and the accuracy, specificity, and sensitivity of the model were over 0.80. Finally, we combined the indicators with p < 0.05 in the three models to build a nomogram with simplified indicators and high diagnostic performance.

Since there were no p < 0.05 indicators in the laboratory parameters model, the nomogram was finally built based on clinical and imaging features. Nomogram had an AUC of 0.921 in the external validation cohort, with a sensitivity of over 0.90, and its accuracy and specificity are similar to those of the imaging features model. Unlike previous studies, in addition to using the AUC for each model evaluation, the DeLong test was also conducted in this study. The study showed that the nomogram not only has a higher AUC but also a higher diagnostic efficacy than both laboratory and clinical models (p < 0.05). In addition, although the nomogram had a slightly higher AUC than the imaging features model, the difference was not statistically significant (p > 0.05). This indicates that the discrimination efficiency of the imaging features model is not lower than that of the nomogram. However, the indicators of the imaging features model are complex and easily influenced by subjective factors. In contrast, the nomogram includes only five indicators, which are simple and easily accessible. Therefore, we believe that the nomogram can simplify the indicators and improve diagnostic efficiency while maintaining high diagnostic efficacy.

Compared with Zhang’s study, our nomogram did not incorporate endoscopic features, which may explain the slightly lower AUC of the model. However, the AUC of our nomogram was slightly higher than Yang’s study and had higher sensitivity and accuracy. More importantly, compared to Zhang’s differential model that incorporated nineteen variables, we used five features to obtain a model with similar efficacy, simplifying the process of differential diagnosis. In addition, unlike the calibration curves plotted by Yang et al., we used the Bootstrap method to plot calibration curves after 1,000 sampling of data from Center 1, and the results showed that the calibrated nomogram still had good consistency and stability. Also, in this study, the patient benefit of each model was examined by DCA curves, and the study showed that the nomogram had the highest net benefit of all models in most of the threshold ranges in both cohorts. Finally, our study added data from Center 2 as an external validation cohort to comprehensively evaluate the performance of the nomogram. In the external validation cohort, the nomogram had a sensitivity of 0.945, accuracy and specificity of 0.86 and 0.79, respectively, and an area under the ROC curve of 0.921. The nomogram in this study contains simple and easily accessible indicators and features that may provide greater diagnostic value for rassroots hospital.

In clinical practice, PIL and CD may lead to misjudgment by clinicians due to similar clinical symptoms and endoscopic presentation. Kammal et al. (16) published a case report of misdiagnosis of NK/T-cell lymphoma as Crohn’s disease in 2019. However, the treatment of PIL is quite different from CD. PIL advocates for radiotherapy while CD mostly opts for drug therapy. Misdiagnosis or delayed diagnosis of the disease may lead to complications that may affect the patient’s prognosis. Therefore, in practice, when non-specific clinical symptoms and pathologic examination cannot accurately distinguish PIL from CD, the nomogram can provide physicians with new diagnostic ideas based on clinical symptoms and imaging signs to better distinguish PIL from CD. Especially in primary hospitals where pathology and diagnostic imaging capabilities are inadequate, a simple nomogram can be used to assist in the diagnosis of PIL when it is difficult to differentiate it from CD. Finally, we can collect feedback on the diagnostic accuracy and more valuable distinguishing features of each hospital to continuously optimize the nomogram. A better model can be built based on a larger sample size.

This study has some limitations. Firstly, the sample size of the study was small, which may be related to the low prevalence of PIL and CD. The nomogram we developed needs further validation and modification. Secondly, this is a retrospective study, and the missing data and the different scanning machines maybe affect the accuracy of the model. In addition, our collection of PIL patients included multiple pathological types. In the future, we look forward to exploring the differences between different subtypes of PIL and CD.

In conclusion, we explored a nomogram based on clinical data and CT images to easily and effectively distinguish PIL from CD. It is expected to provide valuable clues for clinical diagnosis and treatment.
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Background

With the development of endoscopic technology, the detection rate of synchronous multiple primary early esophageal cancer (SMPEEC) is increasing; however, the risk factors remain unclear. We aimed to assess the clinicopathological characteristics of patients with SMPEEC and investigate the risk factors contributing to the development of multiple lesions.





Methods

A retrospective cohort study was conducted on 911 consecutive patients who underwent Endoscopic submucosal dissection (ESD) for primary esophageal neoplasms from January 2013 to June 2021. The patients were divided into the SMPEEC group and the solitary early esophageal cancer (SEEC) group. We compared the differences in clinicopathological characteristics between the two groups and investigated the risk factors linked to multiple lesions. Additionally, we investigated the relationship between the main and accessory lesions.





Results

A total of 87 SMPEEC patients were included in this study, and the frequency of synchronous multiple lesions was 9.55% in patients with early esophageal cancer. The lesions in the SMPEEC group were mainly located in the lower segment of the esophagus (46[52.9%]), whereas those in the SEEC group were in the middle segment (412[50.0%]). The pathology type, tumor location, and circumferential rate of lesions were independent risk factors(P<0.05) for SMPEEC by logistic regression analysis. Significant positive correlations were observed between the main and accessory lesions in terms of morphologic type (r=0.632, P=0.000), tumor location(r=0.325, P=0.037), pathologic type (r=0.299, P=0.003), and depth of invasion (r=0.562, P=0.000).





Conclusion

Pathology type, tumor location, and circumferential rate of lesions were identified as independent risk factors for SMEPPC. Understanding these risk factors and the correlation between the main and accessory lesions could significantly improve the detection rate of SMPEEC.





Keywords: risk factors, main lesions, accessory lesions, endoscopic submucosal dissection (ESD), synchronous multiple primary early esophageal cancer




1 Introduction

Synchronous multiple primary esophageal cancer (SMPEC) is a relatively rare and aggressive tumor, defined as two or more carcinomas in different parts of the esophagus confirmed by pathological examination either simultaneously or successively within 6 months (1, 2). The reported incidence of SMPEC varies from 0.1 to 10.0% (3, 4). The treatment of SMPEC is usually based on surgery or radiotherapy and chemotherapy, and the prognosis is poor, with a five-year survival rate of less than 30% (5).

With the development of endoscopic technology and increased awareness of early cancer screening, the detection rate of synchronous multiple primary early esophageal cancer (SMPEEC) is rising. Endoscopic submucosal dissection (ESD) has been widely used to treat early esophageal cancer, with a high curative resection rate and minimal trauma (6). However, in cases of multiple early esophageal cancer or precancerous lesions, small or flat lesions often remain undetected during endoscopic examinations, increasing the risk of progression to advanced cancer and depriving patients of the opportunity for curative resection. It has been reported that the underdiagnosis rate of esophageal high-grade intraepithelial neoplasia can be as high as 45% in high-risk patients with esophageal cancer (7). Thus, it is crucial to improve the detection rate of SMPEEC to optimize patient management and treatment strategies.

Limited reports exist regarding the treatment of SMPEEC with ESD. Previous studies have predominantly focused on advanced multiple esophageal carcinomas or solitary early esophageal cancer (SEEC), leaving SMPEEC relatively unexplored. Hence, elucidating the clinical and pathological characteristics of SMPEEC holds significant importance in enabling accurate clinical diagnosis and effective treatment strategies. This study aimed to provide a comprehensive summary of the characteristics of SMPEEC and investigate the risk factors linked to multiple lesions. The efficacy, recurrence rate, and safety of ESD for treating multiple esophageal lesions were also evaluated. Additionally, we explored the relationship between the main and accessory lesions of SMPEEC.




2 Methods



2.1 Patients

Patients who underwent esophageal ESD between January 2013 and June 2021 at The First Affiliated Hospital of Nanjing Medical University (Nanjing, China) were retrospectively analyzed. This study was conducted in accordance with the Declaration of Helsinki and was approved by the Institutional Review Board of The First Affiliated Hospital of Nanjing Medical University (No. 2018-SR-272).




2.2 Diagnostic criteria

The definitions of synchronous multiple primary cancers were based on the criteria of Warren and Gates: (1) each lesion is a pathologically proven malignancy; (2) each lesion must be separated by normal mucosa; and (3) the possibility of metastatic neoplasia should be accurately determined and completely excluded (1). We defined SMPEEC as two or more esophageal neoplasms (high-grade dysplasia [HGD] and early esophageal cancer [EEC]) detected in one endoscopic examination.

In line with the guidelines developed by Warren and Gates, the definitions employed in this study for the main and accessory lesions were established based on the following criteria: (1) Among multiple lesions, those with deeper invasion depth were defined as the main lesions and other lesions were defined as the accessory lesions. (2) If multiple lesions had the same depth of invasion, lesions with longer diameters were defined as the main lesions, and the others were considered as accessory lesions. (3) In cases involving more than two lesions, the second main lesion was defined as an accessory lesion.

Local recurrence was defined as a newly histologically confirmed recurrent cancer at the site where ESD was initially performed, following the initial complete resection. Bleeding related to the procedure was defined as bleeding that required postoperative hemostatic treatment, such as endoscopic clipping or thermocoagulation (8).




2.3 Inclusion criteria

All lesions were detected during the endoscopic examination. No treatment was administered before ESD. All lesions were confirmed by histological evaluation of biopsies and classified according to the Japanese classification by the Japan Esophageal Society (9). The inclusion criteria were as follows: (1) confirmation of esophageal lesions as early esophageal cancer or high-grade intraepithelial neoplasia; (2) limited depth of lesions to the mucosa or the submucosa <200µm (3) acceptance with ESD and provision of informed consent.




2.4 Exclusion criteria

Of the 1,809 patients who underwent initial esophageal ESD treatment between 2013 and 2021, 852 were excluded. The exclusion criteria were as follows: (1) esophageal lesions other than early esophageal cancer and high-grade intraepithelial neoplasia: a. low-grade intraepithelial neoplasia (274 patients), b. esophageal leiomyoma (206 patients), c. gastrointestinal stromal tumors (97 patients), d. deep submucosal (SM2) invasion lesions (51 patients), e. inflammatory or cystic lesions (26 patients); (2) patients who underwent ESD (108 patients) or surgery (15 patients) before; and (3) patients without available images of upper endoscopy or pathology reports (36 patients). A total of 44 participants were missing due to unavoidable circumstances (such as loss to follow-up) during the follow-up period (Figure 1).




Figure 1 | Flow chart of enrolled patients.






2.5 ESD operation

Patients with early esophageal cancer and high-grade intraepithelial neoplasia underwent ESD as the initial treatment. ESD was performed on lesions that met the following criteria: (1) absolute indications: lesions do not exceed the mucosal layer (T1a), which remains within the mucosal epithelium (EP) or the lamina propria mucosae (LPM); (2) relative indications: lesions involving the muscular mucosae or showing slight infiltration into the submucosa (up to 200 μm, T1b-SM1) (10). Esophageal ESD was performed according to the standard technique described previously (11–13). A transparent cap was placed at the front of the endoscope and marked with argon around the left and right walls of the esophagus, and a mixture of saline, methylene blue, and epinephrine was injected into the submucosa of the esophagus. The KD-620LR knife was used to cut the edge of the lesions, and the KD-611L knife was used to gradually separate the lesions. After resection of the lesions, the wounds were treated using KD-610L electrocoagulation and APC hemostasis.




2.6 Statistical analyses

Statistical analysis was performed using IBM SPSS version 25.0 (IBM Corp., Armonk, NY, USA) and graphs were generated using GraphPad Prism version 8.0 for Windows (GraphPad Software, La Jolla, California, USA). Categorical variables are presented as proportions, while continuous variables are presented as mean ± SD or median and interquartile range.

Differences between groups were evaluated using the Pearson χ2 test or Fisher’s exact test for categorical variables, as deemed appropriate. Wilcoxon rank-sum tests were used to compare continuous variables. Variables with a P value < 0.1 in univariate analysis and variables with major clinical relevance (based on previous studies) were included in the multivariable analysis (binary logistic regression). The cumulative probabilities of multiple lesions were estimated using the Kaplan-Meier method. Odds ratios (OR) and 95% confidence intervals (CIs) were calculated for each variable. A P value < 0.05 was regarded as statistically significant.





3 Results



3.1 Baseline characteristics of patients with esophageal neoplasia

A total of 824 patients with SEEC and 87 patients with SMPEEC were included in this study, and the frequency of synchronous multiple lesions was 9.55% in patients with early esophageal cancer. The average age of the 911 patients enrolled was 64.65± 0.26 years and the male/female ratio was 2.56 (655/256). A comparison of baseline characteristics between solitary and multiple early esophageal cancer patients is summarized in Table 1. The proportion of people who consumed alcohol was significantly higher in the group with synchronous multiple neoplasias than in the group without (P<0.05). In addition, no significant differences in age, sex, tobacco use, history of chronic disease, or family history of cancer were found between the two groups.


Table 1 | Baseline characteristics of patients with early esophageal cancer.






3.2 Comparison of clinicopathological characteristics of esophageal lesions

The clinicopathological characteristics of esophageal lesions between the two groups are shown in Table 2. The median (IQR) diameter of the lesions was 3.5 (2.5–4.3) cm and 2.5(2.0-3.5) cm in the SEEC and SMPEEC groups, respectively, showing no statistical difference. The lesions in the SMPEEC group were mainly located in the lower segment of the esophagus (46[52.9%]), while those in the SEEC group were in the middle segment (412[50.0%]). Most of the macroscopic types in the two groups were flat (80[92.0%] vs. 768[93.2%]). Esophageal cancer appeared in 46.1% and 64.4% of the solitary and multiple groups, respectively. The ratio of esophageal circumference (>1/2 or 3/4) in the SMPEEC group was 31.03%, while the ratio in the SEEC group was 12.38%. There were no differences between the two groups in lymphovascular invasion (12 [1.5%] vs. 3 [3.4%]) and depth of invasion (MM:132[16.0%] vs. 14[16.1%]; SM1:36 [4.4%] vs. 4 [4.6%]). The number of patients who met the absolute indication of ESD was not significantly different between solitary or multiple lesions in the two groups (65 [74.7%] vs. 631 [76.6%], Table 2).


Table 2 | Comparison of clinicopathological characteristics of esophageal lesions.






3.3 Treatment outcomes of ESD

ESD is the main therapy for early esophageal cancer; therefore, we compared the effectiveness of ESD treatment between the two groups. As shown in Table 3, the median (IQR) operation time was 60 (45-90) minutes in the SEEC group and 90 (60-120) minutes in the SMPEEC group (P <0.05). The rate of en bloc resection in both groups was higher than 90%. However, the complete resection rate and curative resection rate in multiple lesions was lower compared with solitary lesions (82.8% (72/87) vs. 90.0% (742/824) and 80.5% (70/87) vs. 88.7% (731/824), P <0.05).


Table 3 | Treatment outcomes and complications related to endoscopic submucosal dissection.



The median (IQR) follow-up time was 32(20, 45) months for solitary lesions and 41 (26, 45) months for multiple lesions. Bleeding and stricture were more frequently observed in the SMPEEC group than in the SEEC group (4.4% vs. 10.3%, P=0.029, 15.8% vs. 37.9%, P<0.001). Micro-perforation and additional treatment did not differ between the two groups. However, the local recurrence rate was higher in the SMPEEC group (1.8% vs. 10.3%, P=0.000).




3.4 Risk factors for multiple esophageal lesions

Table 4 shows the risk factors for multiple esophageal lesions. On univariate analysis, drinking, pathology, tumor location, and esophageal circumference ratio > 1/2 were found to be independent risk factors for multiple lesions (P <0.05). Age, sex, tobacco use, chronic medical history, and family history of cancer were not included. We put factors with a P < 0.1 in the logistic regression analysis. Multivariate analysis showed that pathology type (P=0.019), tumor location (P=0.002), and circumferential rate of lesions (P = 0.001) remained independent risk factors for SMPEEC.


Table 4 | Analysis of risk factors for multiple lesions by logistic-regression analysis.






3.5 Characteristics of main and accessory lesions

There were 181 lesions diagnosed histopathologically in 87 patients with synchronous multiple primary early esophageal cancers, and they were simultaneously treated by ESD in a single operation. Eighty Patients (91.95%) had double lesions and seven patients (8.05%) had triple lesions. The morphological and pathological characteristics of the main lesions, which were either histologically more advanced or larger in diameter in cases where the histology was similar, were compared to those of the accessory lesions. The long diameter and sample area of the main lesions were significantly larger than those of the accessory lesions (P <0.05). The main lesions primarily exhibited carcinoma as the pathological type (66.7%), whereas the accessory lesions predominantly showed high-grade intraepithelial neoplasia (72.3%). The difference between the main and accessory lesions was statistically significant (P=0.000). The shape, location, and indications for ESD did not differ between the main and accessory lesions. The results are presented in Table 5.


Table 5 | Comparison of characteristics between main and accessory lesions.



Additionally, we observed a correlation between the main and accessory lesions in 87 patients. Spearman’s correlation analysis revealed a positive correlation between the long diameter of the main lesions and the accessory lesions (r =0.477, P=0.000) (Figure 2). The main and accessory lesions were positively correlated in morphologic type (r=0,632, P=0.000), tumor location (r=0.325, P=0.037), pathologic type (r=0.299, P=0.003), and depth of invasion (r=0.562, P=0.000). The results are presented in Table 6.




Figure 2 | Correlation of tumor diameter between main and accessory lesions of SMPEEC.




Table 6 | Comparison of characteristics between main and minor lesions of SMPEEC.






3.6 Long-term outcomes determined by cumulative recurrence rate and stricture

To further assess the long-term outcomes of ESD for early esophageal cancer, we calculated the cumulative incidence of local recurrence in all subjects (n = 911) using the Kaplan–Meier curves. As shown in Figure 3A, the cumulative incidence of local recurrence in multiple lesions was higher than that in solitary lesions, but the difference was not statistically significant (P=0.098). However, the cumulative incidence of local recurrence was related to the location of the lesions and was highest in the upper esophagus (P=0.004, Figure 3B). Additionally, the pathology type and depth of invasion were significantly associated with the cumulative recurrence rate (P=0.016, P=0.007; Figures 3C, D). No significant relationship was observed between the cumulative recurrence rate and lymphovascular invasion, complete resection, or curative resection (Supplementary Figure 1).




Figure 3 | A cumulative incidence of local recurrence by the Kaplan–Meier curves. (A) a cumulative incidence of local recurrence in all patients. (B) a cumulative incidence of local recurrence of lesions in different locations. (C) a cumulative incidence of local recurrence of different pathological types. (D) a cumulative incidence of local recurrence with invasion depth.



Subsequently, the potential causes of esophageal stricture in all patients after ESD treatment were investigated. Patients who had multiple lesions, a longer diameter of lesions, and a ratio of the esophageal circumference >1/2 were more likely to have esophageal stricture according to the logistic-regression analysis (P<0.05, Table 7).


Table 7 | Analysis of risk factors for esophageal stricture by logistic-regression analysis.







4 Discussion

Esophageal cancer is the eighth most common type of cancer worldwide and the sixth leading cause of cancer-related deaths. It is characterized by its difficult early diagnosis, high mortality rate, and poor prognosis (14), while surgical treatment is still the first recommended treatment regimen. In recent years, robot-assisted minimally invasive esophagectomy (RAMIE) has achieved better postoperative recovery and reduced complications (15, 16). However, the postoperative survival rate of patients with esophageal cancer remains low (17). Therefore, it is crucial to improve the early diagnosis rate of esophageal cancer, especially for the diagnosis of multiple lesions. SMPEC is a significantly less common condition compared to solitary primary esophageal cancer, with a reported incidence rate ranging between 0.1–10% (3, 4). Furthermore, synchronous multiple primary early esophageal cancer (SMPEEC) is even more infrequent. The prognosis of individuals with multiple esophageal cancers is considerably worse, necessitating treatments such as surgery, radiotherapy, or chemotherapy (5, 18). Very few studies have focused on the treatment of SMPEEC with ESD or the comparison of disease characteristics between SMPEEC and SEEC.

Our study aimed to assess the characteristics and risk factors associated with SMPEEC, while also evaluating the outcomes, recurrence, and stricture rate of ESD in multiple esophageal lesions in comparison to solitary esophageal lesions. The results of our study revealed independent risk factors associated with SMPEEC, along with notable correlations between the main and accessory lesions. The incidence of SMPEEC in this study was 9.55% (87/911), which is consistent with previous reports. No statistically significant differences in age, sex, smoking, history of chronic disease, or family history of cancer were observed between the two groups. However, the proportion of people who drank was significantly higher in SMPEEC than in SEEC (Table 1). A possible correlation between alcohol consumption and multiple primary esophageal cancers has been reported by Saeki H and Denggui Wen (19, 20). These authors reported that excessive smoking and alcohol consumption were risk factors associated with multiple primary carcinomas, and the mechanism of the carcinoma manifestation involved increased sensitivity of genes to the environment. These results were consistent with our study.

The en bloc (93.1%) and curative (80.5%) resection rates were satisfactory in the SMPEEC group, similar to previous reports on conventional ESD (21, 22). The predominant complication observed in the SMPEEC group was postoperative stricture, while acceptable levels of bleeding and perforation were observed in both groups. In comparison to the traditional surgical resection of the esophagus, ESD treatment for multiple esophageal cancers provides benefits such as decreased patient pain, reduced costs, and shorter hospital stays. Additionally, ESD treatment offers a higher level of safety and can effectively mitigate complications associated with esophageal cancer (17).

Furthermore, our findings indicated a predominant occurrence of esophageal involvement in the middle segment within the SEEC group, whereas the SMPEEC group exhibited a higher incidence of lesions in the lower segment of the esophagus. Analysis of the histological subtypes in our patient data revealed that esophageal cancer constituted the majority of multiple lesions (64.4%), exhibiting a significantly higher occurrence compared to solitary lesions (46.1%). This indicates that a higher degree of malignancy is more likely to develop SMPEEC. Simultaneously, it was observed that exceeding half of the esophageal circumference significantly increased the risk of developing multiple primary esophageal cancers. Multivariate analysis further proved that the pathology, tumor location, and circumferential rate of lesions were risk factors associated with SMPEEC. When encountering high pathological grade lesions, tumors located in the upper esophagus, and lesions more than half of the esophageal circumference during the endoscopic examination, it is crucial to be vigilant about the possibility of SMPEEC. This study marks the first of its kind in its utilization of regression models for predicting risk factors linked to SMPEEC, offering significant implications for enhancing the diagnostic rate of multiple early esophageal cancers in clinical practice.

Additionally, we analyzed the relationship between the main and accessory lesions in SMPEEC. The main lesion exhibited a significantly larger size compared to the accessory lesion, and a positive association was observed, indicating that as the size of the main lesion increased, so did the size of the accessory lesions. Kim JH reported similar findings in synchronous multiple early gastric cancer (23). There was a positive correlation between the main and accessory lesions in terms of morphologic type, histopathologic type, and invasion depth. Our analysis revealed that the main and accessory lesions shared identical types in 94.3% (82/87) of the cases, while the histopathologic type and invasion depth were consistent in 57.5% (50/87) and 70.1% (61/87) of the cases, respectively. Although there was no notable correlation in the vertical relationship, the main and accessory lesions displayed a considerable consistency rate of 42.5% (37/87). The middle esophagus was the primary site for both the main and accessory lesions, followed by the lower esophagus. These findings lend support to the “field carcinogenesis” hypothesis mentioned in previous studies (24, 25), which provides a plausible explanation for the occurrence of multiple lesions with similar clinicopathological characteristics in the presence of a consistent carcinogenic environment

The cumulative incidence of local recurrence in all included patients was calculated using Kaplan–Meier curves. The 5-year cumulative incidences of the SMPEEC and SEEC groups were 10.46% and 5.73%, respectively. The incidence of SMPEEC was higher than that of SEEC; however, the difference was not statistically significant, which could be attributed to the insufficient follow-up time. With an extended follow-up time, statistically significant differences may be observed between the two groups. A multicenter retrospective study in Japan showed that the local recurrence rate of esophageal mucosal lesions after ESD was approximately 1.9–9.4% (26, 27). Our study provided evidence that the cumulative recurrence rate was affected by tumor location, pathological type, and depth of invasion. The recurrence rate of tumors in our study was the highest in the upper esophagus, which was concurrent with the reports of previous studies (28, 29). The depth of invasion has also been reported to influence recurrence in many studies (30, 31) and our study arrived at the same conclusion. When the depth of invasion reaches the submucosa, the rate of lymph node metastasis increases significantly, which may be the primary reason for postoperative local recurrence.

According to the results of this study, the ratio of esophageal circumference, pathology type, multiple lesions, and diameter length of lesions were risk factors associated with esophageal stricture. It is reported that the incidence of post-ESD stricture in esophageal neoplasms ranges between 5–17% (32–34). A study conducted in Japan reported that postoperative strictures occurred in 90% of patients with lesions exhibiting diameters more than three-fourths of the circumferential extension (35). In our data, the possibility of esophageal stricture increased if a lesion was more than half of the esophageal circumference. The depth of invasion is a known risk factor for esophageal strictures. However, our results revealed no correlation between invasion depth and esophageal stricture. We speculated that this may be due to the inclusion of confounding factors, such as multiple lesions, in our analysis.

There are certain limitations to our study. First, it was performed in a single center and was designed retrospectively. Second, the number of cases in the multiple lesion group was significantly less than that in the single lesion group, so could be a possible chance of bias. Third, some of the included patients did not have enough follow-up time. Therefore, future studies with a larger sample size of patients with multiple lesions and a longer follow-up period would be useful to validate our findings.

Nevertheless, this study has several strengths. This is the first study to comprehensively evaluate the clinicopathological characteristics of primary esophageal neoplasia treated with ESD and identify the risk factors for multiple esophageal lesions. Moreover, we thoroughly investigated the relationship between the main and accessory lesions. Lastly, our findings emphasize the importance for clinicians to be vigilant in identifying potential additional lesions in patients exhibiting these characteristics.




5 Conclusion

In conclusion, our study revealed a higher risk of multiple lesions in patients who consumed alcohol. Additionally, our findings indicated that pathology type, tumor location, and circumferential rate of lesions were independent risk factors associated with SMPEEC. We demonstrated that the main and accessory lesions of SMPEEC share similar clinicopathological characteristics. Therefore, when SEEC is detected, it is important not to neglect the possibility of SMPEEC, considering our understanding of the characteristics of the main and accessory lesions.
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Background

Cellular senescence occurs throughout life and can play beneficial roles in a variety of physiological processes, including embryonic development, tissue repair, and tumor suppression. However, the relationship between cellular senescence-related genes (CSRGs) and immunotherapy in esophageal carcinoma (ECa) remains poorly defined.





Methods

The data set used in the analysis was retrieved from TCGA (Research Resource Identifier (RRID): SCR_003193), GEO (RRID: SCR_005012), and CellAge databases. Data processing, statistical analysis, and diagram formation were conducted in R software (RRID: SCR_001905) and GraphPad Prism (RRID: SCR_002798). Based on CSRGs, we used the TCGA database to construct a prognostic signature for ECa and then validated it in the GEO database. The predictive efficiency of the signature was evaluated using receiver operating characteristic (ROC) curves, Cox regression analysis, nomogram, and calibration curves. According to the median risk score derived from CSRGs, patients with ECa were divided into high- and low-risk groups. Immune infiltration and immunotherapy were also analyzed between the two risk groups. Finally, the hub genes of the differences between the two risk groups were identified by the STRING (RRID: SCR_005223) database and Cytoscape (RRID: SCR_003032) software.





Results

A six-gene risk signature (DEK, RUNX1, SMARCA4, SREBF1, TERT, and TOP1) was constructed in the TCGA database. Patients in the high-risk group had a worse overall survival (OS) was disclosed by survival analysis. As expected, the signature presented equally prognostic significance in the GSE53624 cohort. Next, the Area Under ROC Curve (AUC=0.854) and multivariate Cox regression analysis (HR=3.381, 2.073-5.514, P<0.001) also proved that the risk signature has a high predictive ability. Furthermore, we can more accurately predict the prognosis of patients with ECa by nomogram constructed by risk score. The result of the TIDE algorithm showed that ECa patients in the high-risk group had a greater possibility of immune escape. At last, a total of ten hub genes (APOA1, MUC5AC, GC, APOA4, AMBP, FABP1, APOA2, SOX2, MUC8, MUC17) between two risk groups with the highest interaction degrees were identified. By further analysis, four hub genes (APOA4, AMBP, FABP1, and APOA2) were related to the survival differences of ECa.





Conclusions

Our study reveals comprehensive clues that a novel signature based on CSRGs may provide reliable prognosis prediction and insight into new therapy for patients with ECa.
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Introduction

Esophageal carcinoma (ECa) is a highly aggressive malignancy and a healthcare problem with global impact. It ranks tenth in the incidence of malignancies worldwide and sixth in deaths from cancer (1). In 2020, 604,100 people (3.1% of new cancer cases) worldwide were diagnosed with ECa and 544,076 people (5.5% of new death cases) died from this disease (1). The course of treatment for ECa has changed significantly over the past decades. Early ECa is generally treated by endoscopy, and locally advanced ECa is routinely treated with neoadjuvant chemoradiotherapy before surgical treatment (2). However, for cervical ECa, chemotherapy and radiotherapy are the preferred treatment options (2). Despite the diversity of treatment options for ECa, the survival rates for ECa remains poor, mainly due to the late stage of the disease when first diagnosed and the high recurrence rate even in cases of localized disease. Consequently, it is vital for us to explore the appropriate therapeutic targets and novel prognostic biomarkers for ECa patients to enhance the clinical outcome.

Cellular senescence is characterized by a state of persistent cell cycle arrest in which cells remain merely metabolically active (3, 4). It is not only related to the aging process of organisms but also plays an important role in the whole life process from embryonic development to the end of life (5–7). One of the key features of senescent cells is the senescence-associated secretory phenotype (SASP), comprising three main features such as loss of proliferative or regenerative capacity, resistance to apoptosis, and accumulation of pathological metabolic wastes (8, 9). In recent years, more and more scholars have shown great interest in the intricate relationship between cellular senescence and cancers (10, 11). Previous studies have shown that cellular senescence acts as a double-edged sword at different stages of malignancy development (7, 12, 13). Consequently, abolishing accumulated deleterious cellular senescence and inducing acute cellular senescence are now being investigated as targets for treating disease. Recent research indicates that tumor cells might experience senescence as an evolutionary process, which involves both tumor intrinsic traits and external immunological load (14, 15). Notably, the negative consequences of SASP outweigh its positive features (16). Therefore, we hypothesized that with the accumulation of senescent cells, SASP remodels the tumor microenvironment by recruiting immunosuppressive cells, thereby promoting tumor cell evasion of immune surveillance, leading to poor clinical prognosis in tumors. To facilitate studies focused on cell senescence, the researchers developed CellAge, a database of genes associated with cell senescence. Developer manually-curated data is based on gene manipulation experiments in different human cell types. A gene expression signature of cellular senescence is also available. By integrating these and other datasets developers performed a systems biology analysis of cell senescence. At present, there are few studies on CSRGs in ECa, but a number of studies have shown that CSRGs signature can play a prognostic role in hepatocellular carcinoma, gastric cancer, bladder cancer, renal cell carcinoma, and colon cancer (17–21). However, the expression characteristics and prognostic significance of CSRGs in ECa remain unclear. Therefore, the study of cellular senescence in ECa is crucial.

In our study, a risk signature based on six CSRGs was constructed and validated in The Cancer Genome Atlas (TCGA) cohort and Gene Expression Omnibus (GEO) cohort, respectively. The actual prognostic value of risk signature in patients with ECa has also been fully explored. Based on the risk groupings, we next focused on the differences in clinical features, immune infiltration, and immunotherapy response between the two risk groups. Finally, we hope that our study can broaden the mind for prognostic prediction and individualizing immunotherapy of ECa.





Materials and methods




Data collection

The gene expression profiles and clinical data of patients with ECa were extracted from the TCGA public database (https://portal.gdc.cancer.gov) and used as the training cohort. A total of 194 patients (12 normal esophageal tissue samples and 182 ECa samples) were included in the TCGA database. Independent probe matrix file (GSE53624) and platform file (GPL18109) containing 179 samples were derived from the GEO database (https://www.ncbi.nlm.nih.gov/geo/) and served as validation sets. According to the probe sequence of the platform file, the gene names were obtained by chip re-annotation technology, to obtain the corresponding relationship between the probe matrix and the gene names. Finally, we selected a list of 279 CSRGs (Supplementary Table S1) from the CellAge database (https://genomics.senescence.info/cells/). The flow diagram of this study is depicted in Figure 1.




Figure 1 | The detailed flow diagram in our study.







Identification of differentially expressed CSRGs in ECa

The expression differences of CSRGs between 12 normal esophageal tissues and 182 ECa tissues were analyzed by the “limma” R package. The data were analyzed strictly according to the screening criteria of false discovery rate (FDR)<0.05 and |log2 (fold change, FC)|>0.585. Next, differentially expressed CSRGs were visualized by plotting heat map and volcano map with the “pheatmap” package of the R software system.





Development and verification of a prognostic-related CSRGs signature

We first combined the expression data in TCGA-ECa with the survival data and then analyzed and obtained the expression levels of differentially expressed CSRGs in ECa samples. Then, the CSRGs related to the prognosis of ECa were obtained by univariate Cox regression analysis, and the screening criteria was P<0.05. Finally, the Least Absolute Shrinkage and Selection Operator (lasso) regression analysis with the “glmnet” package in R was executed to pick up the preliminary hub CSRGs. The calculation formula of CSRGs-related risk scores was as follows: risk scores =Σi(Lasso_Coefi*GeneExpi). “Lasso_Coef”, Lasso regression coefficient; “GeneExp”, amount of gene expression. According to the median risk score derived from CSRGs, patients with ECa were divided into high- and low-risk groups.

The effectiveness of the risk signature was demonstrated by principal component analysis (PCA), Kaplan–Meier survival curves, and receiver operating characteristic (ROC) curves. In order to verify the independence of the risk signature in prediction, univariate and multivariate Cox analyses on clinical variables and risk scores were generated using the “survival” package of R. The selected clinical variables are mainly indicators that have important prognostic significance for patients with ECa, such as age, gender, clinicopathological grade, and TNM stage. The “ggpubr” package of R was used to investigate whether there were differences in clinical variables and immune subtypes among different risk groups.





RNA isolation and quantitative real-time PCR

Total RNA was extracted from 12 paired human ECa tissues and adjacent non-tumorous esophageal tissues using TRIzol Reagent (Abcam, China). The reverse transcription was conducted with TransScrip All-in-One SuperMix for qPCR reagent Kit (TaKaRa, Japan). Real-time fluorescent PCR was performed by SYBR Green assay. The experiment adopted a 20μL reaction system, Tip Green qPCR SuperMix (TaKaRa, Japan), cDNA template, upstream and downstream primers were successively added into 8 reaction tubes, and 3 repeated experiments were performed for each sample. We used glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the internal reference, and the data were analyzed using the 2–ΔΔCt approach. The sequences of primers were listed in Supplementary Table S2.





Construction of a nomogram

In order to predict the survival rate of patients with ECa at 1, 2, and 3 years, clinicopathological factors and risk score integrated nomogram was generated using the”regplot” and “rms” packages in R. Subsequently, by generating a calibration curve, we evaluated the preliminary consistency between the survival rate of ECa predicted by the nomogram and the actual survival rate. The ROC curve was utilized to explore the accuracy of the nomogram and clinical features in predicting the survival rate of patients with ECa. At last, univariate and multivariate Cox analyses were utilized to explore the potential of the nomogram to independently predict prognosis in ECa.





Investigation of the immunotherapy response

R software combined with the CIBERSORT algorithm was used to explore the differences of 22 kinds of human immune cell subpopulations between the two risk groups in TCGA-ECa. Immediately after, we explored the differences in pathway enrichment between the two risk groups by gene set variation analysis (GSVA). The TIDE (Tumor Immune Dysfunction and Exclusion) algorithm was used to evaluate the weight of immunological rejection in two risk groups via an online website (http://tide.dfci.harvard.edu/).





Functional and pathway enrichment analysis

Firstly, the “limma” package of R software was used to screen the differentially expressed genes (DEGs) between different groups, and the screening criteria were FDR<0.05 and |log2FC|>1. Subsequently, we performed GO and KEGG analysis on the two risk groups to explore the differences in their potential biological functions and pathways.





Gene set enrichment analysis

Using the curated gene set (kegg.v7.4.symbols.gmt), broad GSEA v.4.2.3 was applied to detect high- and low-risk group correlation pathways with the criteria: NOM P<0.05 and |NES|>1 (22).





Construction of the PPI network

The STRING online database (https://string-db.org/) was first applied to obtain the PPI (protein-protein interaction) information (interaction score >0.70) of the DEGs between different groups. Next, we visualized the PPI network using the Cytoscape software (version 3.9.1). In addition, the plugin of cytoHubba in Cytoscape was utilized to screen the hub genes with the most complex connections in the PPI network. Finally, the clinical significance of hub genes in ECa was further explored.





Statistical analysis

Data processing, statistical analysis, and diagram formation were all conducted in R software (version R-4.2.2), GraphPad Prism (version 9.0), and Cytoscape software (version 3.9.1). The Kaplan–Meier curve plotted by the “survminer” package of R was used to compare differential survival probability. Univariate and multivariate Cox regression analyses of independent prognostic factors were performed using the “forestplot” package of R. ROC curve plotted by the “timeROC” package of R was used to assess the predictive efficacy of the CSRGs prognostic signature and nomogram. Results with two-sided P<0.05 were deemed statistically significant.






Results




Identification of differential CSRGs in ECa

In TCGA data, among 279 CSRGs, 119 were differentially expressed between ECa samples and normal esophageal samples (FDR <0.05, |log2FC| > 0.585), including 15 downregulated genes and 104 upregulated genes in the ECa tissue samples. These above differences are displayed in the heat map and volcano map (Figures 2A, B).




Figure 2 | (A, B) Heat map and volcano map of differential CSRGs in ECa and normal esophageal tissues. Green, downregulated; red, upregulated.







Construction of a prognostic signature and signature gene analysis

Based on univariate Cox regression analysis of the TCGA-ECa cohort, 7 CSRGs that significantly affect the prognosis of ECa were disclosed, such as TERT (Figure 3A). Subsequently, in order to develop a CSRGs signature for survival prediction of ECa, the 6 OS (overall survival)-associated CSRGs were analyzed using the LASSO analysis. Finally, a total of 6 genes (DEK, RUNX1, SMARCA4, SREBF1, TERT, TOP1) were built (Figures 3B, C). The risk scores for all patients were calculated as follows: risk score = (0.486102936551265×DEK level) + (-0.466577382724787×RUNX1 level) + (-0.379803436002195×SMARCA4 level) + (-0.216260668499574×SREBF1 level) + (0.326358456240447×TERT level) + (0.126266167208409×TOP1 level) (Supplementary Table S3). The results of our further analysis of the expression levels of signature genes in ECa and normal esophageal tissues are as follows. Compared with the normal esophageal tissues group, DEK, RUNX1, SMARCA4, SREBF1, TERT, and TOP1 all showed elevated expression abundance in the ECa tissues group (Figures 3D-I).




Figure 3 | Develop a prognostic signature and signature gene analysis. (A) Forest plot. The 7 CSRGs associated with ECa prognosis. (B) LASSO coefficient profiles of 7 CSRGs. (C) The numbers on the graph represent the number of genes associated with the prognosis of ECa; Cross-validation for tuning parameter selection to filter the key genes. (D-I) Expressed divergence of signature genes between ECa tissues and normal esophageal tissues. **P < 0.01, *** P < 0.001.







Validating the expression levels of signature genes in ECa patients

Real-time fluorescence quantitative PCR (RT-qPCR) was performed to verify the mRNA level of the six signature genes in 12 paired ECa tissues and adjacent normal esophageal tissues. The results indicated that the expression of DEK, RUNX1, SMARCA4, SREBF1, TERT, and TOP1 were all up-regulated in ECa tissues than that in adjacent normal tissues (Figures 4A-F). These results were consistent with the expression tendencies of the previous signature genes in esophageal cancer and normal esophageal tissues.




Figure 4 | The relative RNA level of DEK (A), RUNX1 (B), SMARCA4 (C), SREBF1 (D), TERT (E), and TOP1 (F) in ECa tissues and adjacent normal esophageal tissues. Data are presented as Mean with SD, **P < 0.01, *** P < 0.001.







Validation of a CSRGs prognostic signature

It was found by PCA that our constructed CSRGs signature can accurately divide ECa samples into high- and low-risk groups (Figures 5A, B). Similar to the results obtained from the training cohort, patients in the high-risk group of the testing cohort were more likely to encounter a worse prognosis (Figure 5C). The results of univariate Cox regression analysis combined with multivariate Cox regression analysis in the TCGA-ECa cohort and GEO-ECa cohort suggested that the risk score based on CSRGs remained an independent risk factor affecting the prognosis of ECa (Figures 5D, E). In predicting survival, the risk score had a larger area under the ROC curve than other clinical features in the TCGA-ECa cohort and GEO-ECa cohort, suggesting that the risk score could serve as a more accurate prognostic factor (Figure 5F). Afterward, ROC analysis was employed to assess the risk signature in OS, with AUC values of 0.779, 0.720, and 0.761 at the 1-, 2-, and 3-year in TCGA-ECa cohort and 0.705, 0.721, and 0.745 at the 1-, 2-, and 3-year in the GEO-ECa cohort, respectively (Figure 5G).




Figure 5 | Validation of risk score signature and implications for prognosis. (A, B) PCA chart. High- and low-risk groups were differentiated by CSRGs and signature genes, respectively. (C) K-M curves for the OS of the prognostic signature in the TCGA-ECa cohort and GEO-ECa cohort, respectively. (D, E) Univariate and multivariate Cox regression analyses of prognostic factors in TCGA-ECa cohort and GEO-ECa cohort, respectively. (F) The AUC values of the risk signature were the highest in the TCGA-ECa cohort and GEO-ECa cohort. (G) ROC analysis was employed to evaluate the capacity of the risk signature in OS in the TCGA-ECa cohort and GEO-ECa cohort.







Clinicopathological characteristics and prognostic value in different risk groups

Based on the results of risk grouping, we are interested in whether there are differences in clinical features among different risk groups and conducting further analysis. We found a significantly increased risk in patients older than 65 years and in patients with grade G3 (Figures 6A, B). However, other clinical features did not show statistical significance between the different risk score groups (Supplementary Figure S1). Thorsson et al. performed an extensive immunogenomic analysis of over 10,000 tumors comprising 33 diverse cancer types utilizing data compiled by TCGA (23). Across cancer types, they identified six immune subtypes by RNA sequencing: C1-Wound Healing, C2-IFN-γ Dominant, C3-Inflammatory, C4-Lymphocyte Depleted, C5-Immunologically Quiet, and C6-TGF-β Dominant (23). Next, we also found that the risk score between the different immune subtypes was also not statistically different (Figure 6C). Finally, we investigated the prognostic value of CSRGs risk score signature in different subgroups of patients with ECa (Figures 6D–H). CSRGs risk score can accurately determine prognosis in ECa patients with either aged less than 65 years (P<0.001) or M0 stage (P<0.001), as well as in patients with ECa in T1&T2 stages (P=0.007) or T3&T4 stages (P=0.003) or N0 stage (P=0.015) or N1&N2&N3 stages (P=0.006) or pathological stage I & II (P=0.003) or pathological stage III & IV (P=0.004). However, CSRGs risk score signature was not a good predictor of prognostic outcome for ECa patients aged more than 65 years (P=0.170).




Figure 6 | (A-C) Box plots of different risk groups at different ages, grades and, immune subtypes. Subgroup survival analysis of M0 stage (D), age (E), T stage (F), N stage (G), and pathological staging (H) between high- and low-risk score groups.







Construction of a clinical nomogram

In order to broaden the application of the CSRGs in ECa patients, we developed a quantitative nomogram to compute OS at 1, 2, and 3 years in the TCGA-ECa cohort and GEO-ECa cohort (Figure 7A). In the TCGA-ECa cohort, when the prognostic parameters’ point is 255, the predicted OS of patients with ECa is 0.544 at 1 year, 0.186 at 2 years, and 0.054 at 3 years. The OS prediction lines of the nomogram are close to the 45° standard curve of the calibration analysis in the TCGA-ECa cohort and GEO-ECa cohort, demonstrating that the established clinical nomogram performs excellent (Figure 7B). It confirmed the high predictive efficiency of the nomogram in OS of patients with ECa. We also found that the AUC value of the nomogram in the ROC curve reached 0.808, suggesting that the nomogram was a better predictor of survival than other prognostic indicators of ECa patients in the TCGA cohort (Figure 7C). In addition, the results of univariate Cox regression analysis combined with multivariate Cox regression analysis (Figures 7D, E) suggested that the nomogram (HR=1.164, 1.097-1.235, P<0.001) based on risk score remained an independent risk factor affecting the prognosis of ECa in TCGA cohort.




Figure 7 | Construction and verification of a Nomogram. (A) Nomogram for forecasting the 1-, 2-, and 3-year mortality in the TCGA-ECa cohort and GEO-ECa cohort. (B) Calibration curve of the prediction efficiency of Nomogram in TCGA-ECa cohort and GEO-ECa cohort. (C) The AUC value of the nomogram was the highest at 0.808 in the TCGA cohort. (D, E) Univariate and multivariate Cox regression analyses of prognostic factors associated with OS in TCGA cohort, including Nomogram.







Relationship of the CSRGs signature with tumor immunotherapy

By performing GSVA (Gene Set Variation Analysis), we evaluate the relative expression difference of the pathways between two risk groups. Many differentially expressed pathways were enriched by GSVA analysis and finally visualized by heatmap (Figure 8A). Compared with the low-risk group, the expression of pathways associated with metabolism and transport of cellular processes were remarkably activated in the high-risk group, whereas the expression of tumor and genetic information processing associated pathways were significantly lower. Analysis of immune cell infiltration revealed higher naïve B cells and regulatory T cells (Tregs) in the high-risk group, however, activation of M0 macrophages and activated memory CD4+ T cells was higher in the low-risk group (Figure 8B). In addition, compared with the high-risk group, immune function analysis displayed that APC_co_inhibition and type_II_IFN_response were more activated in the low-risk group (Figure 8C). Finally, the TIDE algorithm showed that the high-risk group has a greater risk of immune escape during immunotherapy, which also implied that the low-risk group of ECa patients may benefit from immunotherapy (Figure 8D).




Figure 8 | Risk score guides immunotherapy. (A) Heat map of GSVA analysis for two risk groups. (B, C) Box plot of immune signature analysis between two risk groups. (D) Violin plot of TIDE score distribution between two risk groups. * P < 0.05, **P < 0.01.







Functional enrichment analysis and gene set enrichment analysis

We screened 747 DEGs between the two risk groups. GO and KEGG analysis further elucidated differences in biological functions and pathways between the two risk groups. The biological process (BP) modules of GO analysis are mainly focused on epidermis development, digestion, epidermal cell differentiation, digestive system process, and so on (Figures 9A, B). However, the human papillomavirus infection, protein digestion and absorption, metabolism of xenobiotics by cytochrome P450, and tight junction pathways were observably enriched in the KEGG analysis (Figures 9C, D). To explore the different biological functions of 6 cellular senescence-related signature genes in two risk groups, the GSEA (gene set enrichment analysis) analysis was used to identify the top five pathways. GSEA analysis showed that complement and coagulation cascades, glycerolipid metabolism, maturity-onset diabetes of the young, PPAR signaling pathway, and tryptophan metabolism were enriched in high-risk groups (Figure 9E). However, dilated cardiomyopathy, ECM receptor interaction, hedgehog signaling pathway, pathways in cancer, and regulation of actin cytoskeleton were enriched in low-risk groups (Figure 9F).




Figure 9 | Enrichment analysis of DEGs between two risk groups and GSEA analysis of 6 signature genes in high- and low-risk groups. (A, B) GO enrichment analysis of DEGs between two risk groups. (C, D) KEGG enrichment analysis of DEGs between two risk groups. (E, F) GSEA analysis of the top five pathways enriched by 6 signature genes in high- and low-risk groups.







Identification of 10 hub candidate genes with the PPI network

In order to screen the differential hub genes that are involved in two risk score groups from the interaction level, the expression profiles of DEGs were visualized by the STRING database and Cytoscape software. Proteins encoded by 293 differential genes were used to construct the PPI network, which included the interaction relationship of 177 up-regulated genes and 116 down-regulated genes (Figure 10A). Finally, the 10 hub genes (APOA1, MUC5AC, GC, APOA4, AMBP, FABP1, APOA2, SOX2, MUC8, MUC17) with the highest interaction degrees were identified by Cytoscape (Figure 10B). By further analysis, 4 hub genes (APOA4, AMBP, FABP1, and APOA2) with survival differences were identified (Figure 10C; Supplementary Figure S2). The results demonstrated that patients with ECa with high expression of the above 4 genes had a lower probability of survival.




Figure 10 | The PPI network complex for the DEGs and expression levels of hub genes among different clinical characteristics. (A) Proteins encoded by 293 DEGs were used to construct the PPI network. (B) A total of 10 hub genes were identified using Cytoscape. (C) K-M curves based on AMBP level in ECa patients. (D) Box plot of the relationship between the expression of AMBP and different grades. (E) Box plot of the relationship between the expression of AMBP and different immune cells. * P < 0.05, ** P < 0.01, *** P < 0.001.



We further analyzed the relationship between the expression level of these 4 genes and the clinical features of ECa. In ECa patients with grade G2 and G3, the expression level of APOA4 was significantly higher than that in grade G1 patients (Supplementary Figure S3). With the increase of G grade level in patients with ECa, the expression of AMBP gradually increased with statistical significance (Figure 10D). In ECa patients over 65 years old, the FABP1 expression level was significantly higher than that below 65 years old (Supplementary Figure S4). Finally, the relationship between the expression levels of these 4 genes and different immune cells was further explored. The AMBP and FABP1 high expression groups had higher resting CD4 memory T cells infiltration, suggesting that those groups of patients are more suitable for immunotherapy (Figure 10E; Supplementary Figure S5).






Discussion

Because patients with ECa do not feel any discomfort early on, the prognosis of patients with ECa is relatively poor. In the past diagnosis of ECa, early-stage cancer only accounts for about 5% (24). Due to the strong aggressiveness of ECa, when symptoms such as dysphagia appear, most of the patients are already at an advanced stage, resulting in a very poor prognosis for patients. However, despite the diversity of treatment options for ECa, the 3- and 5-year survival rates of patients fluctuate between 6% to 35% (24). Although the treatment strategy and individualized treatment of patients with ECa have improved, a considerable proportion of patients who receive comprehensive treatment still gained disappointing improvements in survival (25). It can be seen that the current effective clinical treatment for patients with ECa is quite limited. Therefore, it is greatly important to develop models for optimizing decision-making strategies for ECa management.

Cellular senescence refers to a state of persistent growth arrest induced by a variety of endogenous and exogenous stress (26). Accumulative evidence points to several common hallmarks of cellular senescence including high expression of the cell cycle inhibitor p16Ink4a, and a unique SASP involving matrix metalloproteinases, cytokines, growth factors, chemokines, and angiogenic factors (27). An increasing number of investigations have indicated that cellular senescence plays a considerable role in tumor microenvironment remodeling and tumor proliferation (28, 29). Considering that there are few studies on cellular senescence in ECa, this study explores the value of CSRGs in the prognosis and treatment of ECa. Finally, six genes, including DEK, RUNX1, SMARCA4, SREBF1, TERT, and TOP1 were filtered out to construct the prognostic signature. Intriguingly, previous studies have found that these landmark genes have been identified as playing an important role in the biological processes of various malignancies.

DEK encodes a protein consisting of 275 amino acids with a molecular weight of about 43 kDa (30). Multiple studies have shown that DEK is upregulated in a variety of malignant conditions, such as acute myelocytic leukemia(AML) (31–33), melanoma (34), hepatocellular carcinoma (35), retinoblastoma (36, 37), urinary bladder cancer (38, 39), glioblastoma (40), and oral squamous cell carcinoma (SCC) (41). Matrka et al. revealed for the first time that overexpression of DEK in mice contributes to an increase in the overall incidence of ECa and a trend toward increased cell proliferation was detected in adjacent normal esophageal tissues (42). There are three RUNX (including RUNX1, 2, and 3) family members in mammals, and different RUNX proteins have different tissue-specific expressions and exhibit different biological significance (43). Many studies in the past have confirmed that RUNX1 played a central role in epithelial tumorigenesis through the RUNX1-Stat3 axis (44, 45). SMARCA4 is considered to play a critical role in cell growth arrest and cellular senescence and is hypothesized to be a tumor suppressor gene in lung cancer (46, 47). SREBF1 has been shown to have a strong tumorigenic role in many malignant types including hepatocellular carcinoma, prostate cancer, and breast cancer (48). Li et al. also found that SREBF1 is an underlying therapeutic target and prognostic indicator in ECa (49). TERT gene, located in human chromosome 5p15.33, is the catalytic subunit of telomerase, is an indispensable and important part of telomerase-holoenzyme, and can play a crucial role in the formation of carcinoma through telomere-dependent or independent mechanism (50). Topoisomerase 1 (TOP1) can release topological stress due to natural processes such as replication and transcription and is an essential enzyme for life processes (51). If endogenous or exogenous DNA damage is not repaired by TOP1, it will ultimately contribute to cell death resulting from the accumulation of cytotoxic double-strand breaks (DSB) (52, 53). This regulatory mechanism has also been used in the anti-cancer treatment of various tumors, such as colorectal cancer (54), lung cancer (55), and ovarian cancer (56). Based on the evidence of the above findings, it further indicates that CSRGs may predict the prognosis of ECa.

By searching the TCGA database, we developed a prognostic risk signature for patients with ECa using CSRGs. In order to comprehend the underlying function of the signature in ECa, PCA analysis was first performed by us. The results revealed that patients with ECa could be more accurately segmented into two risk groups based on six CSRGs, which further proved the superiority of the signature. Survival analysis demonstrated that patients in the high-risk score group had a significantly poorer OS. We further rebuilt the signature with the same criteria in the validation cohort to verify the stability of the previously constructed risk signature. As expected, consistent with the prognostic result obtained in the TCGA, patients with higher risk scores of the GEO also exhibited worse OS. Furthermore, the results of multivariate Cox analysis verified that the risk signature based on CSRGs remained an independent risk factor affecting the prognosis of ECa in the TCGA-ECa cohort and GEO-ECa cohort. The CSRGs risk score can accurately determine prognosis in ECa patients with either aged less than 65 years or M0 stage, as well as in patients with ECa in T1&T2 stages or T3&T4 stages or N0 stage or N1&N2&N3 stages or pathological stage I & II or pathological stage III & IV. These results further demonstrate the practicability of our signature in the clinic. Immediately afterward, in order to broaden the application of the CSRGs in ECa patients, we developed a quantitative nomogram to compute OS at 1, 2, and 3 years. The OS prediction lines of the nomogram are close to the 45° standard curve of the calibration analysis, demonstrating that the established clinical nomogram performs excellent. Encouragingly, we also found that the AUC value of the nomogram in the ROC curve reached 0.808 in the TCGA cohort, suggesting that the nomogram was a better predictor of survival than other prognostic indicators of ECa patients. At last, the results of univariate Cox regression analysis combined with multivariate Cox regression analysis suggested that the nomogram based on risk score remained an independent risk factor affecting the prognosis of ECa.

With the development of medicine, more and more treatments are available for ECa (57). The core of tumor immunotherapy is to regulate the disordered immune function of the body, relying on the immune system to function to kill cancer cells and tumor tissues (58). This often leads to the abuse of immunotherapy drugs as it is currently unclear which patients with ECa benefit from immunotherapy in practice. Therefore, we conducted a further analysis using the available signature to distinguish which patients with ECa would benefit more from immunotherapy. Analysis of immune cell infiltration revealed higher regulatory T cells (Tregs) (tumor-promoting cells) in the high-risk group, however (59), activation of M0 macrophages and memory CD4+ T cells (anti-tumor cells) activated was higher in the low-risk group (60). In addition, compared with the high-risk group, immune function analysis displayed that APC_co_inhibition and type_II_IFN_response were more activated in the low-risk group. APC-co-inhibition describes an important mechanism of interaction between antigen-presenting cells (APC) and T cells. In this interaction, co-stimulatory molecules on the surface of antigen-presenting cells, such as CD80/86, bind to CD28 on the surface of T cells, initiating a T-cell immune response (61). Other molecules, such as CTLA-4, competitively bind CD80/86 to inhibit the T-cell immune response, known as APC-co-inhibition (61). Therefore, APC-CO-inhibition is not an independent immune pathway, but an immunomodulatory mechanism that can play a role in a variety of immune pathways, such as the TCR signaling pathway and NF-kB signaling pathway (61). The research results of Liu et al. revealed that “type_II_IFN_response” is an immune-related function associated with anti-tumor (62), which coincides with the results of our study. Based on these findings, we speculated that the low-risk group had a more effective response to immunotherapy than the high-risk group. Finally, the TIDE algorithm showed that the high-risk group had a greater risk of immune escape during immunotherapy, which also implied that the low-risk group of ECa patients may benefit from immunotherapy. On the whole, the prognostic signature of CSRGs that we constructed can not only predict the prognosis of ECa patients but also identify immunotherapy-sensitive patients.

In view of the significant differences in prognosis between the two risk groups, it is necessary to conduct in-depth research on the differential genes. We screened out 10 hub genes (APOA1, MUC5AC, GC, APOA4, AMBP, FABP1, APOA2, SOX2, MUC8, MUC17) by constructing a PPI network. Subsequently, by survival analysis, we observed that AMBP, APOA2, APOA4, and FABP1 were negatively correlated with the prognosis of ECa. At last, we also found higher immune infiltration (resting CD4 memory T cells) in the high-expression group of AMBP and FABP1, while macrophages M2 showed higher infiltration in the low-expression group of AMBP and FABP1. M2 macrophages, contrary to M1 cells that are pro-inflammatory and cytotoxic, are immunosuppressive and favor angiogenesis and tissue repair (63). Many studies have shown that tumor-associated M2 macrophages improve tumor cell growth and survival and stimulate angiogenesis and metastases (63, 64). A recent study has demonstrated that resting CD4 memory T cells were the protective factor for CRC (colorectal cancer) and could act as an independent prognostic factor based on a large sample analysis of 879 CRC patients (65). Moreover, some studies showed that resting CD4 memory T cells were associated with increased overall survival in various cancers (66, 67). It suggested that patients with high expression of AMBP and FABP1 might be more suitable for immunotherapy.





Conclusion

In the present study, our work identified and validated a CSRGs signature with independent prognostic significance for patients with ECa. The prognostic signature based on CSRGs established in this study is helpful to predict the survival rate of patients with ECa and guide clinical treatment. Patients with a low-risk group of the CSRGs signature may have a better immunotherapy effect. Therefore, our findings might facilitate the understanding of cellular senescence in ECa and provide certain guiding significance for immunotherapy. However, the current signature should be further explored and may provide some new insights into the mechanisms behind CSRGs in ECa.
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Transthoracic cardia resection is a technically well-established surgical procedure. However, acute cardiac tamponade in the early postoperative period is extremely rare. The occurrence is life-threatening to the patient. It also poses a great clinical challenge for perioperative management. To date, few cases of pericardial tamponade have been reported in gastric cancer resection performed after neoadjuvant chemotherapy combined with immunotherapy. We present the case of a 62-year-old woman who received neoadjuvant chemotherapy combined with immunotherapy before surgery, followed by transthoracic surgery. A life-threatening complication, pericardial tamponade, occurred in the early postoperative period. The successful outcome was achieved in through multidisciplinary collaboration.
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Introduction

The global incidence and mortality of gastric cancer have shown a decreasing trend over the past decades (1). Nevertheless, the incidence of gastric cancer is still high in some countries, especially in Japan and China (1). The main population of gastric cancer is advanced stage patients, and surgical treatment is an important strategy to improve the survival rate (2). Numerous studies have confirmed that neoadjuvant chemotherapy shows good application prospects and has become an important component in the multidisciplinary comprehensive treatment of malignant tumors (3–6). With the great progress in immunotherapy and the accumulation of relevant clinical evidence, significant changes have occurred in the field of cancer treatment. Some studies have confirmed that the combination of immunotherapy on the basis of neoadjuvant chemotherapy significantly improves the survival benefit of patients with adenocarcinoma of the esophagogastric junction (7).

In general, transthoracic cardia cancer resection is a technically mature surgical procedure. The postoperative period after transthoracic cardia cancer resection is associated with many complications, such as pulmonary complications such as pneumonia, pulmonary atelectasis, pleural effusion; cardiac arrhythmias and even digestive fistulae (8). However, the occurrence of acute cardiac tamponade in the early postoperative period is extremely rare and simultaneously poses a great clinical challenge for perioperative management. We describe a case of a 62-year-old woman with pericardial tamponade, who underwent transthoracic cardia cancer resection after neoadjuvant chemotherapy combined with immunotherapy. Written informed consent was obtained before publication of this report.





Case report

A 62-year-old woman has been suffering from upper abdominal pain for six months. Gastroscopy revealed an esophagogastric junction lesion, and subsequent pathology confirmed the diagnosis of cardia Signet-ring cell carcinoma (H22-07643). Thoracic and abdominal CT scan revealed thickening of the cardia wall, which was considered malignant. Multiple small hemangiomas of the liver. Left lung upper lobe calcified spots. Clinical stage cT3N1M0.

After all the examinations were completed, neoadjuvant chemotherapy combined with immunotherapy was performed. The chemotherapy program XELOX (injection oxaliplatin (T) 200mg + capecitabine 1.5g 2/day d1-d14), and at the same time the patient administrated with tirilizumab as immunotherapy. The process was smooth and there was no obvious adverse reaction. One month after two cycles of neoadjuvant chemotherapy combined with immunotherapy, chest and abdominal CT scan was rechecked, and the tumor was significantly shrank compared with the preoperative CT. The tumor lesion achieved partial response (PR) and the sum of the largest diameters of the target lesions was reduced by about 50% (Figure 1). After preoperative examination, there was no relevant contraindication. Left-sided transthoracic and gastric cardiac cancer resection and esophagogastrostomy were performed. The surgically resected tumor, which is approximately 5×4×1 cm in size, is located on the small curvature side of the gastric cardia. Tumor and lymph nodes unrelated to the pericardium. Intraoperatively, a rib spreader was used in order to ensure surgical visualization. The heart may be slightly squeezed during chest-opening surgery, but hemodynamic stability is achieved. The operation was successfully completed. The patient is then returned to the ward.




Figure 1 | Comparison of abdominal CT scan before and after neoadjuvant therapy. Tumor achieved partial response (PR) with a 50% reduction in the sum of the largest diameters of the tumor target lesions.



48 hours after surgery, the patient presented with sudden onset of panic, chest tightness, tachycardia, and hypotension. There is no evidence of bleeding, and a minor amount of pleural effusion is present on both sides of the left chest as a result of the operation. Blood gas analysis is normal. Although myocardial ischemia was suspected, the emergency ECG revealed low voltage in the limb leads and an aberrant T wave in the anterior wall leads. The critical cardiac troponin I (cTnI) concentration was 1.4 μg/L. Echocardiography showed a small to moderate amount of pericardial effusion. Measurement of 19 cmH2O central venous pressure is required. The patient’s persistent hypotension was treated with intravenous injection of norepinephrine. While preparing for ultrasound-guided pericardiocentesis, the patient stated that her extremity pain and chest tightness were worsening. Then sudden loss of consciousness. Cardiopulmonary cerebral resuscitation and tracheal intubation were performed immediately. After pericardiocentesis, the patient was inserted into the pericardial drainage tube and recovery of spontaneous rhythm occurred within 9 minutes. Drainage fluid of dark red blood totally 460ml was withdrawn. Despite improvement in the patient’s hemodynamics and awareness, blood pressure remains low. Three hours later, echocardiography revealed heterogenous hypoechogenicity of the pericardium. The left ventricular posterior wall was 2.1cm thick, the left ventricular lateral wall was 1.2cm thick and the thickness of the apical part was 1.1cm. The movement of the left ventricular was limited. Thoracotomy was then carried out immediately.

With a patient’s heart rate of 125 bpm and an arterial pressure of 70/50mmHg. The tripartite staff is fully prepared. In an attempt to ensure hemodynamic stability during anesthesia. Once general anesthesia has been successfully achieved, assume the right recumbent position and enter the thoracic cavity through the original incision. Notice that the pericardium is complete and smooth, and that there is no bleeding spot on the surface. The pericardium is incised approximately 6cm behind the phrenic nerve, and dark red blood clots of approximately 60ml. (Figure 2A) A small blood vessel on the myocardial surface can be observed on the lateral wall of the left ventricle, with angiomatous changes and active hemorrhage (Figure 2B).




Figure 2 | (A) After incised the pericardium, approximately 60ml of blood clot was removed. (B) A small blood vessel on the lateral wall of the left ventricle, with angiomatous changes and active bleeding.



Using 4/0 prolene with a knitted “U” joint for stitching. Patients’ hemodynamics were subsequently improved. Transferred to the ICU for further treatment postoperatively.

Postoperative cTnI, BNP, and other biomarkers of myocardial injury progressively decreased. Hemodynamics gradually stabilized. Postoperative pathology(22-35953): Signet-ring cell carcinoma, tumor regression Grade 2, ypT1bN0M0. Follow-up to the current 9 months is good. Further chemotherapy was performed last month, and the process was successful.





Discussion

Cardiac tamponade is a symptom of cardiac compression due to slow or acute accumulation of fluid, pus, blood, clot or gas in the pericardium (9), and increased intrapericardial pressure causes impaired diastolic filling function and decreased cardiac output. Once it occurs the condition is aggressive and life-threatening (9). Therefore it is essential to identify the etiology and to make rapid diagnosis and treatment of the disease.





The etiology

The etiology of acute pericardial tamponade includes inflammatory and non-inflammatory factors (10). Causes of acute pericarditis include bacterial and Mycobacterium tuberculosis infection, connective tissue disease, and uremia. Acute pericardial hemorrhage: ventricular wall rupture, aortic aneurysm or entrapment rupture into the pericardium, chest wall trauma, and cancer metastasis.

After surgery, the etiology of acute pericardial tamponade in this patient was analyzed as acute pericardial effusion. After excluding ventricular wall rupture and aortic dissection. It seemed that the possible causes were pericardial metastasis of gastric cancer and/or trauma from the first thoracic surgery.

Cases of advanced gastric cancer combined with pericardial metastasis presenting with massive pericardial effusion leading to pericardial tamponade are relatively uncommon, but still intermittently reported. By entering a search formula in the Web of Science Core Collection database (WoSCC): TS=(pericardial effusion OR cardiac tamponade) AND TS=(gastric carcinoma OR gastric cancer OR stomach carcinoma OR stomach cancer OR stomach neoplasm*) AND TS=(chemotherapy). The majority are case reports. Table 1 lists 6 case reports of gastric cancer metastasis to the pericardium presenting with pericardial effusion or pericardial tamponade (11–16). However, was this patient combined with pericardial metastases? Pericardial metastasis could be basically excluded by the following reasons: 1) No pericardial metastasis indicated by CT scan before the first surgery; 2) no pericardial metastasis was detected by the surgeon’s exploration during the first transthoracic surgery; 3) no metastasis on exploration after incision of the pericardium in the second surgery. The reason cannot be ruled out as a result of trauma from the first chest surgery. Due to the fact that the heart may be slightly squeezed during the chest surgery. But rarely such serious complication of postoperative pericardial tamponade occurs. Yoshiaki Mizuguchi et al. reported a rare case of pericardial tamponade after resection of esophageal cancer (17). However, the case mentioned above did not receive preoperative application of neoadjuvant chemotherapy and immunotherapy. Many biological agents such as tumor necrosis factor (TNF) inhibitors (18), rituximab (19), tolizumab (20), and immune checkpoint inhibitors (21) may induce small-vessel vasculitis and drug-induced vasculitis, which increases the fragility of the small vessels and makes them more vulnerable to damage. Based on this, there is some possibility that the patient in this case also developed small vessel vasculitis, which was not attended to preoperatively.


Table 1 | Reported cases of gastric cancer metastasis to the pericardium presenting with pericardial effusion or pericardial tamponade.







Rapid bedside assessment and differential diagnosis

The use of the “SHOCK” memory at the bedside helps to promptly recognize obstructive shock from cardiac tamponade and to exclude other etiologies of shock (22). Septic shock (S) or distributive shock is distinguished from other forms of shock by high cardiac output. Hypovolemic shock (H) with low filling pressures (central venous pressure [CVP], history of volume loss). However, obstructive shock (O) and cardiogenic shock (C) combine with high cardiac filling pressures. Obstructive shock has clear lung fields on physical examination and chest radiography. Pneumothorax, pulmonary embolism, and cardiac tamponade are common causes of obstructive shock, so the next pass through the physical examination focuses on differentiating between these causes. The possibility of cardiac tamponade in patients who are hypotensive or hemodynamically unstable is quickly identified by this method combinations/other kinds of shock(K) (23).

In patients with suspected pericardial tamponade, cardiac ultrasound is the diagnostic method of choice and should be performed immediately. CT and MRI are not routinely performed in patients with suspected pericardial tamponade, but are useful in excluding possible mediastinal or pulmonary accompaniments in patients with large pericardial effusions.





Treatment programs

Pericardial drainage is feasible if the patient has a confirmed diagnosis of pericardial tamponade (10). Pericardial drainage should be done as soon as possible after diagnosis if the patient is hemodynamically stable after obtaining laboratory results such as blood volume.

Indications for emergency pericardial tamponade include: pericardial effusions caused by type A aortic dissection, rupture of the ventricular wall in acute infarction, or trauma, infected septic pericardial effusions, and encapsulated effusions that cannot be treated transcutaneously (10).





Perioperative management of patients with pericardial tamponade

Preoperative management: pericardial fluid should be drained slowly in patients with pericardial effusion to avoid pericardial decompression syndrome (9). Hypotensive and hypovolemic patients on whom vasoactive drugs are applied are given gentle intravenous fluids and blood products are applied promptly.

Induction of general anesthesia in patients with pericardial tamponade is extremely risky. Loss of sympathetic tone during induction and initiation of positive pressure ventilation. It may lead to systemic vasodilation, decreased preload, direct myocardial depression induction by anesthetic drugs and hemodynamic failure (24). Therefore avoid vasodilators, myocardial depressants, and positive pressure ventilation with large tidal volumes before uncuffing. In severely compromised individuals, it is prudent to ensure that the surgeon is gowned and gloved before induction and that the patient is prepared and covered.

Intraoperative anesthetic management focuses on maintaining hemodynamic stability (24). Key points of anesthetic management include: maintenance of cardiac output, fluid administration (adequate preload to improve right ventricular filling), maintenance of vascular tone (use of phenylephrine, vasopressin to maintain peripheral perfusion), enhances myocardial contractility (epinephrine, norepinephrine), and respiration: high-frequency, small tidal volume ventilation to avoid high peak airway pressures.





How to prevent complications of pericardial tamponade?

Although pericardial tamponade after non-cardiac surgery is extremely rare, the consequences are devastating when it occurs. It is very important to prevent the occurrence of pericardial tamponade.1) At present, neoadjuvant chemotherapy combined with immunotherapy is used in many cases of esophagogastric cancer or esophageal cancer. In the perioperative period, we should be concerned not only about the myocardial injury of cytotoxic drugs, but also its effect on small blood vessels, which shouldn’t be ignored.2) For patients who receive neoadjuvant chemotherapy and then undergo surgery, the surgical operation should be more gentle and precise.

In conclusion, the occurrence of pericardial tamponade after transthoracic cardia cancer resection is extremely uncommon, but it is also an important cause and complication that leads to hemodynamic instability of patients after operation. Once acute pericardial tamponade occurs, it should be diagnosed and drained by puncture as soon as possible. Early surgical rescue should be performed if there are surgical indications.
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Background

To predict treatment response and 2 years overall survival (OS) of radio-chemotherapy in patients with esophageal cancer (EC) by radiomics based on the computed tomography (CT) images.





Methods

This study retrospectively collected 171 nonsurgical EC patients treated with radio-chemotherapy from Jan 2010 to Jan 2019. 80 patients were randomly divided into training (n=64) and validation (n=16) cohorts to predict the radiochemotherapy response. The models predicting treatment response were established by Lasso and logistic regression. A total of 156 patients were allocated into the training cohort (n=110), validation cohort (n=23) and test set (n=23) to predict 2-year OS. The Lasso Cox model and Cox proportional hazards model established the models predicting 2-year OS.





Results

To predict the radiochemotherapy response, WFK as a radiomics feature, and clinical stages and clinical M stages (cM) as clinical features were selected to construct the clinical-radiomics model, achieving 0.78 and 0.75 AUC (area under the curve) in the training and validation sets, respectively. Furthermore, radiomics features called WFI and WGI combined with clinical features (smoking index, pathological types, cM) were the optimal predictors to predict 2-year OS. The AUC values of the clinical-radiomics model were 0.71 and 0.70 in the training set and validation set, respectively.





Conclusions

This study demonstrated that planning CT-based radiomics showed the predictability of the radiochemotherapy response and 2-year OS in nonsurgical esophageal carcinoma. The predictive results prior to treatment have the potential to assist physicians in choosing the optimal therapeutic strategy to prolong overall survival.





Keywords: radiomics, planning ct, radiation oncology, treatment response, esophageal carcinoma




1 Introduction

According to worldwide cancer statistics, esophageal carcinoma (EC) is one of the most frequent malignancies, ranking seventh in incidence and sixth in cancer-related mortality. Eastern Asia has the highest incidence and mortality, and more than 50% of these patients come from China. Esophageal squamous cell carcinoma (ESCC) comprises over 90% of all esophageal cancer cases, reflecting different treatment responses because of tumor heterogeneity (1–3). Due to the absence of typical symptoms in the early stage, EC is commonly diagnosed in the advanced stage, leading to a relatively poor prognosis (4).

Only approximately 25% of EC patients can receive radical surgery, and radiotherapy is the mainstay in the management of EC (5). The 5-year overall survival (OS) of these patients who cannot tolerate surgery due to severe heart and lung disease, hypertension, or patients who are unwilling to have surgery received radical radiotherapy varied from 20% to 73% (6). Radiotherapy is recognized as the first choice for cervical esophageal cancer because of the complex vascular nerve structure around the lesions (7). For resectable upper and middle thoracic esophageal cancer, the curative effect of radiotherapy was similar to that of surgery (8). In addition, radiotherapy is more widely applied than surgery in advanced-stage patients and early-stage patients whose lesions are adjacent to important structures (9). For these unresectable EC cases, radiotherapy with concurrent chemotherapy (CCRT) is regarded as the standard clinical workflow, significantly improving OS and decreasing treatment-related mortality (10–12). Compared to partial progressive disease (PD) or stable disease (SD) after CCRT, complete response (CR) or partial response (PR) are prone to achieve relatively high OS. Despite the great progress of radiotherapy techniques in recent decades, such as intensity-modulated radiotherapy (IMRT), volumetric modulated arc therapy (VMAT) and TOMO therapy, the CCRT response and 5-year OS rate of EC patients treated with CCRT are still not satisfactory (13, 14). It is urgent to distinguish EC patients who have the potential to benefit from CCRT in the selection of individualized strategies.

Radiomics, a critical emerging method for quantifying tumor characteristics by extracting high-throughput radiomics features from computed tomography(CT)images, magnetic resonance imaging (MRI), and positron emission tomography (PET), is now playing an important role in personalized cancer treatment (15). Previous studies explored the prediction capacity of radiomic features in many aspects of esophageal cancer, including clinical T stage, clinical N stage, lymph node metastasis, treatment response and long-term outcome of radio-chemotherapy (16–20). Some studies have also explored whether clinicopathological features and radiomics can improve EC’s prediction accuracy. Hu et al. evaluated pathologic complete response to neoadjuvant chemoradiotherapy in 231 ESCC patients using CT-based radiomics features, achieving an AUC value of 0.805 without further analyzing the predictive performance of OS (21). Philippe Lambin et al. conducted research concerning the predictive capacity of pretreatment CT radiomics in predicting 3-year OS following chemoradiotherapy with an AUC value of 0.69 in the prediction model (20). Whether CT-based radiomics and other considerable features in clinical practice, such as smoking, drinking and body mass index (BMI), can predict both treatment response and long-term outcome for EC patients with CCRT still needs further study.

Therefore, we constructed a predictive model using CT-based radiomics features in combination with clinicopathological factors to predict the CCRT response and 2-year OS in EC in this study. The selection of treatment methods may be specific due to the biological characteristics of the growth along the esophagus wall for ESCC patients, and it is clinically significant to predict the treatment efficacy before CCRT.




2 Materials and methods



2.1 Patients

This retrospective study collected 171 esophageal cancer patients treated with radiochemotherapy from January 2010 to January 2019 and was approved by the Medical Ethics Committee of Xiangya Hospital. All patients signed informed consent.

All patients were included according to the following criteria: (a) patients were diagnosed with esophageal carcinoma by histopathology; (b) age >18 years; (c) patients treated with radiotherapy and concurrent chemotherapy; and (d) the quality of radiation planning CT images was available. The exclusion criteria were as follows: (a) patients were diagnosed with other malignances and (b) patients with inferior quality of planning CT images or incomplete medical records. (c) Patients who underwent radical surgical treatment; (d) neoadjuvant chemotherapy before radiation therapy.

Besides the above standard, 80 of 171 patients used to evaluate treatment response were included according to the following criteria: (a) patients received repeated thorax CT within 1-3 months after radiotherapy and chemotherapy; (b) patients with PR were considered to be responsive, and patients with SD and PD were considered to be non-responsive. Eighty of 171 patients who met the above requirements were randomly divided into a training cohort (n=64) and a test cohort (n=16) to predict the radio-chemotherapy response.

In addition, 156 of 171 patients were randomly divided into a training cohort (n=110), validation cohort (n=23) and test cohort (n=23) to predict the 2-year survival rate. The basic clinical data were recorded and displayed (Table 1 and Figure S1), including sex, age, BMI before treatment, smoking index, drinking index, pathological types, clinical stages, lesion length, clinical T stage (cT), clinical N stage (cN) and clinical M stage (cM). Smoking index is the product of the number of cigarettes smoked per day and the number of years of smoking. The drinking index is the product of daily drinking volume(ml) and years of drinking. The clinical T/N/M stages referred to the 8th TNM staging standard (2017). We recorded the date from the beginning of diagnosis to the end of death or follow-up. Patients were followed up every three months in the first year, every six months in the second year and once a year from the third to fifth year.


Table 1 | Demographics and clinicopathological features of 133 patients in training and validation cohorts which were used to predict 2 years OS.






2.2 Radiation planning CT imaging and the region of interest

Before radiotherapy, all patients underwent Siemens CT scanning (SOMATOM Definition AS). The CT scanning parameters were as follows: (a) Scanning voltages, 100-140 kVp. (b) Tube currents, 39-473 mA. (c) Exposure time, 500-1000 ms. (d) Pixel sizes of the CT images, 0.7 mm × 0.7 mm to 1 mm × 1 mm. (e) The thicknesses of slices range from 3 mm to 5 mm.

The gross tumor volume (GTV) region was delineated by two radiation physicians with 15 years of experience and reexamined by one radiologist with 30 years of experience.




2.3 Feature extraction

The features extracted from the region of interest (ROI) were divided into two groups: without preprocessing and after wavelet transform. A total of 1130 features were extracted for each patient with 3D-Slicer, including 14 shape features, 216 first-order features and 900 texture features. The texture features were calculated by using Gray Level Cooccurrence Matrix (GLCM), Gray Level Dependence Matrix (GLDM), Gray Level Run Length Matrix (GLRLM), Gray Level Size Zone Matrix (GLSZM) and Neighborhood Gray-tone Difference Matrix (NGTDM).




2.4 The prediction of the radio-chemotherapy response

A total of 80 esophageal cancer patients were divided into training and validation cohorts to evaluate treatment response. The least absolute shrinkage and selection operator (Lasso) can select variables while estimating model parameters and better solve the multicollinearity problem in regression analysis. The best predictive features were selected by using the Lasso model with 5-fold cross-validation to reduce overfitting. In addition, a logistic regression model was used to select statistically significant clinical features (p<0.1) and then establish a clinical-radiomics model to predict treatment response. The prediction ability of treatment response was evaluated by the Harrell’s concordance index (C-index) and Receiver operating characteristic (ROC) curve.




2.5 Prediction of 2-year OS

A total of 156 esophageal cancer patients were divided into training/test/validation cohorts to evaluate 2-year OS. The Lasso Cox regression model was used for feature selection based on the training set. We used the 10-fold cross validation method to reduce overfitting.

The optimum cutoff value was based on the value represented by the maximum specificity and sensitivity in the ROC curve. Consequently, patients were divided into a high-risk group and a low-risk group in the training set. After the survival curves of the two groups were evaluated by the Kaplan Meier (KM) method, the differences between the survival curves were tested by the log-rank test (p< 0.05).

A univariate Cox proportional hazards model selected clinical features (p< 0.1). The selected clinical features were added into the multivariable Cox proportional hazards model based on radiomics features to improve the predictive ability. The prediction ability of the survival rate was evaluated by the C-index and ROC curve. The training set established a clinical-radiomics nomogram. Calibration curves were calculated to evaluate the consistency between the nomogram-predicted OS and recorded survival results. The flowchart of treatment response and survival model construction is presented in Figure 1.




Figure 1 | Flowchart of radiomics and clinical-radiomics model construction to predict treatment response and overall survival.






2.6 Statistical analysis

Feature extraction was implemented in 3D-Slicer (Version 4.11). Statistical analyses were performed using R software (Version 3.4.0). The Kruskal–Wall test performed in MATLAB 2013 was used to analyze the different groups, and a p value less than 0.05 was considered statistically significant. All statistical tests were two-sided.





3 Results



3.1 Prediction of treatment response

The ROI of planning CT images was extracted from 1130 radiomics features. Wavelet-LLL-Firstorder-Kurtosis (WFK) as the best predictor of treatment response was selected by the Lasso model (Figures 2A, B). In this radiomics feature, there were no significant differences caused by sampling error between the cohorts used for treatment response after statistical analysis (Table S1). In addition, cM and clinical stages were selected from all clinical features (Figure 2C, Table S2) by logistic regression. Through the radiomics model, the AUC of the ROC curve (Figures 2D, E) was 0.71 and 0.70 based on the training and validation cohorts, respectively. In addition, we established a clinical-radiomics model by integrating one radiomics feature and two clinical features, the AUC of the ROC curve (Figures 2D, E) was 0.78 and 0.75, respectively.




Figure 2 | (A) The curve of lambda. (B) Lasso model used to distinguish between response and nonresponse groups. (C) Heatmap of all clinical features for response. The clinical features marked in the figure were those used to build the clinical and radiomics model after screening by logistic regression. (D, E) The ROC curve of the radiomics and clinical and radiomics model for identifying treatment response based on the training and validation cohorts.






3.2 Patient demographics and clinicopathological characteristics

A total of 156 patients were analyzed to predict 2-year OS. The clinicopathological characteristics for survival analysis (training and validation cohort) are shown in Table 1 and Figure S1. In addition to clinical stages (p < 0.05), there were no significant differences between the cohorts used for survival analysis after statistical analysis to avoid sampling error.




3.3 Prediction of 2-year OS

Two radiomics features were selected by the Lasso Cox model as the optimal indices to predict the 2-year OS. The values of the two features were not significantly different in the training\test\validation cohorts, as shown in Table S3. The radiomics model was constructed by these radiomics features. A univariate Cox proportional hazards model was used to screen four clinical features, including smoking index, pathological types, cM and clinical stages. One feature called clinical stages was not included in the model because of the significant difference caused by sampling be-tween the training and validation cohorts. The analysis of clinical features is shown in Table 2. The clinical-radiomics model was constructed by integrating three clinical features and two radiomics features selected from above.


Table 2 | The analysis of clinical features.



Through evaluating the radiomics model, the C-index of the training, test and validation cohorts was 0.62, 0.61 and 0.66, respectively, and the AUC of the ROC (Figures 3A, B) was 0.64, 0.60 and 0.67, respectively. In addition, by evaluating the clinical-radiomics model, the C-index of the training and validation cohorts was 0.65 and 0.68, respectively, and the AUC of the ROC (Figures 3A, B) was 0.71 and 0.70, respectively.




Figure 3 | (A, B) The ROC curve of the radiomic and clinical-radiomics models for predicting 2-year survival based on the training and validation cohorts. (C–F) KM plot displaying the distinction of patients between the high-risk and low-risk groups through the radiomic and clinical-radiomics model based on the training and validation cohorts.



The KM curve (cutoff= 0.017 in the radiomics model and cutoff= -0.232 in the clinical-radiomics model) showed that these features distinguished the high-risk group from the low-risk group by the radiomics and clinical-radiomics models, respectively (Figures 3C–F).




3.4 The establishment of the nomogram

A nomogram was drawn according to the clinical-radiomics model (Figure 4A). Then, plotting the calibration curves of the nomogram at 2 years of OS showed that the predicted value of 2 years of OS was roughly consistent with the actual value (Figure 4B).




Figure 4 | (A) The nomogram of the clinical-radiomics model. (B) The calibration curve of the nomogram based on the training and validation cohorts.







4 Discussion

Here, we demonstrated how radiomics features combined with clinical information to form the predictive models of EC radio-chemotherapy response and 2-year OS. EC patients with relatively poor prognoses are commonly seen in the radio-chemotherapy resistance patients because of tumor heterogeneity and the change of tumor microenvironment, which can be reflected in macroscopic images (22, 23). The concept of radiomics was developed rapidly in recent years and provides insight into ameliorating the differences of intra/inter-observers and can extract hidden information for exploring the further study (24). EC treated with CCRT-induced cells apoptosis could be used to evaluate the treatment response and prognosis according to the internal characteristics of tumor area in nonsurgical EC patients (25). Luo et al. based on the CT images of 226 patients with non-surgical esophageal cancer, radiomics and clinical features were screened out to predict CR or non-CR. Although the AUC of this model reached more than 80% in the training and validation sets, it only evaluated the short-term treatment response and did not present the long-term evaluation like the survival analysis in our study (26). Luo et al. also constructed a nomogram model for predicting local progress-free survival (LPFS) after CCRT based on radiomics and clinical features (27). Unlike the above study, we aimed to predict the overall survival rate, and the progression of the patient’s condition was not considered as the end point. In addition, Tixier et al. analyzed radiomics features of PET images from 41 esophageal cancer patients. The results showed that these features could predict the radio-chemotherapy response, and the prediction ability was higher than that of the SUV value, with a sensitivity of 76%-92% (28). In conclusion, radiomics combined with clinical features has a good predictive ability. Compared with other studies, our study predicted the short-term and long-term response of radio-chemotherapy respectively and constructed two models with good predictive performance.

In our study, we included considerable clinical features, such as BMI, drinking index and lesion length, which are important to evaluate the clinical outcomes of EC patients. Smoking and drinking are the main risk factors for male EC patients in China, and BMI is the predominant risk factor for female EC patients in China (7, 29). Compared to traditional TNM staging, our prediction model including additionally meaningful clinical features performed the better predictive ability. To predict the radio-chemotherapy response, a total of 1130 radiomic features extracted from the ROI of treatment planning CT images, such as WFK represented the best radiomic parameters. In combination with significant clinical features, our model achieved an accuracy of 75% on the validation set. The performance of the clinical-radiomic model was better than that of the radiomic model. There are several aspects could effect the results as follows. (i) The biological behavior of esophageal tumors mainly grows along with the intraluminal structure, which affects the accuracy of measuring tumor invasion. (ii) The evaluation of esophageal cancer by the RECSIT standard also has certain limitations, mainly due to the cavity structure of the esophagus and the elasticity of smooth muscle interfering with the accuracy of measurement in CT images. (iii) The uneven regression of the tumor site and the varied image quality could also disturb the accuracy.

On the other hand, 156 of 171 EC patients were involved to predict 2-year OS based on the radiomics and clinical features. Many clinical indicators such as drinking index and smoking index were included in the analysis. The calculation of the drinking index was based on Chinese spirits, which may lead to errors in the calculation of the drinking index due to the diversification of brands. The clinical T stage may not be entirely accurate due to the absence of pathological staging. The clinical N stage was only based on the number of metastatic lymph nodes and did not specifically differentiate the location of metastatic lymph nodes. Regarding BMI, recording the changes in BMI before and after treatment was more closely related to patient prognosis (30–32). WFK, WFI and WGI were all texture features extracted from radiomics, representing the essential characteristics of cancer heterogeneity (33). In the future, refining the clinical indicators included in the analysis may optimize the performance of our model and improve the robustness of the model. The model jointly constructed by radiomics and clinical indicators may be more widely used.

There are some limitations to the retrospective design of our study. (i) This study was single-center, and the prediction models constructed in this study need further validation among a larger sample size and external data in the future. (ii) More clinical parameters, such as heart disease, hypertension, diabetes and other features, should be added to our models to further improve the predictive capacity. The clinical and radiomics model with these data will be more convincing for predicting prognosis. (iii) This study did not include specific biomarkers and hematological indexes in our model to predict treatment response or overall survival. Our study further researched the relationship of radiomics with underlying molecular mechanisms.

In summary, noninvasive models based on clinicopathological characteristics and planning CT-based radiomic features had superior predictive power for tumor response and 2-year overall survival after radio-chemotherapy in esophageal cancer patients and showed greater value for translation into clinical application.




5 Conclusions

In conclusion, noninvasive models based on clinicopathological characteristics and planning CT-based radiomic features had superior predictive power for tumor response and 2-year overall survival after radio-chemotherapy in EC patients. These models can help clinicians make more personalized radiotherapy and chemotherapy plans and prolong the survival time of patients, which is of great clinical significance.
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Purpose

This study aimed to investigate the safety and efficacy of transarterial infusion chemotherapy for the treatment of esophageal cancer with airway stenosis.





Methods

Data of patients with advanced esophageal cancer complicated with airway stenosis treated with transarterial infusion chemotherapy were retrospectively analyzed. Dyspnea, clinical efficacy and adverse reactions were evaluated.





Results

Of these patients, 27 had grade II preoperative dyspnea, and 31 had grade III preoperative dyspnea, 26 had grade I postoperative dyspnea, 25 had grade II postoperative dyspnea, and 7 had grade III postoperative dyspnea. Among 3 patients with left main bronchial stenosis and atelectasis, 2 had complete remission after transarterial infusion chemotherapy, and 1 demonstrated partial remission. After treatment, complete response, partial response, and stable disease were observed in 7, 34, and 17 cases, respectively. Total objective effective rate and disease control rate were 70.6% (41/58) and 100.0%, respectively. During follow up, 24 patients died of organ failure, and 17 patients died of tumor-related respiratory failure. Seven patients died of gastrointestinal bleeding, 1 patient died of myocardial infarction, and 9 patients survived.





Conclusions

Transarterial infusion chemotherapy is safe and effective for the treatment of advanced esophageal cancer with airway stenosis.
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Introduction

The clinical treatment of esophageal cancer with airway stenosis is difficult, since radical resection of esophageal cancer with airway stenosis cannot be performed (1). Intravenous chemotherapy is the first choice of treatment for unresectable esophageal cancer, but the effective rate is low (8%–54%) (2, 3). Advanced esophageal cancer is not sensitive to radiotherapy, and radiotherapy can cause acute radiation pneumonitis, which aggravates airway stenosis (4, 5).

Airway stents can rapidly expand the narrow lumen and relieve dyspnea; thus, they have been widely used in the clinical treatment of benign and malignant airway stenosis (6, 7). Transarterial infusion chemotherapy (TAIC) can be used to directly inject chemotherapeutic drugs into the tumor area through an artery, which can greatly increase the drug concentration in the tumor and improve the curative effect, but it is rarely used for the treatment of esophageal cancer (8–10). The purpose of this study was to investigate the safety and efficacy of TAIC for the treatment of esophageal cancer with airway stenosis.





Material and methods

The clinical data for all consecutive patients with esophageal cancer complicated with airway stenosis treated at our interventional treatment center from November 2014 to January 2023 were retrospectively analyzed, including medical records, imaging, interventional surgery, and follow-up data. The inclusion criteria were as follows: 1) pathological diagnosis of esophageal cancer and imaging confirmation of esophageal cancer with airway stenosis; 2) esophageal carcinoma and airway stenosis treated with TAIC. The exclusion criteria were as follows: 1) airway stenosis caused by non-esophageal cancer; 2) absence of TAIC; 3) airway stenosis caused by esophageal cancer treated with airway stents. The institutional ethics committee approved this research, which complies with the principles set out in the Declaration of Helsinki. Written informed consent was obtained from all patients. Ethical approval code: SS-2018-22.




TAIC




Preoperative preparation

Preoperative blood tests, liver and kidney function tests, electrolyte measurements, electrocardiography, and chest enhanced computed tomography (CT) were performed to evaluate the physical strength and nutritional status of patients (Figure 1).




Figure 1 | A 63-year-old female with hemoptysis and dyspnea more than half a month after esophageal cancer surgery. (A–C) Preoperative CT showed a soft tissue density shadow on the right side of the trachea at the thoracic entrance, protruding into the trachea. This soft tissue density shadow corresponded to stenosis of the middle trachea, which was evenly enhanced CT, computed tomography.



The degree of dyspnea was evaluated before TAIC. Patients could lie flat under oxygen inhalation, and dyspnea could be tolerated.






Procedure

Patients assumed a supine position on the digital subtraction angiography table. Patients were awake, and local anesthesia was applied at the right femoral artery puncture point. Femoral artery puncture was performed using a 5-F arterial sheath. A 5-F Cobra catheter or vertebral artery catheter was introduced through the sheath to find the supporting artery corresponding to the lesion. According to each patient’s body surface area and physical condition, Adriamycin (30–50 mg), oxaliplatin (100 mg), and raltitrexed (4 mg) were administered, and each chemotherapy drug was prepared in 150–200 ml of diluted solution with the appropriate compatibility solution. According to the blood supply of target vessels, the doses of perfusion chemotherapy drugs were reasonably adjusted, and the perfusion time of each drug was maintained at 15–20 min (Figure 2).




Figure 2 | DSA showed that the right bronchial artery was tortuous and thickened, and abnormal vascular branches supplied lung tissue. DSA, digital subtraction angiography.







Postoperative management

Patients were treated with antiemetic drugs, acid suppression, and hydration therapy. Bloods, liver and kidney function, electrolytes, and other indicators were monitored 7 days after surgery. If white blood cell and platelet counts were low, white blood cells and platelets were administered. One month after surgery, chest CT was reexamined to evaluate the curative effect (Figure 3).




Figure 3 | One month after TAIC, (A–C) CT showed a soft tissue density shadow on the right side of the trachea at the thoracic entrance, protruding into the trachea. Middle tracheal stenosis had improved. CT, computed tomography; TAIC, transarterial infusion chemotherapy.







Evaluation criteria for clinical efficacy and adverse reactions

According to the dyspnea classification standard of the American Thoracic Association (ATA), airway stenosis grading and its changes were evaluated before and 7 days after TAIC.

Clinical staging of all patients before and after treatment was evaluated according to the criteria for clinical staging of the American Joint Committee on Cancer (11). The clinical efficacy of drugs used to treat esophageal cancer was evaluated according to the complete response (CR), partial response (PR), and presence of stable disease (SD) or progressive disease (PD) (12, 13). CR+PR was defined as the objective response rate (ORR). Disease control rate (DCR) was defined as CR+ PR + SD. If the curative effect was a CR, then conversion to radiotherapy was indicated. If the curative effect was a PR or SD, plus perfusion chemotherapy was administered. If the lesion demonstrated PD, other types of palliative treatment were indicated.

Adverse reactions of chemotherapy drugs were recorded. The toxicity and side effects of chemotherapy drugs were evaluated according to National Cancer Institute Common Terminology Criteria for Adverse Events (NCI-CTCAE, version 4.0) and classification of anticancer-drug toxicity (0–IV).





Statistical analysis

Data were analyzed using Prism 5 (GraphPad, San Diego, CA, USA). Data are presented as mean ± standard deviation. The postoperative dyspnea grading was compared using the rank-sum test. A P-value of <0.05 was considered statistically significant.






Results

Fifty-eight patients with esophageal carcinoma with airway stenosis were included, including 32 males and 26 females with an age range of 46–86 years (mean, 64.6 ± 8.8 years) (Table 1).


Table 1 | Patient demographics.



Twenty patients with esophageal cancer and esophageal fistula were treated with conservative therapy (i.e., nutrition tube placement) before TAIC. Three patients with esophageal cancer and esophageal fistula were treated with a covered esophageal stent before TAIC.

In 58 patients, the feeding artery of the tumor was identified and perfused with chemotherapy drugs. For each patient, 1–4 feeding arteries were perfused, including the bilateral inferior thyroid artery (13 cases), the bilateral bronchial artery (30 cases), the unilateral bronchial artery (24 cases), the proper esophageal artery (6 cases), the intercostal artery (20 cases), the right gastroepiploic artery (7 cases), the thyroid artery(4 cases), the right internal thoracic artery (2 cases), and the right gastric artery(3 cases). Intraoperatively, a microcatheter was used in 55 cases for super-selective intubation to protect blood vessels, as well as to avoid injury to spinal arteries and drug reflux. Thirty-six patients received one course of TAIC, 16 patients received two courses of TAIC, and 6 patients received three courses of TAIC.




Evaluation of clinical efficacy

After TAIC, the tumor focus was confirmed by chest CT, and the degree of airway stenosis was alleviated to varying degrees. Among the 4 patients with left main bronchial stenosis and atelectasis, the lung of 3 cases was demonstrated to be completely open by CT after TAIC, and the lung of 1 case was partially open after TAIC. According to the ATA classification of dyspnea, there were 27 cases of grade II dyspnea and 31 cases of grade III dyspnea preoperatively. One week after surgery, oxygen saturation was >95% without oxygen inhalation, and 26 cases of grade I dyspnea, 25 cases of grade II dyspnea, and 7 cases of grade III dyspnea were observed. Compared with before surgery, the dyspnea grading was lower 1 week after surgery (z = 6.1, p < 0.001). One patient was complicated with esophagogastric anastomotic leakage before TAIC. Nutrition and gastrointestinal decompression tubes were inserted, and TAIC was performed once. After TAIC, esophagogastric anastomotic leakage was completely healed 3 weeks later. Four patients were complicated with tracheoesophageal fistula before TAIC. Nutrition and gastrointestinal decompression tubes were inserted, and TAIC was performed twice simultaneously. The fistula healed after 1 month (Table 2).


Table 2 | Pre- and post-TAIC dyspnea grading.



The evaluation of target lesions in patients before treatment was T3 (9 cases), and T4 (49 cases). After 1–3 courses of treatment, 58 patients were followed up, and the clinical stages were T1 (14 cases), T2 (13 cases), T3 (14 cases), and T4 (17 cases). After treatment, the evaluation of target lesions in patients decreased significantly (Table 3).


Table 3 | Clinical classification before and after TAIC.



After the first course of TAIC, a CR was noted in 4 cases, a PR was noted in 32 cases, SD was noted in 22 patients, and the ORR was 62.1%. Twenty-two patients received a second course of TAIC for esophageal cancer. After the second course, a CR was noted in 3 cases, a PR was noted in 16 cases, SD was noted in 3 cases, and the ORR was 86.4%. Six patients received a third course of TAIC for esophageal cancer. After the third course, a CR was noted in 0 cases, a PR was noted in 4 cases, SD was noted in 2 cases, and the ORR was 74.0%. After 1–3 courses of treatment, a CR was noted in 7 cases, a PR was noted in 34 patients, SD was noted in 17 cases, the ORR was 70.7%, and the DCR was 100%.





Complications

Grade I–III adverse reactions occurred after TAIC for esophageal cancer (Table 4). These and other common adverse reactions were relieved quickly after symptomatic treatment.


Table 4 | Adverse reactions after transarterial infusion chemotherapy.







Follow-up

The median follow-up time was 15.4 months. Twenty-four patients died of systemic organ failure, and 17 patients died of tumor-related respiratory failure. Seven patients died of gastrointestinal bleeding due to tumor rupture. One 86-year-old patient died of myocardial infarction 18 months after TAIC.

At the end of follow-up, 9 patients were alive. All 9 patients are free from dyspnea, and 1 patient with dysphagia took food through a nasal nutrition tube. Among the surviving patients, 2 received postoperative radiotherapy and 3 received postoperative immune-targeted therapy.






Discussion

Esophageal cancer directly invades the trachea and main bronchus, leading to airway stenosis or lymph node metastasis, enlargement, and airway compression (14–16). If we do not actively and effectively control disease development, dyspnea may become aggravated, infection may occur after obstruction, and asphyxia and death may be observed (17).

Clinically, the treatment options for advanced esophageal cancer with airway stenosis are limited. Palliative treatment, such as endoscopic local treatment, laser therapy, thermal ablation, cryotherapy, airway stent placement, and photodynamic therapy, can be used to treat airway stenosis (1, 16, 18, 19). Intravenous chemotherapy is one of the standard treatment options for patients with advanced esophageal cancer. However, patients with advanced esophageal cancer complicated with airway stenosis are generally in a poor condition, and they cannot tolerate intravenous chemotherapy. In addition, chemotherapy cannot quickly relieve the symptoms of dyspnea (20–22). Airway stenting cannot control the growth of tumor tissue. It also only temporarily relieves airway stenosis and cannot treat primary disease. However, it has been reported that airway stenting combined with other therapies for primary disease can significantly improve survival of patients (23–25). However, airway stent implantation has complications, including airway restenosis, airway bleeding, stent displacement, and stent rupture, amongst others (26). Therefore, for patients with esophageal cancer with mild or moderate dyspnea who can tolerate direct TAIC, we should first treat primary disease to reduce the focus quickly and alleviate dyspnea, which avoids the complications associated with airway stent implantation.

Compared with systemic intravenous chemotherapy, TAIC for esophageal cancer uses a higher concentration of chemotherapy drugs that directly act via the tumor blood supply artery, which can rapidly reduce tumor size and alleviate airway stenosis without the need for airway stent implantation. This approach avoids a series of complications caused by airway stenting and has the advantage of reducing toxicity and side effects. Yin et al. (8) reported that 75 patients underwent 1–3 cycles of TAIC, and the total effective rate (CR + PR) was 94.7%, 13 patients had airway stenosis before TAIC, and no airway stents were inserted. After TAIC, tumor size was significantly reduced, and the symptoms of dyspnea were significantly alleviated. After TAIC, the degree of airway stenosis in the 50 patients studied at our center was alleviated to varying degrees. The dyspnea classification standard was lower 1 week after TAIC compared with before TAIC, and the clinical stage of tumors was significantly lower.

According to the location of esophageal cancer lesions, identifying all tumor-feeding arteries is the key to TAIC. Feeding arteries in esophageal cancer are changeable and complex, but there are certain rules to follow. According to the location of esophageal cancer, feeding arteries can determined (8). Choosing the right type of catheter, carefully identifying the tumor-feeding artery, and using a microcatheter to super-selectively intubate when necessary, can effectively improve the concentration of anticancer drugs in the tumor area, reduce the damage of chemotherapy drugs to non-target vessels, and effectively prevent misperfusion. Regular treatment of tumor cells in each cycle can increase the effect of chemotherapeutic drugs, destroy the formation and growth of tumor blood vessels, and consolidate the curative effect. For patients who cannot feed normally by mouth, timely placement of a jejunal nutrition tube can ensure nutritional support, which is conducive to patient recovery.

One limitation of this study is that it was performed at a single center. While the sample size was not small, it may limit the generalizability of the study findings. The study also adopted a retrospective design; thus, selection bias is inevitable. We hope to conduct a multi-center, large-sample, prospective study in the future to obtain sufficient objective evidence.

In conclusion, for patients with esophageal cancer and malignant airway stenosis, TAIC is safe and effective; thus, it is worthy of clinical application.
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Background

Gastric cancer (GC) is one of the most common causes of cancer-related death. Drug resistance in chemotherapy often occurs in patients with GC, leading to tumor recurrence and poor survival. DNA methylation is closely related to the development of cancer.





Methods

To investigate the role of DNA methylation in chemotherapy resistance in GC patients, we conducted a comprehensive analysis using DNA methylation data and survival information obtained from The Cancer Genome Atlas. Univariate Cox analysis was performed to screen for differential DNA methylation of chemotherapy response in patients who did and did not receive chemotherapy. Multivariate Cox analysis was then performed to identify the independent prognostic genes. Gene Ontology and Kyoto Encyclopedia of Genes and Genomes pathway enrichment analyses were used to explore the biological function of the signature genes.





Results

Patients receiving adjuvant chemotherapy for GC survived longer.  308 differentially methylated genes were demonstrated to be associated with prognosis. Six genes were optimally chosed for establisehing the risk model, including C6orf222, CCNL1, CREBZF, GCKR, TFCP2, and VIPR2. It was constructed based on the DNA methylation levels of these six genes: risk score = 0.47123374*C6orf222 + 9.53554803*CCNL1 + 10.40234138* CREBZF + 0.07611856* GCKR + 18.87661557*TFCP2 − 0.46396254* VIPR2. According to the risk score, patients receiving chemotherapy were divided into high- and low-risk groups, and the prognosis of the two groups was compared. The high-risk group had a shorter survival; however, this association was not present in patients without chemotherapy. The accuracy and predictive efficacy of the risk score in predicting the 1-, 3-, and 5-year survival of patients was evaluated with the receiver operating characteristic curve. In patients receiving chemotherapy, the area under the curve of the risk score for 1-, 3-, and 5-year survival was 0.841, 0.72, and 0.734, respectively. In patients who did not receive chemotherapy, the area under the curve was 0.406, 0.585, and 0.585, respectively. A nomogram model was constructed based on the risk score and clinical indicators. The model showed good consistency in the predicted probabilities and actual probabilities. Gene Ontology functional enrichment of these candidate methylated genes showed the following molecular functions: RNA binding, protein binding, mRNA binding, and nucleic acid binding; that they were mediated mainly through the following cell components: nuclear speck, nucleoplasm, nucleus, catalytic step 2 spliceosome, and the transcription factor AP-1 complex; and that they were involved in the following biological processes: mRNA processing, mRNA splicing, and RNA polymerase II promoter transcription. The Kyoto Encyclopedia of Genes and Genomes pathway enrichment results revealed that the signaling pathways mainly enriched were transcriptional misregulation in cancer, spliceosome, and the IL-17 signaling pathway.





Conclusion

Our work identifies a six DNA methylated expression signature as a promising biomarker of chemo-resistance in GC, which provides new insights into the development of new strategies to overcome chemo-resistance in GC.





Keywords: gastric cancer, DNA Methylation, chemotherapy, survival, nomogram model




1 Introduction

Gastric cancer (GC), which is one of the most common gastrointestinal malignancies, is ranked fifth regarding the incidence rate among human malignancies and ranks third in mortality (1). Although the most effective method for the treatment of GC is surgical resection, most patients ignore the early symptoms until they feel obvious discomfort, resulting in many patients developing advanced GC, missing the best treatment opportunity. The postoperative 5-year survival rate of patients with early GC ranges from 60% to 80%. However, with disease progression, the 5-year survival rate decreases to 18% to 50%, in addition to the invasion of tumor cells into deeper tissues (e.g., the serosa and the muscularis) (2).

Chemotherapy drugs disseminate throughout most organs and tissues of the body. Hence, the main therapy method for advanced GC patients is chemotherapy (3). First-line chemotherapy drugs for GC mainly include 5-fluorouracil (5-FU), oxaliplatin, irinotecan, docetaxel, paclitaxel, and tegafur-gimeracil-oteracil potassium (S-1), which cause a high rate of tumor shrinkage in the clinic (4). However, the clinical outcomes of patients with GC receiving adjuvant chemotherapy are still significantly different due to the great difference in tumor sensitivity to chemotherapy drugs (5). Therefore, predicting treatment response is a highly important and clinically relevant issue in the hope to further improve chemotherapy outcomes in patients with GC.

DNA methylation is a form of DNA chemical modification that combines a methyl group with the cytosine 5-carbon position covalent bond of the CpG dinucleotide under the action of DNA methyltransferase, which changes the genetic expression without changing the DNA sequence (6). A large number of studies have shown that DNA methylation causes changes in the chromatin structure, DNA conformation, DNA stability, and the way that DNA interacts with proteins, thus controlling gene expression (7–11). The metabolism of various cells in the normal body is regulated by a variety of genes, among which the proto-oncogenes and anticancer genes are closely related to tumor cells. Anticancer genes play an important role in the cell cycle, DNA damage repair, cell differentiation, etc. (12). Epigenetic abnormalities in cancer include genome-wide hypomethylation and site-specific hypermethylation. Hypermethylation at the CpG island in the regulatory region of anticancer genes is one of the earliest and most frequent changes during tumorigenesis and is associated with transcriptional inhibition (13). Abnormal DNA methylation mainly occurs in the CpG-rich promoter region; abnormal hypermethylation in this region will prevent transcription factors from binding to promoters, thus preventing the transcription of anticancer genes or reducing the transcription expression levels (14). The silencing of anticancer genes may easily lead to out-of-control GC cell growth and proliferation, even increasing the chances of invasion to the periphery from the in-situ cell matrix, thus promoting the further development of GC (15).

In recent years, multiple studies have suggested a key role of abnormal methylation of certain genes in the occurrence and development of GC. DNA methylation analysis could provide information for early screening, efficacy, and prognostic assessment of patients with GC (16, 17) and other types of cancer (18). Patients with widespread gene hypermethylation show a lower overall survival rate, suggesting a correlation between gene methylation and chemotherapy sensitivity (18, 19). Fortunately, abnormal DNA methylation is a reversible epigenetic change, which opens new possibilities for improving the clinical efficacy of chemotherapy, namely, developing and searching for small molecule compounds that can change the state of DNA methylation and combine them with traditional chemotherapy drugs to bring hope for clinical treatment (20).

We speculate that the difference in the expression pattern of molecular biomarkers may be the cause of the change in prognosis of chemotherapy patients. Therefore, our study aims to use a comprehensive approach to identify and validate DNA methylation biomarkers that predict chemotherapy response in patients with GC. We performed an in-depth analysis of DNA methylation expression using data from The Cancer Genome Atlas (TCGA). The risk score model we built was based on a six-gene signature for the prediction of the adjuvant chemotherapy response in patients with GC and showed a better predictive value than the clinical indicators.




2 Materials and methods



2.1 Patients and clinical data

A total of 384 patients with GC p were included in the TCGA GC cohort (Cancer Genome Atlas Research et al., 2013). DNA methylation and mRNA expression datasets of TCGA GC cohort were obtained by https://portal.gdc.cancer.gov/. Clinical and chemotherapy information was downloaded from the TCGA dataset, including patients who did and did not receive adjuvant chemotherapy. The downloaded data is in full compliance with TCGA’s data access policy. All analyses were conducted in accordance with relevant guidelines and regulations.




2.2 Identification of specific prognostic-related methylated genes

To identify prognostic-related methylated genes in TCGA GC cohort, we first counted genes with significant negative correlations (Pearson correlation analyses) between DNA methylation levels and mRNA expression on a genome-wide scale (P < 0.05 and R < -0.3). Based on the genes that were screened, patients who received adjuvant chemotherapy were divided into high-expression and low-expression groups according to the median level of DNA methylation. Univariate Cox proportional hazard regression analysis was performed for each gene (P < 0.05). The same analysis was also performed in patients who did not receive adjuvant chemotherapy. Finally, multivariate Cox proportional risk regression analysis was used to construct the prediction models for methylated genes with significant prognostic value in the two groups of patients (variables with P < 0.05 were remained for final model construction).




2.3 Prognostic characteristics and nomogram construction

The least absolute shrinkage and selection operator (LASSO) is a method used for parameter selecting. High-dimensional regression variables are managed by shrinking all regression coefficients and forcing many variables to be completely zero without prior feature selection. The optimal DNA methylation gene for construction of the prediction model was selected by LASSO. The 1-penalty regularization parameter is determined by 10-fold cross validation using the R package “glmnet”. Based on DNA methylation expression of the coefficient weighted generated by LASSO penalty regression, a six DNA-methylated signature was identified with a lambda that minimized the partial likelihood bias. A risk score was calculated for each patient: score = L1·Exp1+ L2·Exp2 +…+ Ln·Expn. Expi represents the expression level of DNA methylation, Li, expressed as the LASSO coefficient. The time-dependent receiver operating characteristic (ROC) curve was used to evaluate the prediction accuracy of prognostic-related characteristics using the R package “survivvalroc”. The clinical parameters and the six DNA-methylation prognostic risk score of patients with GC receiving adjuvant chemotherapy was evaluated by the nomogram using the R package “rms”.




2.4 Functional enrichment analysis

Gene Ontology enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) signaling pathway enrichment analyses for the low methylation/high expression of target genes were performed by DAVID (https://david.ncifcrf.gov/) (21). The bioinformatics online drawing tool (http://www.bioinformatics.com.cn/) was used for visualization.




2.5 Statistical analysis

The chi-square test was used to compare clinical features between patients with GC who were treated with and without chemotherapy. The correlation between the DNA methylation level and mRNA expression level was assessed by Pearson’s correlation coefficient. The univariate proportional hazard regression analysis was applied to determine independent prognostic variables for overall survival (OS). The Kaplan–Meier method and log-rank test were carried out to generate and compare survival curves. ROC curves were used to assess the predictive accuracy and sensitivity of each variable and the six DNA methylation signatures. The consistency between the predictive the actual results were evaluated by calibration curves. P < 0.05 was regarded as a statistically significant. The statistical analysis was performed using R 4.1.2.





3 Results



3.1 Clinical characteristics of GC patients receiving chemotherapy

A total of 384 GC patients were included in the TCGA GC cohort. Of the 384 GC patients, 48.96% (188/384) received adjuvant chemotherapy, whereas 51.04% (196/384) did not receive any type of chemotherapy (Figure 1A). The clinical and pathological characteristics are shown in Table 1. There was no statistical significance in gender, primary lymph node, pathological T and M stages, and histological grades between patients with and without chemotherapy (P > 0.05). Fluorouracil (61/188,32.45%) was the most commonly used chemotherapy drug in GC patients receiving chemotherapy. Nearly half of GC patients who received chemotherapy benefited from chemotherapy (Figure 1B). Notably, 45.21% of GC patients showed complete response to adjuvant chemotherapy (Figure 1B). The Kaplan–Meier survival curve showed that the hazard ratio of OS was 2.10 for patients who did not receive adjuvant chemotherapy (95% confidence interval: 1.34–3.29, P = 0.002) (Figure 1C). In conclusion, these results suggest that adjuvant chemotherapy is a viable treatment strategy for patients with GC.




Figure 1 | Adjuvant chemotherapy in patients with GC. (A) Distribution of adjuvant chemotherapy in TCGA GC cohort (n = 384). (B) Distribution of chemotherapy response in GC patients receiving adjuvant chemotherapy (n = 188). (C) Kaplan–Meier survival curves of GC patients with or without adjuvant chemotherapy. GC, gastric cancer; TCGA, The Cancer Genome Atlas.




Table 1 | Clinical characteristics of patients.






3.2 Identification of DNA methylation-associated prognostic biomarkers for GC patients receiving chemotherapy

Given the significant effect of chemotherapy in patients with GC, we wanted to determine whether there are prognostic biomarkers for GC in patients receiving adjuvant chemotherapy. As an important epigenetic modification, DNA methylation has shown good performance in cancer diagnosis and prognosis. We obtained DNA methylation expression data from the TCGA GC cohort. DNA methylation is the introduction of methyl groups into DNA molecules; this does not change the sequence of genes, but changes the activity of DNA segments.

To search for DNA methylation prognostic markers that can be used as adjuvant chemotherapy for GC, we first identified the genes with a negative correlation between the DNA methylation level and mRNA expression on a genome-wide scale. DNA methylation has a multifaceted role in gene expression regulation, and it is not solely inhibitory. However, a significant portion of its regulatory effect is in a negative regulatory manner (Figure 2A). This analysis results in a total of 3,505 genes showing a negative correlation (Figure 2A).




Figure 2 | Identification of prognostic-related DNA methylation markers using LASSO regression models. (A) Correlation analysis between DNA methylation and mRNA expression. (B) Coefficient curve of clinical features, x-axis: L1 norm, y-axis: variable coefficient. The color of each line represents each candidate DNA methylation marker. (C) Ten-fold cross validation of LASSO regression for selecting the most appropriate clinical features. Each point represents a lambda value and error line, providing a confidence interval for the error rate of cross validation. The size of each model is given at the top of the figure. The vertical dashed line represents the value with the least error and the maximum lambda, where the deviation is within 1 SE of the minimum.



Then, univariate Cox analysis was performed for each of the 3,505 candidates in GC patients with or without chemotherapy, respectively. Those genes exhibited prognostic value in GC patients received chemotherapy while having no indicative value for GC patients without chemotherapy were kept for further analyses. A total of 308 genes were identified (Table S1). Next, LASSO Cox regression analysis was performed for the 308 candidates to determine robust markers. Some coefficients were reduced to zero by the sum of the absolute values of forcing regression coefficients at a fixed value and the strongest prognostic marker was identified as the relative regression coefficient. Cross validation was used to prevent overfitting of the LASSO Cox model (Figures 2B, C). Finally, we obtained a six-DNA methylated gene signature.

The six-gene signature included C6orf222, cyclin L (CCNL1), CREB/ATF bZIP transcription factor (CREBZF), glucose kinase regulator (GCKR), transcription factor CP2 (TFCP2), and vasoactive intestinal peptide receptor 2 (VIPR2). To confirm the specific prognostic value of these six DNA methylation genes in GC patients receiving adjuvant chemotherapy, we examined the association between DNA methylation and OS in patients receiving and not receiving chemotherapy. As expected, the Kaplan–Meier survival curves showed that high methylation levels of C6orf222, CCNL1, CREBZF, GCKR, and TFCP2 were associated with poorer survival in patients receiving chemotherapy. In addition, high methylation levels of VIPR2 were associated with better survival in patients receiving chemotherapy (Figure 3A). In contrast, they had no prognostic value in patients who did not receive chemotherapy (Figure 3B). These results suggest that these genes may not have significant tumor biological functions in quiescent gastric cancer cells; however, when cells are exposed to chemical drug treatment, these genes may participate in regulating chemotherapy sensitivity by modulating cellular stress responses.




Figure 3 | Kaplan–Meier analysis of OS with the DNA methylated signature in patients with or without chemotherapy. (A) Patients were divided into high- and low-methylation groups based on median DNA methylation levels, and survival analyses were performed for patients receiving chemotherapy. The patients were grouped (Nhigh = 85; Nlow = 85) by the median value of the gene methylation levels. (B) Patients were divided into high- and low-methylation groups based on median DNA methylation levels, and survival analysis was performed in patients who did not receive chemotherapy. The patients were grouped (Nhigh = 82; Nlow = 82) by the median value of the gene methylation levels. OS, overall survival.






3.3 Prognostic value of 6-gene risk model for GC chemotherapy

To evaluate the prognostic value of methylation of C6orf222, CCNL1, CREBZF, GCKR, TFCP2, and VIPR2, we constructed a multivariate Cox regression model. The risk scoring formula is as follows: risk score = 0.47123374*C6orf222 + 9.53554803* CCNL1 + 10.40234138* CREBZF + 0.07611856* GCKR + 18.87661557*TFCP2 − 0.46396254*VIPR2. We used the above formula to calculate the risk scores of patients receiving and not receiving chemotherapy. The ranking of the risk scores of patients in each sample set is shown in Figures 4A, B. We found similar risk scores and DNA methylation expression in the two groups, suggesting that the signature was present before treatment and was not a result of chemotherapy. Among the six DNA methylation genes, C6orf222, CCNL1, CREBZF, GCKR, and TFCP2 were risk factors, and VIPR2 was a protective factor.




Figure 4 | Risk score distribution, survival status, and DNA methylation expression profile of patients with GC. (A) The figure at the top shows the distribution of the risk scores for each patient receiving chemotherapy, the middle figure displays the survival status of each patient receiving chemotherapy, and the bottom figure is heat maps of the six DNA methylation signature. (B) The figure at the top shows the distribution of risk scores for each patient without chemotherapy, the figure in the middle shows the survival status of each patient without chemotherapy, and the bottom figure shows heat maps of the six DNA methylation signature. GC, gastric cancer.



We further evaluated the prognostic value of the model. Patients in the receiving and non-receiving chemotherapy groups were divided into high-risk and low-risk groups based on the median risk scores, respectively. Kaplan–Meier analysis showed that OS in the high-risk group was significantly worse than that in the low-risk group in patients receiving chemotherapy (Figure 5A). We used a time-dependent ROC analysis to assess the prognostic significance of risk scores for the six DNA methylated gene signature. The area under the ROC curves (AUCs) for the 1-, 3-, and 5-year OS in patients receiving chemotherapy were 0.841, 0.72, and 0.734, respectively, showing good prognostic value in predicting the outcome of chemotherapy (Figure 5B). However, Kaplan–Meier analysis of patients without chemotherapy showed no significant correlation between the risk scores and OS (Figure 5C). Consistently, the AUC for the 1-, 3-, and 5-year OS in patients without chemotherapy were 0.406, 0.585, and 0.585, respectively, indicating poor performance in patients without chemotherapy (Figure 5D).




Figure 5 | Survival analysis and time-dependent ROC curve based on the six DNA methylation signature risk scores in GC patients with or without chemotherapy. (A) Kaplan–Meier survival curve for the prognostic characteristics of risk scores in patients receiving chemotherapy. (B) Time-dependent ROC curves were used to assess the prediction accuracy of OS at different follow-up times (1-, 3-, and 5-year survival). (C) Kaplan–Meier survival curve for prognostic features of the risk scores in patients not receiving chemotherapy. (D) A time-dependent ROC curve was used to assess the prediction accuracy of OS at different follow-up times (1-, 3-, and 5-year survival). There were no deaths at 3–5 years (1095–1825 days) in GC patients not receiving chemotherapy. Thus, the AUC for the 3- and 5-year survival is the same. ROC, receiver operating characteristic; GC, gastric cancer; OS, overall survival; AUC, area under the curve.



We also compared the prognostic value of the risk scores for the six DNA methylated genes with other clinical variables for chemotherapy outcomes in patients with GC. Clinical variables used for comparison included age, gender, number of lymph nodes, histological grades, pathological T, N, and M stages, and concomitant pathology stage. The results showed that the six DNA methylation gene signature risk scores outperformed all clinical variables, particularly in the short-term (1-year survival prediction) (Figure 6A). For 1- and 3-year survival predictions, the AUC was greater than 0.7 without clinical variables (Figures 6A, B). For long-term survival prediction, the risk score and histological grade showed a relatively better performance, with an AUC of 0.703 (Figure 6C). The time-dependent ROC analyses showed that all predictors, whether based on the six DNA methylation signature risk scores or other clinical variables, performed better in short-term survival than in long-term survival. Notably, the six DNA methylation signature risk scores outperformed other clinical variables. These results also demonstrate the clear advantages of molecular biomarkers in clinical settings.




Figure 6 | Time-dependent ROC curves for OS prediction based on the six DNA methylation signature risk scores and clinicopathological risk factors at different follow-up times (1-, 3-, and 5-year survival, respectively). ROC, receiver operating characteristic; OS, overall survival.






3.4 Construction of a nomogram to predict the prognosis of GC patients after chemotherapy

To provide a clinical-related quantitative method for predicting the probability of 1-, 3-, 5-, and 10-year OS in GC patients receiving adjuvant chemotherapy, a prognostic nomogram was established with clinical variables including age, gender, number of lymph nodes, histological grade, pathological T, N, and M stages, concomitant pathology stage, and the six DNA methylated gene signature (Figure 7A). The OS nomogram calibration curve of GC patients receiving adjuvant chemotherapy was in good agreement with the observed results (Figure 7B). Hence, we considered this nomogram can be a promising prognostic predictor with high probability.




Figure 7 | Establishment of a nomogram in GC patients receiving adjuvant chemotherapy. (A) Prediction of a nomogram in GC patients receiving adjuvant chemotherapy. There are nine components in this nomogram: the six DNA methylation risk score and eight clinicopathological variables. Each generates points based on a straight line drawn upward, and the total number of the three components of an individual patient is located on the “total points” axis; they correspond to the probabilities of 1-, 3-, 5-, and 10-year OS plotted on the two axes below. (B) Calibration curves, proportional risk model, clinical variable model, and combined nomogram of the six DNA methylation risk scores. AUC scores are expressed as point estimates. Cox1: risk score; Cox2: age; Cox3: gender; Cox4: histological grade; Cox5: age + sex + histological grade. Cox6: risk score + age + sex + histological grade. GC, gastric cancer; OS, overall survival; AUC, area under the curve.






3.5 Function linkage of the risk signature

To explore the biological functions involved in these candidate genes, the STRING database was used to predict the proteins interacting with them (a total of 242 proteins; Table S2). Functional enrichment analysis of these interacting proteins was performed using the DAVID database and bioinformatics online mapping tool. KEGG results revealed that the signaling pathways mainly enriched were as follows: transcriptional misregulation in cancer, spliceosome, IL-17 signaling pathway, amphetamine addiction, TNF signaling pathway, complement and coagulation cascades, cocaine addiction, and bile secretion (Figure 8A). The Gene Ontology results are consistently enriched by RNA binding, catalytic step 2 spliceosome, mRNA processing, mRNA splicing, transcription factor AP-1 complex and RNA polymerase II promoter transcription (Figure 8B). Together, these results suggested mRNA metabolism, small molecular metabolism, and inflammatory and immune response are pivotal regulators in chemotherapy resistance of gastric cancer.




Figure 8 | Functional enrichment analysis. (A) Kyoto Encyclopedia of Genes and Genomes and (B) Gene Ontology.







4 Discussion

Advanced GC patients are mainly treated with fluorouracil combined with other chemotherapy drugs; however, approximately 50% of patients with advanced GC are not sensitive to treatment (22). Meanwhile, it is still unclear which biomarkers can effectively predict chemotherapy sensitivity in patients with GC. Although a variety of biomarkers have been applied to predict fluorouracil sensitivity, including thymidylate synthase, thymidine phosphorylase, dihydropyrimidine dehydrogenase (DPD), human cytochrome P450, family 2, subfamily A, and polypeptide 6 (CYP2A6), their effectiveness is questionable (23, 24). Hence, the identification of biomarkers related to chemotherapy sensitivity remains an urgent task. Recent studies have found that abnormal methylation of genes may be involved in the occurrence and prognosis of GC (25). Therefore, this study aimed to identify a DNA methylation signature as a potential prognostic marker for patients with GC receiving adjuvant chemotherapy in the clinic.

In this study, we conducted a comprehensive analysis using DNA methylation data obtained from The Cancer Genome Atlas (TCGA). We developed a risk score feature based on six DNA methylation signatures to predict adjuvant chemotherapy response in patients with GC by using the multivariate Cox coefficient analyzed by LASSO, which was significantly superior to clinical variables. Based on the risk score, we also developed the nomogram model, which is a scoring system from 0 to 100 to predict 1-, 3-, 5-, and 10-year survival after adjuvant chemotherapy. Our results strongly suggest that each of the six signature and nomogram models of DNA methylation provides independent predictive values beyond traditional clinical variables. This approach allows for a detailed examination of DNA methylation patterns and their correlation with chemotherapy response and patient survival. Besides 5mC DNA methylation explored in this study, other types of DNA methylation have been found in genomic DNA from diverse species, e.g., N6-methyladenine (6mA) and N4-methylcytosine (4mC). Analyses of the genome-wide new types of DNA methylation paradigm may provide new biomarkers for predicting the prognosis of gastric cancer patients undergoing chemotherapy.

Through univariate and multivariate Cox analyses, the researchers identified six genes (C6orf222, CCNL1, CREBZF, GCKR, TFCP2, and VIPR2) that are differentially methylated and associated with prognosis in GC patients receiving chemotherapy. Among them, five ones (C6orf222, CCNL1, CREBZF, GCKR, and TFCP2) were risk factors for patients with GC, and the other one (VIPR2) was a protective factor. Notably, these DNA methylations had a specific predictive value for patients receiving chemotherapy, but not for those not receiving chemotherapy. Consequently, this type of DNA methylation may play a key role in the regulation of the chemotherapy response in patients with GC. C6orf222 is also known as BNIP5 (BCL2 interacting protein 5). The Bcl-2 gene (i.e., B-cell lymphoma/leukemia-2 gene) is an oncogene with an obvious inhibitory effect on cell apoptosis. Abnormal methylation of several apoptosis-related genes, such as DAPK and Bcl-2 interacting protein 3 (BNIP3), has been reported in various cancers (26), and BNIP3 methylation is associated with poor prognosis in GC (27). However, the effect of BNIP5 on tumor progression has not been reported, and this study demonstrated for the first time that BNIP5 methylation may also be related to chemotherapy response in GC.

CCNL1, a member of the cyclin family, interacts with CDK11A, CDK11B, CDK12, CDK13, and SFRS2 through its phosphorylated C-terminal domain. Amplification and overexpression of this gene have been reported in head and neck squamous cell carcinoma; the high level of amplification and prognostic overexpression is related to the degree of tumor differentiation, and the overexpression of this gene is increased in highly differentiated tumors (28). Previous analyses have suggested that CDK11 and cyclin L may be potential targets for cancer therapy (29).

The abnormal expression of CREBZF is closely correlated to cancer progression and prognosis; for example, high CREBZF expression predicts poor OS and/or progression-free survival in patient with ovarian cancer (30), and it is considered as a biomarker for the pathological progression of GC (31). However, the role of CREBZF methylation in GC has not been reported. Our study is the first to suggest that CREBZF methylation may also be associated with chemotherapy responses in GC.

GCKR encodes a protein belonging to the GCKR subfamily of the SIS (sugar isomerase) protein family. The gene is regarded as a candidate susceptibility gene for diabetes and non-alcoholic hepatitis (32). It was previously found that GCKR polymorphism may be an independent predictor of survival for metastatic GC patients receiving first-line EOF chemotherapy (epirubicin, oxaliplatin, and 5-FU combined chemotherapy) (33), which is consistent with the results of our work. GCKR methylation may also be associated with the chemotherapy response in GC.

TFCP2 is correlated with multiple cancers; it is a cancer-promoting factor for hepatocellular carcinoma, pancreatic cancer, and breast cancer, and can also be used as a tumor suppressor, such as inhibiting the growth of melanoma. In addition, TFCP2 also participates in epithelial–mesenchymal transformation and enhances angiogenesis (34). DNA hypermethylation promotes metastasis of colorectal cancer by regulating the binding of CEBPB and TFCP2 to CPEB1 promoters (35). Evidence for the association of TFCP2 methylation in GC has not yet been demonstrated, and we are the first to report that TFCP2 methylation may also be related to the chemotherapy response in GC.

Vasoactive intestinal peptide (VIP) is a gastrointestinal hormone in the pancreatotropin–VIP family. VIP affects the growth of some tumors, and VIP autocrine regulation is present in some cancers. In gastric adenocarcinoma tissues, the expression of VIP mRNA is upregulated, whereas that of VIPR mRNA is downregulated (36). Vega-Benedetti et al. (37) identified methylation changes in VIPR2 in colorectal cancer tissues, suggesting that VIPR2 might represent a new prognostic biomarker.

The DNA methyltransferase family consists of five members, namely DNMT1, DNMT2, DNMT3A, DNMT3B, and DNMT3L. Among them, only three have catalytic methyltransferase activity. Research has shown that DNA methyltransferases are closely associated with tumor drug resistance. Cancer stem cells (CSCs) are key factors in tumor resistance. So far, many small molecule inhibitors targeting DNA methylation have been developed. Among them, DNMT inhibitors such as azacitidine, decitabine and guadecitabine have entered clinical trials. Several studies have reported on the function and mechanism of DNA methylation inhibitors in chemotherapy for gastric cancer. A previous study demonstrated that the use of DNA methyltransferase inhibitors can reverse drug resistance in gastric cancer cells and restore their sensitivity to chemotherapy (38). Thus, the signature genes identified in this study may serve as pivotal targets of the DNMTs, inhibition of which by DNMT inhibitors will sensitize GC cells to chemotherapy.

Gene Ontology and Kyoto Encyclopedia of Genes and Genomes pathway enrichment analyses were performed to gain insights into the biological functions and signaling pathways associated with the identified methylated genes. This analysis provides valuable information about the molecular mechanisms involved in chemotherapy resistance in GC. KEGG results implied that the signaling pathways that were mainly enriched included transcriptional misregulation in cancer, spliceosome, IL-17 signaling pathway, amphetamine addiction, TNF signaling pathway, complement and coagulation cascades, cocaine addiction, and bile secretion. These results illustrate that the six DNA methylated gene signature may be involved in the chemotherapy response of GC through the above pathways. In the nucleus, the changes in DNA methylation and chromatin structure regulate gene transcription, and transcription dysregulation is a key feature of cancer. For example, Zhang et al. (39) indicated that mediator complex subunit 12 (MED12) is frequently mutated in benign tumors and cancers, and its abnormal expression is associated with the prognosis of various types of human cancers. The loss of function of MED12 is related to the development of resistance to chemotherapy drugs. Moreover, MED12 is modified by post-transcriptional regulation. Arginine methylation of MED12 has been validated to modulate MED12-mediated transcriptional regulation and response to chemotherapy drugs in human cancer cell lines (39). DNA methylation inhibits specific binding of the DNA binding protein (CTCF) to exons on DNA sequences and affects the splicing of exons. Some variable splicing products of genes that play a key role in tumor progression may have different functions and directly influence tumor progression and treatment. For example, BRCA1 usually has three splicing variants: BrCA1-full length containing all exons, Brca1-Delta11, which skips exon 11, and BrCA1-Delta11Q, with partial skipping of exon 11. BRCA1-Delta11q is significantly associated with breast cancer resistance to PARPi and cisplatin and patient survival, although inhibition of its splicing can improve sensitivity to PARPi (40); therefore, it has value as a therapeutic target. The survival, proliferation, and migration of cancer cells are directly promoted, and resistance to conventional chemotherapy drugs is induced through the IL-17RB/IL-17B signaling pathway (41). The KEGG pathway enrichment analysis suggested that this six DNA methylated signature may affect the response of chemotherapy drugs in GC patients through transcriptional regulation, the spliceosome, and the IL-17 signaling pathway. Gene Ontology analysis further explained that the six DNA methylation signature may be mediated through RNA binding, protein binding, mRNA binding, and nucleic acid binding in the nuclear speck, nucleoplasm, nucleus, catalytic step 2 spliceosome, transcription factor AP-1 complex and other cellular components, and, thus, participated in the biological processes of mRNA processing, mRNA splicing, RNA polymerase II promoter transcription, etc.

There are some limitations to our study. First, there was a lack of diversity in our patient cohort. Second, the predictive value of the six-gene signature model of DNA methylation needs to be further validated in a larger prospective cohort. Third, although we performed functional analyses of the six DNA methylation gene signature, further functional studies are needed.

In summary, the six newly identified DNA methylated genes proved to form an effective and stable model for predicting the prognosis of GC patients receiving adjuvant therapy, outperforming clinicopathological features. The clinical application of the six DNA methylated gene signature will assist in risk classification to guide personalized treatment of GC patients. Despite lacking systematic experimental validation, our study provides a basis for DNA methylation modules as a clinical tool for prognostic assessment after adjuvant chemotherapy. The six DNA methylated gene signature may also provide potential therapeutic targets for the treatment of drug resistance in GC patients.
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Background

While an elevated risk of second primary cancers (SPCs) has been observed in many other cancers, risk of SPCs has not been quantified in patients with rectal neuroendocrine neoplasms (NENs).





Methods

Survivors of primary rectal NENs diagnosed between 2000 and 2018 were identified from the Surveillance, Epidemiology, and End Results (SEER)-18 registries. Relative risk of SPCs was estimated as the standardized incidence ratio (SIR), which was calculated using SEER*Stat software.





Results

Between 2000 and 2018, a total of 15836 patients diagnosed with rectal NENs, of whom 1436 (9.1%) received diagnosis of SPCs (SIR: 1.19, 95%CI: 1.13-1.26). The majority of patients were aged 50-69 and had their first cancer diagnosed at the localized stage. Male survivors had a higher propensity for developing SPCs overall, while female survivors exhibited higher risks of specific SPCs. Age at diagnosis of rectal NENs influenced the risk of SPCs, with younger patients having greater risks. A statistically significant increase in the incidence of SPCs was observed among patients aged 30-64 years. Black patients had higher relative risks of certain SPCs, while White patients had a lower risk of subsequent melanoma. Trend analysis revealed that the highest excess burden of SPCs was observed in the years 2000 to 2002. Risk of SPCs remained elevated within the first four years post-diagnosis for survivors of rectal NENs, but diminished thereafter.





Conclusion

The study revealed that individuals who survived rectal NENs were at an elevated risk of developing SPCs compared to the general population. Our results hold important implications for the formulation of lifelong surveillance recommendations for cancer survivors.
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Introduction

Neuroendocrine neoplasms (NENs) are a heterogeneous group of uncommon diseases with varied clinical characteristics and biological behaviors which arising from neuroendocrine cells throughout the diffuse endocrine system (1, 2). Due to advances in diagnostic technologies, there has been a significant increase in the detection of NENs both in the United States and globally (3–5). Rectal NENs are one of the main subtypes of NENs in the gastrointestinal tract (6, 7). Despite the typically indolent nature of rectal NENs and the improving outcomes in cancer management, survivors of these tumors still remain at a higher risk of developing second primary cancers (SPCs) during their cancer survivorship (8, 9). The heightened risk of SPCs may be partially attributed to genetic susceptibility and shared risk factors between NENs and secondary malignancies. Furthermore, regular medical surveillance for cancer survivors often leads to the frequent detection of SPCs.

In order to mitigate the relative risk of SPCs, it is imperative for individuals who have been diagnosed with rectal NENs to undergo regular follow-up visits and screenings as recommended by their healthcare providers. While previous studies have assessed the relative risk of SPCs in patients with various other cancers, there is a lack of research specifically examining the risk of developing a secondary malignancy among rectal NENs survivors in comparison to the general population in the United States. Therefore, in this present study, we attempted to comprehensively evaluate the relative risk of SPCs among patients with a history of rectal NENs using data from the SEER-18 program and to demonstrate the need for the development of appropriate surveillance protocols for this high-risk patient population.





Materials and methods

Patients who were histologically diagnosed with rectal NENs were extracted from the Surveillance, Epidemiology, and End Results (SEER)-18 registries, which includes nearly 28% of the US population from 2000 to 2018. This database includes incidence and population data stratified by race, sex, year of diagnosis, geographic area, and age. An at least 2-month latency between first rectal NENs diagnosis and SPCs was used to exclude synchronous primary malignancies. The study protocol was approved by the Institutional Review Board (IRB) of Second Affiliated Hospital of Harbin Medical University, and the requirement for written informed consent was waived due to the study’s design.




Statistical analysis

Standardized incidence ratios (SIRs) and absolute excess rate (AER) per 10,000 person-years were calculated to estimate the relative risk of a SPCs among rectal NENs survivors relative to the year 2000 US general population. Poisson regression models were used to calculated the corresponding 95% confidence intervals (CIs). All analyses were conducted by the SEER*Stat software.






Results

Between 2000 and 2018, we identified 15836 patients diagnosed with rectal NENs, of whom 1436 (9.1%) received diagnosis of a second primary cancer. The detailed demographics and characteristics of the entire study population are presented in Table 1. The majority of patients (66.7%) were between the ages of 50 and 69, and 78.3% had their first cancer diagnosed at the localized stage. More than half of the patients were of white ethnicity (55.6%) and were married (52.4%). The majority of patients (81.7%) underwent surgical intervention as the primary treatment for their initial malignancy, while only a small minority (2.9%) received chemotherapy. Male patients demonstrated a higher propensity for developing subsequent malignancies compared to female patients. Likewise, among those who received a diagnosis of a SPC, the majority had their initial malignancy identified at the localized stage.


Table 1 | Patient demographics of the study cohort, SEER 2000–2018.






Risk and burden of SPC

Figure 1 displays the risk and burden of SPCs overall and by patient characteristics. Among the study population, a total of 1436 patients developed a SPC, surpassing the expected cases if these patients had the same cancer risk as the general population. The SIR of developing a SPC was 1.19 (95%CI: 1.13-1.26) and the EAR was 21.51 cases per 10000 person-years. Among all patients with rectal NENs in the SEER database, there was a notable increase in the risk of developing four specific subsequent primary cancers: colorectum, prostate, thyroid, and lymphoma (Figure 2). The relative risk was highest for the occurrence of second colorectal cancers (SIR: 2.34, 95%CI: 2.08-2.63). Additionally, patients with rectal NENs exhibited significantly lower incidence rates of certain cancers compared to the general US population, including melanoma of the skin and female genital system cancers. Rectal NENs survivors who had their disease diagnosed at the unknown stage or at the localized stage exhibited a higher risk of developing SPCs, with SIRs of 1.24 (95%CI: 1.07-1.43) and 1.18 (95%CI: 1.12-1.25), respectively. Furthermore, patients who underwent surgery or chemotherapy for their initial malignancy had a more pronounced relative risk of developing subsequent cancers compared to those who did not receive these treatments.




Figure 1 | Risk of developing SPCs stratified by patient characteristics of rectal NENs in the United States between 2000 and 2018.






Figure 2 | Risk of developing specific SPCs after rectal NENs in the overall study population. (A) SIRs with corresponding 95% CIs. (B) EAR per 10,000 person-years.



For male survivors, a 25% increased relative risk was observed for SPCs overall (Table 2). Similarly, female survivors exhibited a 13% increased relative risk for SPCs overall. Further analysis by sex revealed that female patients had higher relative risks of developing SPCs in the colorectum, kidney and renal pelvis, and thyroid. However, male survivors only displayed an elevated risk of second primary colorectal and prostate cancers compared to the general population. Both of them showed a reduced risk of developing second melanoma of the skin relative to the age-matched US population.


Table 2 | Relative risk of selected SPCs after first rectal NENs by sex in US from 2000 through 2018.



The impact of age at diagnosis of first primary rectal NENs on the risk of SPCs was examined in our study (Table 3). Rectal NENs patients diagnosed at less than 50 years old had a significantly elevated risk of developing SPCs compared to the general population (SIR: 1.49, 95%CI: 1.28-1.72). Similarly, patients aged 50-69 and ≥70 years exhibited overall relative risks that were 16% and 18% higher, respectively. When examining specific SPCs, significantly increased relative risks were observed for colorectal cancer and pancreatic cancer among survivors younger than 50 years old at the time of their first cancer diagnosis. For individuals aged 50-69 years, the risks of developing second colorectal cancer, prostate cancer, and second thyroid cancer were significantly higher compared to the general population. Patients older than 70 years were associated with a higher risk of developing second cancers of the kidney and renal pelvis, as well as lymphoma.


Table 3 | Relative risk of selected SPCs after first erctal NENs by age at diagnosis in US from 2000 through 2018.



Race-specific analyses reveal that Black patients had a significantly higher relative risk of developing secondary cancers of colorectum, lung and bronchus, prostate, and thyroid compared to White patients (Table 4). It is noteworthy that White patients were found to have a significantly lower risk of subsequent melanoma of the skin (SIR: 0.51, 95%CI: 0.32-0.78).


Table 4 | Relative risk of selected SPCs after first erctal NENs by race in US from 2000 through 2018.



Patients diagnosed with poorly differentiated rectal NENs exhibited a statistically significant increase in the SIR for developing SPCs at all sites (SIR: 1.80, 95% CI: 1.07, 2.85) (Table 5). Among patients with well-differentiated tumors, prostate cancer was the most common subsequent primary cancer, showing a 74% increase compared to the general population.


Table 5 | Relative risk of selected SPCs after first rectal NENs by tumor differentiation in US from 2000 through 2018.



Stage-specific risk analyses indicate that patients with localized rectal NENs had a higher likelihood of developing SPCs, with a SIR of 1.18 between 2000 and 2018. Notably, patients with regional disease had a significantly elevated risk of developing second hepatobiliary cancers compared to the general US population (SIR: 5.91, 95% CI: 1.22-17.27), whereas this increased risk was not observed for patients with distant rectal NENs (Table 6).


Table 6 | Relative risk of selected SPCs after first rectal NENs by tumor stage in US from 2000 through 2018.







Trend in excess burden of SPC

Figure 3 illustrates the temporal pattern of the burden of SPCs among rectal NENs survivors in the United States from 2000 to 2018. The analysis reveals that the highest excess burden of SPCs was observed in the years 2000 to 2002. Subsequently, there was a gradual decrease in the burden until 2003-2005. From 2005 onwards, the excess burden of SPCs remained relatively stable, with minor fluctuations.




Figure 3 | Trend in excess burden of SPCs among rectal NENs survivors.







Risk of SPC by time latency

Our study demonstrates that the risk of SPCs remains elevated compared to the age-matched general US population within the first four years following a rectal NENs diagnosis, but this increased risk diminishes after four years (Figure 4).




Figure 4 | Risk of developing SPCs by time latency after rectal NENs diagnosis.







Risk of SPC by age at rectal NENs diagnosis

Stratifying the SIRs by age at diagnosis of rectal NENs, we observed a statistically significant increase in the incidence of SPCs among patients aged 30-64 years. As age increased within this range, the SIR gradually declined, while still maintaining statistical significance, as demonstrated in Figure 5.




Figure 5 | Risk of developing SPCs by age at rectal NENs diagnosis.








Discussion

As a result of advancements in cancer detection and management, the extended survivorship of cancer patients may have led to an increased risk of developing SPCs (10, 11). A better understanding of the relative risk in this population is crucial for improving lifelong surveillance, especially in diseases where therapeutic innovations have significantly improved the survival from the first primary cancer. This is true for rectal NENs as well, where recent advances in treatments have shown promising results in improving patient outcomes for rectal NENs, including those with high-risk disease (12–15). The occurrence of SPCs may be influenced by shared etiological factors, environmental exposures, and prior cancer treatments. In this study, we assessed the risks of SPCs among patients with a history of rectal NENs in the United States. Our findings revealed an increased relative risk of SPCs among rectal NENs patients (SIR: 1.19, 95%CI: 1.13-1.26, EAR: 21.51 cases per 10000 person-years). This study demonstrates a significant and persistent risk of SPCs among rectal NENs survivors, particularly within the first four years after their cancer diagnosis. These results contribute to the growing body of evidence highlighting the elevated risk of SPCs in cancer survivors. To the best of our knowledge, it is the first study to investigate the relative risk of second cancer development in survivors of rectal NENs based on a large cohort of study participants in the United States.

Our study addresses the question of how to effectively identify rectal NENs patients at a higher risk of developing SPCs. Through analyses of SIR by patient characteristics, we identified significant associations between SPCs and a prior diagnosis of rectal NENs. Male survivors were found to have a higher risk of SPCs diagnosis compared to their female counterparts (SIR: 1.25 versus 1.13). Notably, female patients had a significantly increased risk of developing second thyroid cancer relative to the general US population. Our results also showed that the age at diagnosis of first rectal NENs was a significant factor in the risk of developing SPCs among this population. For individuals aged less than 50 years old, the relative risk of SPCs was significantly elevated by 49% for all cancers combined, compared to matched peers in the general US population. Specially, survivors under the age of 50 at initial cancer diagnosis had a significantly increased risk of subsequent colorectal and pancreatic cancers, but a decreased risk of female genital system cancer. On the other hand, individuals older than 70 years had significantly higher risks of subsequent kidney and renal pelvis cancer, as well as lymphoma, compared to the general population. As the number of younger cancer patients surviving for several decades increases, it becomes crucial to understand the impact of specific SPCs diagnoses on survival, which is essential for tailoring age-specific prevention, screening, and treatment strategies. However, the underlying reasons for this heightened risk still remain unclear, and further studies are needed to better comprehend the diverse age-related risks associated with SPCs.

When developing screening strategies for rectal NENs survivors, it is crucial to consider the time gap between the initial cancer diagnosis and SPCs. Our findings indicate that the risk of SPCs remains elevated compared to the age-matched general population within the first four years following a rectal NENs diagnosis, but this increased risk diminishes after four years. This suggests that the higher incidence of SPCs may be influenced by individual genetic predisposition (16–19). Therefore, implementing focused surveillance during the initial four years is important for promptly detecting potential subsequent cancers in this cohort.

Our study has several limitations that need to be considered when interpreting the results. Firstly, we lacked detailed information on genetic or environmental risk factors and treatment, which may influence the outcomes. Additionally, a 2-month latency period between the initial cancer diagnosis and the identification of subsequent malignancies may have resulted in an overestimation of the true incidence of SPCs. Despite these limitations, our study stands out by examining the association between a first diagnosis of rectal NENs and subsequent malignancies using the largest and most recent cohort from the United States. Furthermore, we provided risk stratification based on patient demographics and characteristics, which enhances awareness regarding SPCs in this specific patient population.

In conclusion, rectal NENs survivors were found to have an increased risk of SPCs compared with the age-matched general US population, especially within the first four years following their initial cancer diagnosis. Furthermore, our study expands upon existing data by demonstrating long-term trends in SPC incidence among rectal NENs survivors, based on a larger patient sample. These findings have the potential to inform further studies on the etiology of SPCs and aid in shaping improved survivorship strategies for patients with rectal NENs. With advancements in cancer treatment and improved survival rates, it is crucial for healthcare practitioners and cancer survivors to be aware of the heightened risk of subsequent primary malignancies. Our findings provide valuable insights that can guide healthcare providers in customizing survivorship care plans to meet individual patient needs and address associated risks. Given the complexities of cancer management, there is a pressing need for research focused on identifying the most appropriate and feasible strategies.
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Purpose

Gastric cancer still develops after successful Helicobacter pylori(Hp)eradication. In this study, we aimed to explore the characteristics and risks of mucosal factors.





Methods

A total of 139 early gastric cancers (EGC) diagnosed in 133 patients after successful eradication from January 2016 to December 2021 were retrospectively included in the Hp-eradication EGC group and 170 EGCs diagnosed in 158 patients were included in the Hp-positive EGC group. We analyzed the clinical, pathological, and endoscopic characteristics between the two groups to identify the features of EGC after Hp eradication. Another 107 patients with no EGC after Hp eradication were enrolled in a Hp-eradication non-EGC group. The background mucosal factors between the Hp-eradication EGC group and the Hp-eradication non-EGC group were compared to analyze the high-risk background mucosal factors of EGC after eradication. In addition, we divided the EGC group after Hp eradication into IIc type and non-IIc type according to endoscopic gross classification to assess the high-risk background factors of IIc-type EGC after Hp eradication.





Results

The endoscopic features of EGC after Hp eradication included location in the lower part of the stomach (p=0.001), yellowish color (p= 0.031), and smaller size (p=0.001). The moderate/severe gastric atrophy (GA), intestinal metaplasia (IM) in the corpus, severe diffuse redness, and map-like redness were risk factors for EGC after eradication (p=0.001, p=0.001, p=0.001, and p= 0.005, respectively). The Kyoto classification total score in the EGC group was higher than the non-EGC group (4 vs.3 p<0.001). A multivariate analysis revealed that depressed erosion (OR=3.42, 95% CI 1.35-8.65, p= 0.009) was an independent risk factor for IIc-type EGC after Hp eradication.





Conclusion

EGC after eradication are smaller and yellowish lesions located in the lower part of the stomach. The risk background mucosal factors include moderate/severe GA, IM in the corpus, severe diffuse redness, and map-like redness. The Kyoto classification total score of 4 or more after successful eradication treatment might indicate EGC risk. In addition, the IIc-type EGC should be cautioned in the presence of depressed erosion after Hp eradication.





Keywords: Helicobacter pylori, eradication treatment, early gastric cancer, characteristics, background mucosa factors




1 Introduction

Gastric cancer is currently the fifth type of cancer in terms of incidence and fourth in mortality disease globally (1), with an especially high incidence in Eastern Asia and Eastern Europe (2). Helicobacter pylori (Hp) plays a key role in the development of gastric cancer (3), by inducing ongoing chronic inflammation, development of gastric atrophy (GA), formation of intestinal metaplasia (IM), and, finally, dysplasia by colonizing the gastric mucosa (4, 5). However, the optimal timing for Hp eradication, which patients are suitable for eradication therapy, and which patients require follow-up after eradication are questions that have been plaguing clinicians. Therefore, more than 40 experts gathered in Kyoto, Japan in 2014 to hold a global meeting and vote on relevant issues. A consensus was finally reached to form the Kyoto Global Consensus Report on Helicobacter pylori gastritis (6). The Kyoto Consensus on gastritis specifically emphasized that patients with Hp infection should receive eradication therapy, which promoted the formation of the global eradication boom. Data from China reported that there would be approximately 509,421 people newly diagnosed and 400,415 people dying from gastric cancer in 2022 in the country, compared with the previous incidence and mortality rates, which represents a gradual decrease (7). This change may be related to the promotion of the Kyoto gastritis consensus in China strengthening the screening and treatment of Hp.

However, with the popularity of eradication therapy, gastric cancer after eradication was gradually discovered and valued. Early gastric cancer (EGC) after eradication was defined as EGC detected after more than 1 year of successful Hp eradication, which contains EGC developing before and after eradication. The former was defined as EGC occurring before eradication but detected after eradication, while the latter was a new cancer occurring after eradication (8). The published data reports that the highest incidence of gastric cancer after eradication can reach 7% (9), and the risk of gastric cancer can persist for approximately 10 years after eradication treatment (10). Therefore, the risk of progression to gastric cancer still exists after eradication. Endoscopists familiar with the endoscopic features and patients undergoing regular endoscopic surveillance may be the key to early detection and treatment of EGC after Hp eradication.

The characteristics of EGC after eradication include small and reddish lesions, flat or depressed morphology, “gastritis-like” appearance under endoscopy, surface differentiation, and non-tumorous epithelium in histology (11–14). Hp eradication can significantly improve diffuse redness (DR), mucosal edema, and enlarged folds (EF), but the gastric mucosa with severe GA and IM in the corpus may be difficult to reverse (15). Meanwhile, eradication therapy improved mucosal inflammation in non-GA and non-IM, making the relatively red IM/AG areas form a characteristic appearance featuring a map-like redness that was in fact multiple slightly flat or depressed erythematous lesions  (16). These depressed characteristics and complex background mucosa after eradication greatly increased the difficulty of diagnosis for endoscopists.

This study aims to further explore the characteristics and high-risk background mucosal factors of EGC after eradication. The findings of this study will be beneficial to systematically understand the characteristics and background mucosa of EGC after eradication, and improve the endoscopic detection rate of EGC after eradication.




2 Materials and methods



2.1 Patients

In this study, 457 patients treated with ESD for early gastric tumors including low-grade, high-grade neoplasia, and early carcinoma in Qingdao University Affiliated Hospital were retrospectively selected between January 2016 and December 2021. According to their pathological results of ESD, the patients were divided into a Hp-negative group (241) and a Hp-positive EGC (216) group. In the former group, 38 patients without or with undefined eradication history, 10 patients undergoing gastric surgery, and 47 patients diagnosed less than 12 months after eradication were excluded. In addition, 13 patients were also excluded for missing or indistinct endoscopic images in the Hp-negative group. In the latter group, 51 patients who had received eradication therapy and 7 patients undergoing gastric surgery were excluded. Finally, 139 lesions in 133 patients who had received successful Hp eradication more than 1 year previously were included in the Hp-eradication EGC group and 170 lesions in 158 patients were included in the Hp-positive EGC group (Figure 1).




Figure 1 | Flowchart of the study subjects.



For the non-EGC group after eradication, 107 patients were randomly selected who met Hp eradication criteria but without EGC for gastroscopy examination at Qingdao University Affiliated Hospital from June 2021 to December 2021.




2.2 Standard of successful Hp eradication

After eradication therapy, the eradication effect was evaluated based on the urea breath test or the pathological assessment. The standard of successful Hp eradication was confirmed when either of the tests yielded negative results.




2.3 The data at enrollment

Endoscopic characteristics and background mucosa were independently observed by three experienced endoscopists without knowing about the Hp eradication and pathological data, and we finally selected consistent endoscopic results from at least two endoscopists.




2.4 The clinical data

The clinical data included sex, age, family history of gastric cancer, smoking and drinking history, and duration after Hp eradication, which was defined as the interval between the successful eradication treatment and the operation of ESD in the Hp-eradication EGC group.




2.5 The endoscopic data

The tumor location, size, color, morphology, and gastritis-like appearance were observed in White Light Endoscopy (WLE). The tumor location referred to in the Japanese classification was divided into three portions: the upper (U), middle (M), and lower (L) parts (17). Tumor size was assessed at the longest diameter. Morphology was analyzed based on the Paris endoscopic classification (18). The tumor color was divided into three arms: yellowish, whitish, and reddish color. The color was defined as a more yellowish, whitish, or reddish color on most of the tumorous area rather than on the non-cancerous mucosal area around the tumor (19) (Figures 2A–C). The gastritis-like appearance was defined as a slight elevation or depression morphology in WLE, regular (open/closed-loop) microstructure (MS) mixed papillae or pits, and faint microvascular (MV) vessels in the narrow-band imaging with magnifying endoscopy (NBI-ME), with the mucosa not being significantly different from the surrounding non-cancerous area  (12, 13) (Figures 2C, D).




Figure 2 | Typical color change and gastritis-like appearance of EGC after eradication: (A) A slightly depressed yellowish lesion on the small curved side of the corpus (white square). (B) A slightly raised whitish lesion on the posterior wall of the antrum (white square). (C) A slightly excavated reddish lesion on the small curved side of the antrum (white arrow), whose mucosa was similar to the surrounding non-cancerous area in WLE. (D) The lesion with a gastritis-like appearance presented regular microstructure (MS), microvascular (MV), and clear border in NBI-ME.



The MS, MV, and border were shown in NBI-ME.

Background mucosa status was assessed according to the Kyoto gastritis classification (20), including GA, IM, DR, regular arrangement of collecting venules (RAC), EF, map-like redness, depressed erosion, xanthoma, raised erosion, patchy redness, fundic gland polyp, and multiple white and flat elevated lesions (Figures 3A–L). According to the location and extent of GA, the Kimura-Takemoto classification (Figure 4) was classified as closed (C-1, C-2, and C-3) and open (O-1, O-2, and O-3) (21) (Figure 5). The GA based on the Kimura-Takamoto classification was divided into a none/mild GA group (C0-C2), a moderate GA group (C3 and O1), and a severe GA group (O2 and O3) (22). There were three groups according to the extent of IM: IM group A (no IM), IM group B (IM in the antrum only), and IM group C (IM in the corpus only or in both the antrum and corpus) (22). DR contained three categories: none (the regular RAC was visible throughout the corpus), mild (the regular RAC was visible in part of the corpus), and severe (the absence of RAC). The EF was divided into two categories: none (the width of the folds was ≤4 mm under observation with a sufficient amount of air) and presence (the width of the folds was ≥5 mm). The others were classified as none and presence (13). The Kyoto gastritis scores were based on GA, IM, DR(RAC), and EF, and the sum of the five endoscopic findings was the Kyoto gastritis total score (Table 1)  (20).




Figure 3 | Representative background mucosa status: (A) gastric atrophy (GA), (B) intestinal metaplasia (IM), (C) diffuse redness (DR), (D) regular arrangement of collecting venules (RAC), (E) enlarged folds (EF), (F) map-like redness, (G) depressed erosion (white arrow), (H) xanthoma (white arrow), (I) raised erosion (white arrow), (J) patchy redness (white arrow), (K) fundic gland polyp (white arrow), and (L) multiple white and flat elevated lesions.






Figure 4 | Kimura-Takamoto classification.






Figure 5 | Grade of gastric atrophy (GA): (A) C1: GA limited to the antrum, (B) C2: GA limited to the antrum and lesser curvature of the distal gastric body, (C) C3: GA limited to the antrum and lesser curvature of the proximal gastric body, (D) O1: GA included the lesser curvature of the gastric body and the cardia, (E) O2: GA included the lesser curvature of the gastric body, anterior wall, and posterior wall, and (F) O3: GA widely included the whole gastric (GA border is indicated by a dotted line).




Table 1 | Gastric cancer grade scores in the Kyoto Gastritis Classification.






2.6 The pathological data

The data included histological type, depth of invasion, vascular invasion, and Ki67 index. The histological type was divided into low-grade neoplasia, high-grade neoplasia, differentiated-type, and undifferentiated-type carcinoma, according to the Vienna classification (23). The depth of invasion was classified into two categories: M (tumor confined to mucosa) and SM (submucosal invasion) (17).




2.7 Statistical analysis

Statistical graphs were constructed to evaluate the trend of EGC. The continuous variables were calculated using the Mann-Whitney U-test and parametric data were expressed as the medians (range). The χ-squared test or Fisher’s exact test were applied for categorical variables that were presented in the table as the number of patients or lesions and their percentage. We compared the characteristics and background factors of EGC after eradication. In order to identify the independent background risks of EGC after eradication, the significant variables that were assumed to be univariate were put into a multivariable analysis using Logistic regression analysis. Meanwhile, we calculated the Kyoto gastritis total score in the EGC and non-EGC groups after eradication and speculated the risk of EGC after successful eradication.

Among the Hp-eradicated group, the background factors were also compared between IIc-type EGC and non-IIc-type EGC, to define the independent risk factors for IIc-type EGC. All statistical analyses were performed by SPSS statistical software and a p-value <0.05 was defined as having statistical significance.





3 Results



3.1 The trend of EGC after eradication

In the Hp-eradicated EGC group, the median duration after eradication was 18 months (range 13 to 38 months). The annual distribution of EGC after eradication varied greatly, with the number showing a significant upward trend. In 2016, there was only 1 lesion (0.7%) from 1 patient, whereas in 2017, there were 7 lesions (5%) out of 6 patients, and in 2018, there were 5 lesions (3.5%) from 5 patients. The number of EGCs has increased significantly since 2019: 21 lesions (15.1%) from 21 patients in 2019, 27 lesions (19.4%) out of 26 patients in 2020, with the number of EGCs peaking in 2021, with 78 lesions (56.1%) out of 74 patients (Figure 6). Compared with the Hp-eradicated EGC group, the Hp-positive EGC group showed a relatively flat downward trend. The number of EGCs that occurred in 2016 and 2017 was 29 patients (31 lesions) and 34 patients (38 lesions), respectively, with a total proportion of 40.5%. The number of EGCs decreased slightly after 2018, with 25 patients (27 lesions) in 2018, 20 patients (21 lesions) in 2019, 22 patients (24 lesions) in 2020, and 28 patients (29 lesions) in 2021 (Figure 6).




Figure 6 | The distribution trend of Hp-eradicated and Hp-positive EGC groups between 2016 and 2021.



The 131 lesions (94%) out of 125 patients were found within 5 years after eradication, however, 7 lesions (5%) from 7 patients and 1 lesion (1%) from 1 patient were identified within 10 and 15 years, respectively, after successful eradication (Figure 7).




Figure 7 | The distribution of EGC in duration after Hp eradication.






3.2 Clinical features of EGC after eradication

Female patients were more frequent in the Hp-eradicated EGC group than in the control group (p = 0.003). Patients in the eradication group were more likely to have a family history of gastric cancer (p = 0.047), however, the Hp-positive group was more likely to have a history of drinking (p = 0.009) and smoking (p = 0.004). There was no significant difference between the two groups in terms of age (Table 2).


Table 2 | Comparison of clinical characteristics of HP-eradicated and HP-positive ECG groups.






3.3 Endoscopic features of EGC after eradication

The lesions after eradication were more commonly located in the lower part of the stomach compared to those in the control group (p =0.001). Similarly, the yellowish color was more frequent in the eradicated group (p = 0.031). Tumor size was smaller in the eradicated group than in the positive group (p =0.001), with a median tumor size of 12mm (range 10 to 20mm). Although morphology was not statistically significant, the IIc-type EGC accounted for the largest proportion in the eradication group (60%). Meanwhile, the gastritis-like appearance was only found in the eradication group (p =0.001). The lesions with regular MS, MV, and indistinct border in the Hp-eradication group were more frequent than in the control group (P=0.008,0.003, 0.01, respectively) (Table 3).


Table 3 | Comparison of endoscopic characteristics of HP-eradicated and HP-positive ECG groups.






3.4 Pathological features of EGC after eradication

There were no significant differences between the groups in terms of histological type, depth of invasion, vascular invasion, and Ki67 index. However, the Ki67 index was relatively lower in the eradication group, with the median Ki67 index of 45 (range 30 to 60) (Table 4).


Table 4 | Comparison of pathological characteristics of HP-eradicated and HP-positive ECG groups.






3.5 Background mucosa status of EGC after eradication

Univariate analysis indicated that moderate/severe GA (C3-O3), IM group C (IM in the corpus only or in both the antrum and corpus), severe diffuse redness, and map-like redness were risk mucosal factors of EGC after eradication (P=0.001, =0.001, =0.001, 0.005, respectively) (Table 5). However, these were not independent risk factors for gastric cancer after eradication by logistic regression analysis (Table 6).


Table 5 | Comparison of background mucosa status in the EGC group and the non-EGC group after eradication.




Table 6 | Multivariate analysis of background in the EGC group and the non-EGC group after eradication.






3.6 Kyoto gastritis score of EGC after eradication

The Kyoto gastritis total score of the EGC group was significantly higher than the non-EGC group (4 vs. 3, P <0.001). However, the four endoscopic findings were not significantly different between the two groups (Table 7).


Table 7 | Comparison of Kyoto gastritis score in the EGC group and the non-EGC group after eradication.






3.7 Correlation analysis of the IIc and non-IIc EGC in the background mucosal factors

The IIc-type EGC was the most common in the eradication group (60%) (Table 3), and the other types were uniformly classified as non-IIc EGC (40%). Among all background mucosa status, only moderate GA (C3-O1) (P=0.03) and depressed erosion (P=0.003) were risk factors. However, depressed erosion(OR=3.42, 95% CI: 1.35~8.65, P=0.009)only was an independent risk factor for IIc-type EGC in the multivariate analysis (Table 8).


Table 8 | Association between the mucosa status and Macroscopic type (IIc and non-IIc EGC).







4 Discussion

In this study, the number of EGCs after eradication varied greatly in different years but overall showed an upward trend. However, the Hp-positive EGC group showed a relatively flat downward trend. The Kyoto Gastritis Consensus advocated that Hp gastritis should be defined as an infectious disease that is closely related to the development of gastric cancer, and all patients with Hp infection should receive eradication treatment (6). China, as a developing country, has a high prevalence of Hp infection rate and a high incidence of gastric cancer (24). The publication of the Kyoto Gastritis Consensus promoted the domestic standardization of Hp diagnosis and treatment and improved the awareness of Hp eradication. Meanwhile, patients with Hp infection in most parts of China have received standard eradication treatment. Thus, the population undergoing eradication has relatively increased. However, the effectiveness of Hp eradication for the prevention of gastric cancer depends on the severity of gastric mucosal damage (25), and some patients with GA, IM, and dysplasia who receive eradication treatment may be a potential population for gastric cancer after eradication. In this study, the increase in EGC numbers after eradication suggests that it should be a focus during endoscopy.

EGC can be detected within 15 years after eradication, but most cases were found within 5 years after eradication (131/139, 94%). A retrospective study found that the percentage of EGC detected gradually increased over time from successful eradication, especially in the fifth year after eradication, and the percentage of EGC detected was significantly higher than that in patients with infection (26). Take et al. found that the risk of developing gastric cancer in the second 10 years after eradication was significantly greater than in the first 10 years (27). Therefore, patients receiving successful eradication therapy should have regular endoscopic surveillance early within 5 years, and later follow-up should be extended to 10 or even 15 years. In addition, women and patients with a family history of gastric cancer were significantly higher in the eradication group than in the infection group. Therefore, these groups of patients after successful eradication should receive more focus on endoscopic screening. 

In the present study, EGC after eradication had a smaller tumor size, which was consistent with previous studies (8, 28, 29). The reports have found that gastric cancer detected after successful Hp eradication was located in middle and lower anatomical locations (8, 30). However, Horiguchi et al. (11) found that the prevalence of lesions located in the upper anatomical position in the eradication group was higher than that in the control group. Our study confirmed that lesions were mainly located in the lower part of the stomach in the eradication group when compared to the control group (84% versus 71%). We have also shown that yellowish appearance was one of the clinical features of EGC after eradication, something that was not indicated in the other articles (11, 19). Therefore, under WLE, yellowish and smaller lesions located in the lower site should be the focus for patients after Hp eradication.

In our study, the gastritis-like appearance (24 patients and 24 lesions) was only found in the HP-eradication EGC group. Meanwhile, regular MS, regular MV, and blurred borders were more common in the EGC group after eradication. Saka and Kobayashi et al. (12, 13) proposed that gastritis-like appearance was associated with surface differentiation and epithelium with low-grade atypia (ELA). The surface differentiation was defined as the absence of Ki-67 positive cells in the surface layer of the tumor (13), and the ELA was normal columnar epithelium appearing on the tumor surface (14). Then, the Ki-67 markers were not found by immunohistochemical staining in ELA (31). Some research papers have also found that the Ki-67 index was lower in the eradicated group than in the positive group (32, 33), which could confirm the findings of Saka and Kobayashi. Our study also found that the Ki-67 index was lower in the EGC group after eradication (45 versus 50) and the prevalence of low-grade neoplasia was higher in lesions with gastritis-like appearance (15/24, 63%), which could also confirm this theory, but the relationship between the two elements should be further explored in future studies. Meanwhile, relevant studies have shown that the submucosal invasion of gastric cancer is more frequent after eradication (8, 27). However, our result was the opposite, which may be due to the enrolled lesions being more low-grade (75/139, 54%) and high-grade neoplasia (31/139, 22%).

Previous reports described the features of gastric cancer after eradication as having a flat or depressed morphology (8, 14, 34), which may be related to the inhibition of proliferative ability after eradication (14, 28, 32, 33). The lower Ki-67 index in the EGC group from our study supports this because it was a key marker for promoting the proliferation of tumor cells (35, 36). Meanwhile, the prevalence of IIc-type EGC was also significantly higher in the HP-eradication EGC group in our study (84/139, 60%). We also found that depressed erosion was an independent risk factor for IIc-type EGC(OR=3.42, 95% CI: 1.35~8.65, P=0.009). Therefore, in cases of IIc-type EGC, clinicians should be vigilant after eradication, especially regarding the status of the depressed erosion background mucosa.

There are studies regarding risk factors of gastric cancer development after eradication. Toyoshima et al. (37) showed that severe GA was an independent risk factor for gastric cancer after eradication. Kodama et al. (38) confirmed that IM in the corpus was another risk factor. Moribata et al. (39) also proposed that map-like redness may be a positive predictor of gastric cancer after eradication. We found that moderate/severe GA, IM in the corpus, severe diffuse redness, and map-like redness were risk factors of EGC after eradication, and these will be key clues to evaluate the presence of gastric cancer after eradication. This result was compatible with the findings of Ohno et al. (40) based on the Kyoto classification of gastritis. However, the findings of the multivariate analysis did not obtain the same expected effect. Meanwhile, the Kyoto total risk score after eradication in the EGC group was 4, which was significantly higher than the non-EGC group. Toyoshima et al. (41) suggested that a Kyoto classification score of ≥ 4 in patients with Hp infection might indicate gastric cancer risk. Therefore, we speculate that those with a Kyoto risk score of 4 or higher may have a higher risk of gastric cancer.

Western and Japanese pathologists have different diagnostic criteria for dividing epithelial neoplasia and early gastric cancer. The invasion was the most important diagnostic criterion for most Western pathologists, whereas, for Japanese pathologists, nuclear features and glandular structures were more important (42). The Vienna classification classified low-grade and high-grade neoplasia as non-invasive carcinoma, solving differences in diagnostic criteria between Japanese and Western pathologists (23). At present, high-grade neoplasia could be considered as carcinoma (42). In this study, high-grade and low-grade neoplasia were included in the EGC group because they met the diagnostic criteria of EGC under endoscopic examination; in addition, we found obvious atypia of the nucleus and glandular structures in pathology.

Based on our findings, each patient after Hp eradication should be risk-stratified in terms of clinical, pathological, endoscopic characteristics and background factors to establish an individualized endoscopic surveillance strategy for at least 15 years. There are several limitations in the present study. First, our study subjects included low-grade and high-grade neoplasia. Thus, our results might not represent the characteristics of all gastric cancers after eradication. Second, the enrolled groups were screened by telephone follow-up, and dates were collected through search, which might have certain retrospective selection biases. Third, the differences in pictures preserved in the system may have interfered with the assessments.

In conclusion, the endoscopic features of EGC after eradication are smaller, yellowish, and located in the lower part of the stomach. The risk factors include moderate/severe GA, IM in the corpus, severe diffuse redness, and map-like redness. The Kyoto classification total score of 4 or more after successful eradication treatment might indicate EGC risk. In addition, in cases of depressed erosion after eradication, there should be an awareness of the risk of IIc-type EGC.
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Background

Gastric cancer is a highly prevalent and fatal disease. Accurate differentiation between early gastric cancer (EGC) and advanced gastric cancer (AGC) is essential for personalized treatment. Currently, the diagnostic accuracy of computerized tomography (CT) for gastric cancer staging is insufficient to meet clinical requirements. Many studies rely on manual marking of lesion areas, which is not suitable for clinical diagnosis.





Methods

In this study, we retrospectively collected data from 341 patients with gastric cancer at the First Affiliated Hospital of Wenzhou Medical University. The dataset was randomly divided into a training set (n=273) and a validation set (n=68) using an 8:2 ratio. We developed a two-stage deep learning model that enables fully automated EGC screening based on CT images. In the first stage, an unsupervised domain adaptive segmentation model was employed to automatically segment the stomach on unlabeled portal phase CT images. Subsequently, based on the results of the stomach segmentation model, the image was cropped out of the stomach area and scaled to a uniform size, and then the EGC and AGC classification models were built based on these images. The segmentation accuracy of the model was evaluated using the dice index, while the classification performance was assessed using metrics such as the area under the curve (AUC) of the receiver operating characteristic (ROC), accuracy, sensitivity, specificity, and F1 score.





Results

The segmentation model achieved an average dice accuracy of 0.94 on the hand-segmented validation set. On the training set, the EGC screening model demonstrated an AUC, accuracy, sensitivity, specificity, and F1 score of 0.98, 0.93, 0.92, 0.92, and 0.93, respectively. On the validation set, these metrics were 0.96, 0.92, 0.90, 0.89, and 0.93, respectively. After three rounds of data regrouping, the model consistently achieved an AUC above 0.9 on both the validation set and the validation set.





Conclusion

The results of this study demonstrate that the proposed method can effectively screen for EGC in portal venous CT images. Furthermore, the model exhibits stability and holds promise for future clinical applications.





Keywords: early gastric cancer (EGC), deep learning, CT, automatically stomach segmentation, gastric cancer classification





Introduction

Gastric cancer (GC) is a highly prevalent malignancy, ranking among the top three in terms of mortality (1). Worldwide, over 1 million new cases of gastric cancer are diagnosed annually (2). The five-year survival rate for advanced gastric cancer (AGC) is less than 30%, while early gastric cancer (EGC) boasts a remarkable 90% survival rate (3, 4). EGC refers to invasive gastric cancer that penetrates no deeper than the submucosa, regardless of lymph node metastasis (5). The mainstay of treatment for EGC is endoscopic resection, while AGC is treated with sequential chemotherapy (5), with preoperative and adjuvant chemotherapy improving outcomes (6). Despite the vital implications for prognosis and treatment planning, the detection rate of EGC remains low, with even developed countries reporting a mere 50% diagnostic rate for EGC (3).

Gastric cancer is diagnosed histologically after endoscopic biopsy and staged using CT, endosonography(EUS), PET, and laparoscopy (5). The American Joint Committee on Cancer (8th edition) recommends computed tomography (CT) and endosonography as preoperative diagnostic techniques for gastric cancer. CT aids in identifying malignant lesions (7), detecting lymph node metastasis (8), and evaluating response to neoadjuvant chemotherapy (9). However, the highest reported accuracy for CT-based EGC detection is a mere 0.757 (10, 11), and the overall diagnostic accuracy for T staging is only 88.9% (12). Research indicates that EUS outperforms CT in preoperative T1 and N staging of gastric cancer (13, 14), yielding an overall T staging accuracy of 77% (15). Double contrast-enhanced ultrasonography (DCEUS) achieves a modest 82.3% accuracy in assessing gastric cancer T staging (16). Additionally, EUS staging is less effective in special locations such as the gastroesophageal junction (17).

The field of medical image analysis has witnessed significant interest in the application of rapidly advancing artificial intelligence techniques. These techniques have been successfully employed in various tasks such as image segmentation (18), disease detection (19), and lesion classification (20). Alam et al. utilized deep learning technology to automatically segment the gastrointestinal tract on MRI, aiding physicians in formulating precise treatment plans for cancer-affected regions of the gastrointestinal tract (21). Arai et al. developed a machine learning-based approach to accurately stratify the risk of gastric cancer, enabling individualized prediction of gastric cancer incidence (22). Ba et al., working with 110 whole slide images (WSI), compared deep learning with the diagnostic results of pathologists in diagnosing gastric cancer. The study demonstrated that deep learning technology indeed enhances the accuracy and efficiency of pathologists in gastric cancer diagnosis (23). Zeng et al. manually delineated gastric cancer lesions in portal phase CT images and subsequently selected the largest tumor slice and adjacent slices to establish a deep learning model for distinguishing between EGC and advanced gastric cancer (AGC) (24). However, manual delineation of lesion areas is time-consuming and demands a high level of expertise from the annotators, making it unsuitable for practical clinical diagnosis. This study aims to achieve automatic gastric segmentation and EGC detection on portal phase CT images by establishing a deep learning model capable of accurately distinguishing EGC.





Materials and methods




Patients

The study included 674 gastric cancer (GC) patients who underwent CT and pathological examinations at the First Affiliated Hospital of Wenzhou Medical University between January 2020 and April 2023. All patients were confirmed to have gastric cancer by pathological examination. Exclusion criteria consisted of the following: (1) patients who did not undergo enhanced CT scans, (2) patients with insufficient CT image quality, (3) patients with concurrent malignant tumors, and (4) patients who received neoadjuvant chemotherapy prior to CT examination. Supplementary Figure 1 presents the flow chart outlining the inclusion and exclusion criteria, ultimately resulting in a final sample of 341 patients. Based on pathological examination results, all GC patients were categorized as either early gastric cancer (EGC, n=124) or advanced gastric cancer (AGC, n=217). They were randomly assigned to a training set (n=273) and a validation set (n=68) at an 8:2 ratio. Pathological examination findings served as the gold standard for gastric cancer staging. The Hospital Medical Ethics Committee approved this retrospective study.





Image acquisition and preprocessing

Enhanced CT scans were performed using a TOSHIBA_MEC_CT3 device model. The scanning parameters were as follows: tube voltage range of 120 kVp, tube current range of 90-350 mA, table speed of 69.5 mm/rot, image matrix of 512×512, and reconstruction slice thickness of 2 mm. During the contrast-enhanced scan, 1.5 mL/kg of iodine contrast agent was injected through the antecubital vein using a syringe at a flow rate of 3.50 mL/s. Following the contrast medium injection, the patient held their breath, and imaging was conducted in the arterial phase (at 35-40s), portal venous phase (at 60-90s), and equilibrium phase (at 110s-130s).

Imaging during the portal venous phase is beneficial for assessing visceral invasion in surrounding tissues, as well as detecting and diagnosing lymph node metastasis, peritoneal metastasis, and extramural vascular invasion. Previous studies have employed this phase for tumor lesion segmentation (25, 26). To minimize the impact of exceptional cases on the model, we applied a window width of 350 Hounsfield units (Hu) and a window level of 50 Hu to truncate the grayscale values of CT images. Additionally, we normalized the grayscale values of all images to the range of [0,1].





Two-stage deep learning model development

To facilitate fully automated distinction between early gastric cancer (EGC) and advanced gastric cancer (AGC), we have developed a two-stage deep learning model. As illustrated in Figure 1, the first stage of the model encompasses a two-dimensional segmentation network responsible for segmenting the stomach in enhanced CT images. The second stage involves a three-dimensional classification network dedicated to EGC screening.




Figure 1 | Structure of Deep Learning System Used for Stomach segmentation and EGC Diagnosis.







Segment model development

For the segmentation network in the first stage, we adopted the Slice-Direction Continuous Unsupervised Domain Adaptation Framework (SDC-UDA) (27). This framework leverages the equilibrium phase CT dataset with ground truth (GT) to achieve segmentation of the portal phase CT dataset without GT. The equilibrium phase CT dataset with GT was sourced from the MICCAI FLARE 2022 competition (https://flare22.grand-challenge.org/), comprising a total of 50 cases.

The SDC-UDA model consists of five stages (Figure 2). Firstly, on our dataset, we registered the portal phase and equilibrium phase images and trained an unsupervised image translation generator, employing the CycleGAN network (28), with intra- and inter-slice self-attention. Secondly, we utilized the generator from the previous step to synthesize portal phase images with pseudo-GT, obtained from the equilibrium phase data with GT through 2D-to-3D image translation. Thirdly, we trained the synthesized portal phase images with pseudo-GT using the 3D-Unet network (29). Fourthly, we generated pseudo-GT for real portal phase images without GT using the 3D-Unet network trained in the previous step. Additionally, we improved the pseudo-GT through uncertainty-constrained pseudo-GT refinement. Finally, we jointly trained the segmentation model based on the 3D-Unet network by combining the equilibrium phase image with GT and the real portal phase image with the pseudo-GT.




Figure 2 | Overview of SDC-UDA framework.



In our hospital’s CT dataset, 50 cases of gastric segmentation were randomly selected by a doctor with 8 years of clinical experience using ITK-SNAP (version 3.8.0, USA). The segmentation results were utilized to evaluate the performance of the SDC-UDA model.





Classification model development

After segmenting the stomach in the CT image, we extracted the stomach region based on the segmentation results and resized it to a dimension of 128*128*128. Subsequently, we employed the 3D DenseNet network (30) for the classification of EGC and AGC. The network comprises four dense modules (Figure 3), connected by convolutional and pooling layers. The final classification result is obtained through a linear layer after passing the output of the last dense module through the pooling layer. Each dense module consists of four convolutional blocks. The convolutional layer incorporates multiple convolutional layers, and the output of each convolutional block is concatenated with the outputs of all subsequent convolutional blocks in a channel-wise manner. Notably, all convolution kernels in the model are 3D.




Figure 3 | 3D DenseNet network structure diagram.







Model evaluation

To evaluate the segmentation model, we employed the dice coefficient (31). For the classification model, we assessed its performance by computing the accuracy, sensitivity, specificity, and F1 score. The receiver operating characteristic (ROC) curve was plotted, and the area under the ROC (AUC) value was calculated.

To assess the model’s stability, we randomly divided the data into three separate sets for training and validation, maintaining consistent proportions. We compared the results obtained from the three validation sets.





Statistical analysis

All calculations and statistical analyses were conducted in a Linux environment (Ubuntu 7.5.0) using the following hardware configuration: an Intel 4215FR CPU clocked at 3.20 GHz, 64 GB DDR4 memory, and an RTX 4060 Ti graphics card. The programming language utilized was Python 3, specifically version 3.6.13 from the Python Software Foundation. We employed the PyTorch deep learning framework (https://pytorch.org/) along with key packages such as torch (version 1.10.1), torchvision (version 0.11.2), and scikit-learn (version 0.20.4).






Results




Patients

The study included a total of 341 cases of gastric cancer (GC). The training set comprised 273 participants (mean [SD] age: 66.02 [10.06] years), while the validation set consisted of 68 participants (mean [SD] age: 65.53 [10.62] years). Further details regarding the distribution of cases within the training and validation sets are presented in Table 1.


Table 1 | The distribution of cases on the training and validation sets.







Model building

The optimal parameters for the model were determined through several experiments. For the CycleGAN in SDC-UDA, the parameters were set as follows: 100 training epochs, a beta value of 0.5, a learning rate of 0.0001, and learning rate updates every 50 epochs. The parameters for the 3D Unet in SDC-UDA were set as follows: 200 training epochs, a batch size of 2, a learning rate of 0.0005, and learning rate updates every 100 epochs. The parameters for the 3D DenseNet were set as follows: the base network was DenseNet121, a dropout rate of 0.5, a growth rate of 4, 1000 training epochs, a batch size of 20, a learning rate of 0.1, and learning rate updates every 500 epochs.





Model performance evaluation

On a dataset of 50 human-annotated gastric segmentations, our model achieved an average dice accuracy of 0.94, with the highest dice coefficient recorded as 0.97 and the lowest as 0.90. The segmentation results are illustrated in Figure 4, demonstrating a close match between the model’s segmentation output and the actual stomach outline.




Figure 4 | Two cases to show the segmentation of our model.



Using the segmented images as input for EGC detection, the final model achieved AUC values of 0.98 and 0.96 on the training and validation sets, respectively (Figure 5). The model’s performance metrics on the training set are as follows: accuracy of 0.93, sensitivity of 0.92, specificity of 0.92, and F1 score of 0.93 (Table 2). On the validation set, the model achieved an accuracy of 0.92, sensitivity of 0.90, specificity of 0.89, and F1 score of 0.93. These experimental results demonstrate that the proposed model exhibits high discriminative ability in distinguishing between EGC and AGC.




Figure 5 | EGC screening performance of our model.




Table 2 | The performance of our model on the train set and validation set.







Model robustness assessment

To examine the impact of different data distributions on the model, we randomly divided the data into training and validation sets in an 8:2 ratio, performed model training and testing, and repeated this process more than three times. The robustness of the model was evaluated based on the performance of the three models. Supplementary Figure 2 and Supplementary Table 1 present the model’s performance on various training and validation sets. The results indicate that the model achieved an AUC greater than 0.90 on both the training set and validation set, demonstrating the robustness of the deep learning model proposed in this paper.






Discussion

In this study, we developed a deep learning model for accurate EGC screening using CT images without human annotation. The model consists of two stages: automatic gastric segmentation and EGC diagnosis. It achieved AUC values of 0.98 and 0.96 in the training set and validation set, respectively. Additionally, our model demonstrated robustness in EGC screening through multiple training iterations with varied data groupings. Our study provides a clinically applicable preoperative GC staging model for the GC patients, which can assist doctors in formulating more accurate diagnosis and treatment plans.

Preoperative diagnosis of GC has been a focal point of research. Accurately assessing the T stage in the GC classification system is crucial for determining treatment options and prognosis. Understaging may lead to incomplete tumor resection, while overstaging may result in unnecessary overtreatment. EUS could be helpful for identifying superficial that do not penetrate further than the submucosa (T1) or muscularis propria (T2) from advanced cancers (T3–T4) (5). Studies have reported that EUS achieves a high overall accuracy in T stage assessment, with a sensitivity of 86% (32). Zhao et al. demonstrated that the accuracy of staging using multi-slice spiral CT images and gastroscope can reach 83.67% through statistical analysis (33). Guan et al. employed Yolov5-based DetectionNet for staging gastric cancer on arterial phase CT images, achieving an average accuracy of 0.909 (34). Wang et al., using gastric windows on CT images, achieved an accuracy rate of 90% in diagnosing T1 EGC (35). In our study, the model achieved an accuracy of 94.6% in diagnosing EGC in the training set and 90% in the internal validation set. Furthermore, the reliability study demonstrated the stability of the model.

Artificial intelligence technologies, such as radiomics and deep learning, have gained significant attention in the field of gastric cancer. These techniques play a crucial role in tasks like preoperative TNM staging prediction, differential diagnosis, treatment response assessment, and prognosis estimation (36). Radiomics, in particular, has been employed for predicting treatment response and survival in gastric cancer, although there is heterogeneity and relatively low research quality in this area. Nonetheless, radiomics holds promise in predicting clinical outcomes due to its high interpretability (37). An essential initial step in radiomics is the segmentation of the region of interest (ROI), which can be time-consuming and demanding for annotators (38, 39). Thus, automatic segmentation of the ROI is of great significance for omics research. Hu Z et al. proposed a multi-task deep learning framework for automatic segmentation of gastric cancer in human tissue sections using whole slide images (WSI) (40). Zhang Y et al. presented a 3D multi-attention-guided multi-task learning network for gastric tumor segmentation on CT images, achieving a Dice score of 62.7% by leveraging complementary information from different dimensions, scales, and tasks (41). However, there are limited studies on the segmentation of gastric cancer CT, and the Dice accuracy falls short of meeting the requirements of subsequent experiments. Therefore, the model we developed focuses on achieving automatic segmentation of the stomach in the first stage.

This paper used a two-stage deep learning framework that first segments and then classifies. This framework has a wide range of applications in the medical field. In brain disease research, many researchers first remove the skull by segmentation, and then perform subsequent classification modeling (42, 43). In order to classify 18 types of brain tumors more accurately, Gao et al. (44) adopted a deep learning framework that first segmented the tumor area and then performed multi-classification. For the diagnosis of chest diseases, researchers often use segmentation models to extract lung areas, and then perform nodule detection (45), Covid-19 detection (46), interstitial lung disease (47), etc. Compared with models that directly use original images for classification, the two-stage deep learning framework can first segment the area where the target of interest is located, so that the classification model focuses on the target area, which not only improves efficiency, but also improves classification accuracy.

Despite the promising potential of AI in the field of gastric cancer, its clinical application has been hindered by its low interpretability (48, 49). In our study, we utilized the Gradient Weighted Class Activation Map (Grad-CAM) technique to visualize the regions of focus in the model. However, this technique only provided information about the areas the model concentrated on, without revealing the specific features on which the model relied to classify EGC versus AGC (Supplementary Figure 3). Therefore, it is essential to conduct further analysis of the model’s interpretability and verify its reliability from a clinical perspective.

This study has several limitations: Firstly, it is a retrospective study, which may introduce statistical biases. Subsequent studies will include more prospective investigations. Secondly, all the data used in this study originated from a single center. Therefore, future research should incorporate data from multiple centers to develop a more general and robust system. Thirdly, the patients included in this study were exclusively those with pathologically diagnosed gastric cancer. Consequently, the EGC detection model proposed in this paper may not be suitable for detecting EGC in CT images without gastric cancer. Lastly, this study solely focused on CT images in the portal phase, and subsequent research will explore joint multi-sequence CT image modeling.





Conclusion

We have developed a deep learning model that automates the screening of EGC in CT images of patients with GC. The model follows a three-step process: first, it performs stomach segmentation; then, it crops the segmented stomach region; and finally, it feeds the cropped images into the classification network for EGC screening. As the entire process is computer-based, this model holds significant clinical value by assisting doctors in assessing the gastric cancer status of patients and devising personalized treatment plans.
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Background

Esophagogastric adenocarcinoma (EGA) presents a substantial global health challenge as the number of cases continues to rise. The current standard approach for treating localized EGA involves a combination of triplet chemotherapy, which consists of a platinum compound, a fluoropyrimidine, and a taxane (known as FLOT), followed by surgery. In cases of metastatic EGA with HER2-positive status or in certain studies with localized EGA, the use of HER2-targeted antibodies such as trastuzumab has shown improved responses. Recently, the addition of programmed cell death protein 1 (PD-1) inhibitors, such as pembrolizumab, when combined with 5-FU, platinum-based chemotherapy, and trastuzumab, has demonstrated significant enhancements in response rates for HER2-positive metastatic EGA. However, there is currently insufficient evidence regarding this treatment approach in localized HER2-positive disease.





Methods

The PHERFLOT study is an open-label, single-arm, multicenter, exploratory phase II trial designed to assess the efficacy, safety, and tolerability of perioperative pembrolizumab, FLOT, and trastuzumab in patients with previously untreated localized HER2-positive EGA. In total, 30 patients will be recruited. The co-primary end points are pathological complete response rate and disease-free survival rate after 2 years. Secondary objectives include safety and tolerability, efficacy in terms of progression-free survival and objective response rate and translational markers, such as blood-based signatures (e.g., immune repertoire changes or emergence of anti-HER2 resistance variants) or microbiota signatures that may correlate with immune activation and therapy response.





Discussion

Recent evidence from phase II clinical trials demonstrated improved efficacy through the addition of trastuzumab to perioperative FLOT. Furthermore, in advanced or metastatic EGA, the combination of trastuzumab, FLOT, and the PD1-inhibitor pembrolizumab significantly improved treatment response. The PHERFLOT study aims to assess the efficacy and safety of this treatment approach in HER2-positive–localized EGA, potentially identifying a promising new perioperative regimen for localized EGA, which then needs to be confirmed within a randomized trial. Furthermore, the accompanying translational program of the study might help to improve the stratification of suitable patients and to identify potential translational targets for future clinical trials.





Clinical trial registration

https://clinicaltrials.gov, identifier NCT05504720.
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1 Introduction

With more than 1.5 million cases in 2018, esophageal and gastric cancers belong to the most common malignancies worldwide. Both diseases are associated with a high disease-related mortality, resulting in approximately 1.3 million deaths per year (1). FLOT, a triplet chemotherapy consisting of 5-fluorouracil (5-FU), leucovorin, oxaliplatin, and docetaxel, represents one of the most intensively investigated regimens for gastric and gastroesophageal junction (GEJ) cancer. It has been evaluated in the metastatic setting, in the limited metastatic setting (2), in elderly patients, and in primarily operable patients (2–5). The AIO FLOT4 phase II/III study evaluated FLOT versus Epirubicin, Cisplatin, and 5-FU (ECF)/Epirubicin, Cisplatin, and Capecitabine (ECX) in 716 patients with resectable gastric or GEJ cancer. The phase II part of the randomized phase II/III FLOT4 trial demonstrated a significantly improved histopathological regression grade in patients receiving FLOT compared to ECF (6% vs. 16%). Additionally, the rate of pathological complete response (pCR) or subtotal regression (TRG1a/b) was significantly increased with FLOT 37% versus ECF 23% (5). The phase III part of this trial demonstrated an improved overall survival (OS) in the FLOT group compared to the ECF/EXC group (median OS 50 months vs. 35 months). In summary, FLOT is considered the standard chemotherapy regimen for gastric cancer in the perioperative setting and is, thus, serving as the chemotherapeutic backbone in the underlying clinical trial.



1.1 Immunotherapy in gastric cancers

During the past years, several first-line phase III trials confirmed the safety and efficacy of PD-1 or programmed death-ligand 1 (PD-L1) inhibition in esophagogastric adenocarcinoma (EGA). Pembrolizumab alone or in combination with chemotherapy was examined among patients with PD-L1 combined positive score (CPS) (combined prognostic score) ≥ 1 within the KEYNOTE-062 trial. In this study, pembrolizumab demonstrated non-inferiority in comparison to chemotherapy alone in terms of OS. However, the objective response rate (ORR) and the progression-free survival (PFS) were numerically inferior to chemotherapy alone (6). However, among patients with a PD-L1 CPS ≥ 10 an improvement in OS compared to chemotherapy was observed (exploratory analysis). The combination of chemotherapy and pembrolizumab showed a trend toward improved efficacy without a statistically significant improvement in OS and PFS (6). The CheckMate 649 trial investigated first-line nivolumab plus chemotherapy versus chemotherapy alone. The addition of nivolumab to FOLFOX chemotherapy resulted in an OS benefit for patients with a PD-L1 CPS expression ≥ 5 (primary end point) (7). Furthermore, the combination of pembrolizumab and cisplatin-/fluoropyrimidine-based chemotherapy investigated within the KEYNOTE-590 trial in patients with squamous cell esophageal cancer (73%) as well as adenocarcinomas of the esophagus and GEJ (Siewert Type 1) demonstrated superior OS compared to chemotherapy alone among patients with a PD-L1 CPS expression ≥10. Similarly, the positive effect of chemotherapy and PD-L1 combination was confirmed by the results of the KEYNOTE-859 trial including EGA only. The significant survival benefit of adding immunotherapy to standard chemotherapy was only observed in EGA patients with a CPS ≥10 and CPS ≥5, respectively (8). In summary, these findings led to the approval of PD-1 inhibitors in combination with 5-FU and platinum chemotherapy in EGA with a CPS ≥5 for nivolumab and a CPS ≥10 for pembrolizumab in esophageal and HER2-AC GEJ by the European Medicines Agency (EMA) or without CPS restriction by the Food and Drug Administration (FDA). In the perioperative context, ongoing phase III trials, MATTERHORN, and KEYNOTE-585 are presently investigating the incorporation of durvalumab or pembrolizumab alongside chemotherapy (9, 10). Preliminary information from respective press releases suggests a potential enhancement in pathological response rates.




1.2 HER2-targeting in EGA

The presence of HER2 overexpression assumes a pivotal role in the prognosis and predictive assessment of outcomes in EGA. It is identified by either 3+ staining or 2+ staining coupled with positive in-situ hybridization (ISH) results. Approximately 10%–30% of all gastric or EGA cases manifest HER2-protein overexpression or HER2-gene amplification (11, 12). It is noteworthy that HER2 overexpression is more commonly observed in gastroesophageal junction (GEJ) cancer than in gastric cancer, particularly in cases classified as intestinal type according to the Lauren classification (11, 12). The ToGa study investigated trastuzumab in combination with chemotherapy versus chemotherapy alone for the treatment of HER2-positive advanced gastric or GEJ cancer demonstrating an improved OS for the combination therapy (13). These findings led to the approval of chemotherapy plus trastuzumab in the treatment of HER2-positive advanced stomach cancer by the FDA and EMA. In the perioperative treatment of HER2-positive locally advanced EGA, the combination of trastuzumab and FLOT was found to be safe and active resulting in more than 20% complete pathological responses (14). Furthermore, the addition of trastuzumab and pertuzumab, another HER2 antibody, to perioperative FLOT significantly improved the pCR and rates of nodal negativity in HER2-positive, primarily resectable EGA (PETRARCA trial) (15). Moreover, another phase ll trial showed improved major pathological response rates through the addition of trastuzumab to perioperative chemotherapy while showing no added value for the simultaneous addition of pertuzumab (INNOVATIVE trial) (16). Furthermore, in advanced gastric cancer, the use of HER2-targeting antibodies with drug conjugates has recently emerged as a new standard of treatment in later treatment lines (17, 18).




1.3 Increasing anti-tumor immune reactions by chemotherapy and HER2-targeting

The HER2-receptor antibody trastuzumab induces both antibody-dependent cytotoxicity and lymphoid infiltration into the tumor tissue (19). Recent preclinical data demonstrated the synergistic effect of combining HER2 blockade with immune checkpoint inhibition, that is, HER2 blockade by the antibody-drug conjugate trastuzumab-emtansine, leading to an improved PD-1 and CTLA4 blockade in an orthotopic breast cancer model (20). Moreover, in metastatic patients, the combination of CAPOX, trastuzumab, and pembrolizumab resulted in an ORR of 91% in HER2-positive disease (21). Recently published data of the PANTHERA and INTEGA trials confirmed the high efficacy of combining trastuzumab, pembrolizumab, and chemotherapy already reported from two other single-arm phase II trials (22, 23). Furthermore, the phase III KEYNOTE-811 trial demonstrated a significantly increased ORR through the addition of pembrolizumab to chemotherapy and trastuzumab (51.9%–74.4%) (24). This advantage was particularly pronounced among patients with tumors exhibiting a CPS score of ≥1, ultimately resulting in the FDA- and EMA-granting approval for this combination as a first-line therapy.




1.4 Translational background and work-up

Predictive markers to tailor treatment are urgently warranted either at baseline or early during antitumor treatment. First, we will evaluate strategies to predict the outcome of checkpoint inhibition by liquid biopsy immunoprofiling at baseline and shortly after the initiation of study treatment further correlating this with tumor regression and OS. Tumor-infiltrating lymphocyte (TiL) repertoires will be determined by next-generation sequencing (NGS) of the T-cell receptor beta (TCRβ) and immunoglobulin heavy locus (IGH). In previous studies, the diversification of T cells during therapy or TiL clone expansion in the peripheral blood was associated with response to immunotherapies (25, 26). Resistance to HER2-targeting in HER2-positive tumors might be already present at time of first diagnosis or will eventually develop during antitumor treatment. Several mechanisms of treatment resistance have already been discussed in current literature, particularly the loss of HER2 amplification (27). Therefore, baseline formalin-fixed, paraffin embedded (FFPE) and circulating tumor DNA (ctDNA) will be assessed for HER2 overexpression (immunohistochemistry [IHC] and ISH in FFPE) and HER-signaling alterations (amplifications and/or mutations in, e.g., EGFR, HER2, HER3, and PIK3CA). The following genes are covered by the translational analysis: CD274 (PD-L1), TP53, ERBB2, JAK1, JAK2, B2M, ARID1A, CTNNB1, ERBB4, FCGR2A, FCGR3A, KRAS, SMAD4, PIK3CA, APC, FAT4, KMT2C, and LRP1B.

The gut microbiota consists of trillions of bacteria and was recently introduced as a key factor for response to checkpoint inhibitors in melanoma and lung cancer as well as chemotherapeutic treatment in colorectal cancer (28–30). These microbes can either directly control an anti-tumor immune response within the intestine or interact with immune and tumor cells within the tumors. We will therefore analyze the oral and intestinal microbiome by shotgun metagenomic sequencing and/or 16S rRNA sequencing prior to treatment initiation, at time of surgery, and following the completion of chemotherapy to explore the stability of the microbiota during treatment, to compare the different microbiota to the intra-tumoral microbiota at time of surgery (from FFPE tissue) and to correlate bacterial species and diversity patterns with response to therapy potentially identifying innovative biomarkers.





2 Main



2.1 Study objective

The two co-primary objectives of this phase II study will be to demonstrate an improvement in the pCR rate compared to historical controls (interim read out after surgery of last patient in study with 18 months recruitment after 24 months) and in disease-free survival (DFS) according to RECIST v1.1. Secondary objectives consist of additional efficacy and tolerability parameters, namely, ORR according to RECIST v1.1, DFS according to RECIST v1.1, R0 resection rate, OS, safety according to CTCAE, tolerability (including perioperative morbidity), and translational markers.




2.2 Methods/design

The PHERFLOT study is an open-label, single-arm, multicenter, and exploratory phase II trial designed to assess efficacy, safety, and tolerability of pembrolizumab, trastuzumab, and FLOT as perioperative treatment of HER2-positive–localized EGA. Thirty patients will be recruited over a period of 18 months. Follow-up regarding survival parameters will be performed for a maximum of 24 months from inclusion of the last patient. Participating hospitals are located in Germany.




2.3 Treatment

All eligible patients will receive pembrolizumab at an absolute dosage of 200 mg in combination with trastuzumab (6 mg/kg following a loading dose of 8 mg/kg) every 3 weeks and 5-FU 2600 mg/m2 for 24h, folinic acid 200 mg/m2, oxaliplatin 85 mg/m2, and docetaxel 50 mg/m2 (FLOT regimen) every 2 weeks for 8 weeks. This will be followed by surgical resection 4 weeks after the last preoperative treatment at the earliest. Within 4–10 weeks following surgery, another 8 weeks of perioperative combination treatment will be administered. Thereafter, pembrolizumab 200 mg and trastuzumab 6 mg/kg will be given alone for up to 11 cycles. This totals up to 1 year of systemic treatment (maximum of 17 cycles of pembrolizumab/trastuzumab per patient including pre- and postoperative chemo-immunotherapy, Figure 1).




Figure 1 | Study schedule overview.



Treatment will continue until disease relapse/progressive disease (PD), unacceptable adverse events (AEs), intercurrent illness that prevents from further administration of treatment, investigator’s decision to withdraw the subject, patient’s wish or withdrawal, pregnancy of the subject, non-compliance with study intervention or procedure requirements, administrative reasons requiring termination of treatment, or completion of treatment per protocol. The intervention(s) to be used in this trial is/are outlined below in Table 1. The overall treatment schedule is summarized in Figure 2.


Table 1 | Trial interventions.






Figure 2 | Treatment overview.



Participants are eligible to be included in the study only if all of the following criteria apply:

1. The participant provides written informed consent for the trial.

2. Male/female* participants who are at least 18 years of age on the day of signing informed consent.

ο *There are no data that indicate special gender distribution. Therefore, patients will be enrolled in the study gender independently.

3. In the investigator’s judgement, participant is willing and able to comply with the study protocol including the planned surgical treatment.

4. Histologically confirmed adenocarcinoma of the GEJ (Type I-III according to Sievert’s classification) or the stomach (cT2, cT3, cT4, any N category, M0), or (any T, N+, M0) that:

• is not infiltrating any adjacent organs or structures by computed tomography (CT or MRI) evaluation.

• does not involve peritoneal carcinomatosis.

• is considered medically and technically resectable.

ο Note: the absence of distant metastases must be confirmed by CT or MRI of the thorax and abdomen and, if there is clinical suspicion of osseous lesions, a bone will be scanned. If peritoneal carcinomatosis is suspected clinically, its absence must be confirmed by laparoscopy. Diagnostic laparoscopy is mandatory in patients with T3 or T4 tumors of the diffuse type histology in the stomach.

5. Participants must have HER2-positive disease defined as either IHC 3+ or IHC 2+, the latter in combination with ISH+, as assessed locally on primary tumor.

6. Participants must be candidates for potential curative resection as determined by the treating surgeon.

7. No prior systemic anti-cancer therapy (e.g., cytotoxic or targeted agents or radiotherapy).

8. No prior partial or complete esophagogastric tumor resection.

9. ECOG (Eastern Cooperative Oncology Group) performance status score of 0 or 1.

10. Male participants: A male participant must agree to use a contraception during the treatment period and for at least 6 months after the last dose of study intervention and refrain from donating sperm during this period.

ο Female participants: A female participant is eligible to participate if she is not pregnant, not breastfeeding, and at least one of the following conditions applies:

- Not a woman of childbearing potential (WOCBP).

ο OR

- A WOCBP who agrees to follow the contraceptive guidance during the treatment period and for at least 7 months after the last dose of study intervention.

11. Participants have adequate organ function as defined in the following table (Table 2). Specimens must be collected within 14 days prior to enrolment (also to be repeated if older than 14 days at day of first treatment).


Table 2 | Adequate organ function laboratory values.



Participants are excluded from the study if any of the following criteria apply:

	Participants with involved retroperitoneal (e.g., para-aortal, paracaval, or interaortocaval lymph nodes) or mesenterial lymph nodes (distant metastasis)!

	A WOCBP who has a positive urine pregnancy test within 72h prior to start of study intervention. If the urine test is positive or cannot be confirmed as negative, a serum pregnancy test will be required.

	Received prior therapy with an anti–PD-1, anti–PD-L1, or anti–PD-L2 agent or with an agent directed to another stimulatory or co-inhibitory T-cell receptor (e.g., CTLA-4, OX-40, and CD137).

	Participant received colony-stimulating factors [e.g., granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF) or recombinant erythropoietin] within 28 days prior to the first dose of study intervention.

	Major surgery within 2 weeks of starting study intervention and patients must have recovered from any effects of any major surgery.

	Concomitant use of drugs inhibiting (dihydropyrimidine dehydrogenase) DPD activity (including sorivudine and brivudine), the required wash out phase is 4 weeks before start of the study intervention.

	Inadequate cardiac function (LVEF value <55%) as determined by echocardiography.

	Resting ECG indicating uncontrolled, potentially reversible cardiac conditions, as judged by the investigator (e.g., unstable ischemia, uncontrolled symptomatic arrhythmia, congestive heart failure, QTcF prolongation >500 ms, and electrolyte disturbances), or patients with congenital long QT syndrome.

	Participant has received a live vaccine or live-attenuated vaccine within 30 days prior to the first dose of study drug. Administration of killed vaccines is allowed.

	Participant is currently participating in or has participated in a study of an investigational agent or has used an investigational device within 4 weeks prior to the first dose of study intervention.

	Participant has a diagnosis of immunodeficiency or is receiving chronic systemic steroid therapy (in dosing exceeding 10 mg daily of prednisone equivalent) or any other form of immunosuppressive therapy within 7 days prior to the first dose of study drug.

	Participant has a known additional malignancy that is progressing or has required active treatment within the past 2 years. Participants with basal cell carcinoma of the skin, squamous cell carcinoma of the skin or carcinoma in situ (e.g., breast carcinoma and cervical cancer in situ) that have undergone potentially curative therapy are not excluded.

	Participant has myelodysplastic syndrome (MDS)/acute myeloid leukemia (AML) or with features suggestive of MDS/AML.

	History of severe allergic, anaphylactic, or other hypersensitivity reactions to chimeric or humanized antibodies or fusion protein; known hypersensitivity to Chinese hamster ovary cell products or to any component of the pembrolizumab or trastuzumab formulation.

	Any known contraindication (including hypersensitivity) to docetaxel, 5-FU, folinic acid/leucovorin, or oxaliplatin.

	Known DPD deficiency. Patients with a reduced DPD activity (CPIC activity score of 1.0–1.5) might participate in the study and receive a reduced dosage of 5-FU after discussion with the coordinating investigator and sponsor (https://cpicpgx.org/guidelines/guideline-for-fluoropyrimidines-and-dpyd/).

	Participant has active autoimmune disease that has required systemic treatment in the past 2 years (i.e., with the use of disease-modifying agents, corticosteroids, or immunosuppressive drugs). Replacement therapy (e.g., thyroxine, insulin, or physiologic corticosteroid replacement therapy for adrenal or pituitary insufficiency) is not considered a form of systemic treatment and is allowed.

	Participant has a history of (non-infectious) pneumonitis/interstitial lung disease that required steroids or has current pneumonitis/interstitial lung disease.

	Participant has an active infection requiring systemic therapy.

	Participant has a known history of human immunodeficiency virus (HIV) infection.

	Participant has a known history of Hepatitis B [defined as Hepatitis B surface antigen (HBsAg) reactive] or known active Hepatitis C virus (defined as HCV RNA is detected) infection.

	Participant is considered a poor medical risk due to a serious, uncontrolled medical disorder, non-malignant systemic disease or active, uncontrolled infection. Examples include, but are not limited to, uncontrolled ventricular arrhythmia, recent (within 3 months) myocardial infarction, uncontrolled major seizure disorder, unstable spinal cord compression, superior vena cava syndrome, extensive interstitial bilateral lung disease on high-resolution computed tomography (HRCT) scan, previous allogenic bone marrow/blood transplantation or any psychiatric disorder or substance abuse that prohibits obtaining informed consent.

	Participant is pregnant or breastfeeding or expecting to conceive or father children within the projected duration of the study, starting with the screening visit through 6 months after the last dose of study intervention.

	Participant has had an allogenic tissue/solid organ transplant.






2.4 Safety monitoring

There will be a near real-time monitoring of safety parameters (e.g., SAEs reported) by a continuous toxicity monitoring board for the first six patients enrolled to immediately identify any risks for patient safety. In addition to these ad-hoc scheduled meetings depending on SAE reporting, the toxicity monitoring board will meet after the first six patients have finished the third treatment of pembrolizumab and trastuzumab plus FLOT and have passed their presurgical assessment to re-evaluate the risk-benefit-ratio of the study and to provide a recommendation on the continuation of the study to the coordinating investigator and the sponsor. Recruitment can be halted at the discretion of the toxicity monitoring board.



2.4.1 Adverse event monitoring

The investigator or qualified designee will assess each participant to evaluate for potential new or worsening AEs as specified in the schedule of activities and more frequently if clinically indicated. AEs will be graded and recorded throughout the study and during the follow-up period according to NCI CTCAE v5.0. Toxicities will be characterized in terms of seriousness, causality, toxicity grading, and action taken with regard to study intervention.




2.4.2 Examination



2.4.2.1 Full physical exam

The investigator or qualified designee will perform a complete physical exam during the screening period within 14 days prior to first study drug administration. Clinically significant abnormal findings should be recorded as medical history. Additional full physical exams should be performed, that is, before and after surgery and at EOT. Height will be measured at screening only. After the first dose of study intervention, new clinically significant abnormal findings should be recorded as AEs. Investigators should pay attention to clinical signs related to previous serious illnesses.




2.4.2.2 Directed physical exam

For cycles that do not require a full physical exam as per the schedule of activities, the investigator or qualified designee will perform a directed physical exam as clinically indicated prior to study intervention administration. After the first dose of study intervention, new clinically significant abnormal finding should be recorded as AEs. Investigators should pay attention to clinical signs related to previous serious illnesses.




2.4.2.3 Vital signs

The investigator or qualified designee will take vital signs at screening, prior to the administration of each dose of study intervention and at treatment discontinuation. Vital signs should include temperature, pulse, respiratory rate, blood pressure and oxygen saturation. Since infusion-related reactions are known potential side effects of pembrolizumab/trastuzumab, the patients must be closely monitored during and after infusion as described below:




2.4.2.4 12-Lead electrocardiogram

A standard 12-lead electrocardiogram (ECG) will be performed at screening, before surgery, at EOT and whenever clinically indicated using local standard procedures. Clinically significant abnormal findings from screening visit should be recorded as medical history, clinically significant abnormal findings during treatment should be recorded as AE.




2.4.2.5 Echocardiography

Echocardiography will be performed at screening, after surgery/before start of post-operative treatment, at start of pembrolizumab/trastuzumab only treatment and then every 3 months during trastuzumab treatment. If treatment with trastuzumab is permanently discontinued, no further echocardiography is necessary.




2.4.2.6 Eastern Cooperative Oncology Group performance scale

The investigator or qualified designee will assess ECOG status at screening, prior to the administration of each dose of study intervention and discontinuation of study intervention.






2.5 Imaging



2.5.1 Initial tumor imaging

Initial tumor imaging at screening must be performed within 28 days ( ± 3 days) prior to start of study intervention. The site study team must review screening images to confirm the participant has measurable or evaluable disease per RECIST 1.1.

Tumor imaging performed as part of routine clinical management is acceptable for use as screening tumor imaging if they are suitable for baseline RECIST data collection and performed within 28 days prior to the start of study intervention.




2.5.2 Tumor imaging during the study

Tumor imaging is strongly preferred to be acquired by CT. For the abdomen, contrast-enhanced magnetic resonance imaging (MRI) may be used when CT with iodinated contrast is contraindicated, or when local practice mandates it and if clinically appropriate. MRI is the strongly preferred modality for imaging the brain. A change between the imaging techniques is allowed as long as an assessment of the objective response or recurrency is possible. Imaging should include the chest and abdomen at baseline and all subsequent imaging time points.

The first on-study imaging assessment should be performed between the completion of the last pre-operative FLOT chemotherapy cycle/immunotherapy and surgery. Subsequent tumor imaging should be performed every 3 months ( ± 7 days) or more frequently if clinically indicated. After 2 years (from EOT), imaging may be performed every 6 months.

Imaging timing should follow calendar days and should not be adjusted for delays in treatment cycle starts. Imaging should continue to be performed until disease progression/relapse is identified by the investigator.




2.5.3 End of treatment and follow-up tumor imaging

Subjects who discontinue study treatment for reasons other than tumor relapse/PD will have post-treatment follow-up for disease status until tumor relapse/PD, initiating a non-study cancer treatment, withdrawing consent, or becoming lost to follow up. All subjects will be followed for OS until death, withdrawal of consent, loss to follow up, or the end of the study.

After the last administration of study medication, each subject will be followed for 30 days for AE monitoring. Serious adverse events (SAEs) and events of clinical interest (ECIs) will be collected for 90 days after the last administration of study medication or for a minimum of 30 days after the end of treatment if the subject has initiated a new anticancer therapy, whichever is earlier.

In participants who discontinue study treatment, tumor imaging should be performed at the time of treatment discontinuation ( ± 4 days window). If previous imaging was obtained within 4 weeks prior to the date of discontinuation, then imaging at treatment discontinuation is not mandatory. In participants who discontinue study treatment due to documented disease progression/relapse, this is the final required tumor imaging.

For participants who discontinue study treatment without documented disease progression/relapse confirmed by RECIST 1.1, tumor imaging should be performed at the time of treatment discontinuation ( ± 4 weeks). Then every effort should be made to continue monitoring their disease status by tumor imaging (every 3 months ±7 days; after 2 years, every 6 months ±7 days) to monitor disease status until the start of a new anticancer treatment, disease progression/relapse, pregnancy, death, withdrawal of consent, or the end of the study, whichever occurs first.





2.6 Visits



2.6.1 Safety follow-up visit

The mandatory safety follow-up visit should be conducted approximately 30 days ( ± 7 days) after discontinuation or before the initiation of a new anti-cancer treatment, whichever comes first. All AEs that occur prior to the safety follow-up visit should be recorded. Participants with an AE of Grade >1 will be followed until the resolution of the AE to grades 0–1 or until the beginning of a new anti-cancer therapy, whichever occurs first. SAEs that become known to the trial site within 90 days of the end of treatment or before initiation of a new anti-cancer treatment (whichever occurs first) should also be followed and recorded. The following procedures must be performed during the safety follow-up visit:

	Review/documentation of prior and concomitant medication.

	Review AEs.

	Post-study anti-cancer therapy status.

	Vital signs (should include temperature, pulse, respiratory rate, and blood pressure).

	ECOG performance status.

	WOCBP: pregnancy test—urine or serum β-HCG; to be performed monthly and when expected menstrual cycle is missed or when pregnancy is otherwise suspected until the end of relevant systemic exposure to the study drug (i.e., up to 7 months after last trastuzumab dose) in accordance with the CTFG guidance on contraception.

	CBC with differential: White blood cell (WBC) count with differential and absolute neutrophil count (ANC); absolute lymphocyte count (ALC); red blood cells (RBCs); platelet count; hemoglobin; hematocrit.

	Comprehensive serum chemistry panel: albumin; alkaline phosphatase; alanine aminotransferase (ALT); aspartate aminotransferase (AST); lactate dehydrogenase (LDH); uric acid; calcium; glucose; phosphorus; potassium; sodium; magnesium; total bilirubin; direct bilirubin (if total bilirubin is elevated above the upper limit of normal); total protein; blood urea nitrogen; C-reactive protein (CRP); gamma-GT; creatinine, lipase.






2.6.2 Efficacy follow-up visits

Participants who complete the protocol-required study intervention or who discontinue study intervention for a reason other than tumor relapse/PD will begin the efficacy follow-up phase and should be assessed every 3 months ( ± 7 days) by radiologic imaging to monitor disease status. After 2 years since EOT, imaging will be done every 6 months ( ± 7 days). Every effort should be made to collect information regarding disease status until the start of a new anti-cancer therapy, tumor relapse/PD, death, or end of the study. Information regarding post-study anti-cancer treatment will be collected if new treatment is initiated. The following procedures must be performed during the follow-up visit:

	Post-study anti-cancer therapy status.

	WOCBP: pregnancy test—urine or serum β-HCG; to be performed monthly and when expected menstrual cycle is missed or when pregnancy is otherwise suspected until the end of relevant systemic exposure to the study drug (i.e., up to 7 months after last trastuzumab dose), in accordance with the CTFG guidance on contraception.






2.6.3 Survival follow-up

Participants who experience confirmed tumor relapse/PD or start a new anticancer therapy, will move into the survival follow-up phase and should be contacted within regular visits or by telephone every 3 months ( ± 7 days) to assess for post-study anti-cancer therapy status and survival status until death, withdrawal of consent, or the end of the study, whichever occurs first.





2.7 Translational analysis



2.7.1 Tumor tissue

Archival tumor tissue sample or newly (within clinical routine) obtained core or excisional biopsy of a tumor lesion not previously irradiated should be sent to a central pathology laboratory for optional accompanying research project (baseline sample). FFPE tissue blocks are preferred over tumor slides. Newly obtained biopsies are preferred over archived tissue. Core or excisional biopsies are mandatory (fine needle aspiration and bone metastasis samples are not acceptable). Within the accompanying research project (Section 8 of the study original study protocol) PD-L1 CPS will be determined through a standardized assay (22C3 pharmDx assay, DAKO North America) by the central pathology. The primary and all meaningful secondary end points will be analyzed with a subpopulation presenting with PD-L1 CPS ≥1, if differing from the total population.




2.7.2 Translational research blood samples

Blood samples will be taken prior to treatment, prior to second pembrolizumab administration, pre- as well as postoperatively, and afterwards every 3 months until tumor relapse/PD.




2.7.3 Translational research stool and saliva samples

Stool and saliva samples will be collected prior to treatment, preoperatively, directly after the completion of postoperative chemotherapy, and 3 months after completing postoperative treatment.





2.8 Statistical calculation



2.8.1 Justification of sample size

The trial is designed as a single-arm, multicenter, open-label, and phase II study that aims to demonstrate therapeutic efficacy and safety of the experimental regimen pembrolizumab and trastuzumab in combination with FLOT. The co-primary end points consist of the pCR rate and the disease-free survival rate after 2 years (DFSR@2).

The efficacy assumptions can be obtained from the PETRARCA and the HER-FLOT study (14, 15). In the PETRARCA study, pCR rate in the standard FLOT arm was 12%. This was increased to 22% by adding trastuzumab to FLOT in the HER-FLOT trial and to 35% by the combination of trastuzumab, pertuzumab, and FLOT in the PETRARCA trial. We envisage that the pCR rate for pembrolizumab, trastuzumab, and FLOT will be increased to at least 30%. Hence, for the experimental regimen to be considered as a desirable candidate for further development, the pCR of 30% should be achieved. In case the pCR is 12% or less, the experimental arm would be insufficient for further development. Formally, the hypothesis testing for the first co-primary end point can be defined as H0: P ≤ 0.12 versus H1: P ≥ 0.30. The current sample size calculation is based on pCR improvement from 12% to 30% with a one-sided alpha of 5% and a beta of 20% in a Fleming single stage phase II procedure. Thus, 27 patients are required for the final analysis. Concurrently, for DFS, the respective sample size calculation would be an improvement of DFS rate at 2 years from 50% (results of the FLOT 4 trial) (31) to 70%. The hypothesis testing for the second co-primary end point can be defined as H0: P ≤ 0.5 versus H1: P ≥ 0.7. With a one-sided alpha of 0.1 and 80% power in a Fleming single stage phase II procedure, 27 patients are needed. Thus, a sample size of 27 patients is sufficient for both co-primary end points considering that the co-primary end points are homogeneous; no inflation of type II error is expected. We, therefore, keep the statistical power at 80% for both co-primary end points. Considering a dropout rate of 10%, a total number of 30 patients will be enrolled.




2.8.2 Statistical analysis plan

A statistical analysis plan (SAP) will be drafted to provide details of the methods of analysis to address all study objectives. The SAP may be amended during the course of the study but will be finalized before the cutoff date for any analysis. Due to the explorative nature of this trial and the small number of patients that will be included, a descriptive statistics will be performed only (e.g., describing the distribution of the baseline demographic data with predefined subgroups).




2.8.3 Analysis

Statistical analysis is based on the International Conference on Harmonization (ICH) Guidelines “Structure and Content of Clinical Study Reports” and “Statistical Principles for Clinical Trials”. Due to the explorative nature of this trial and the small number of patients, only descriptive statistics will be performed (e.g., describing the distribution of the baseline demographic data with predefined subgroups). Missing data will not be extrapolated. The number of missing values will be computed. For the time-to-event variables time to progression, PFS/DFS and OS, the Kaplan–Meier method will be used. A detailed methodology for the statistical analysis will be described in the SAP, which will be finalized before database lock. There is no full interim analysis planned for this study, due to the small sample size and the relatively short recruitment period. However, single objectives may be analyzed as soon as sufficient events are available for analysis as detailed in the SAP.




2.8.4 Population for analysis

All patients receiving at least one dose of study treatment will be evaluable for safety and included in the safety population. The full analysis set (FAS) will consist of all patients that received at least one treatment dose. All efficacy analyses will be based on the FAS. Toxicity analyses will be based on the safety population.




2.8.5 Primary end point

The co-primary end points are the DFSR@2 and the pCR rate. We hypothesize that the DFSR@2 will be 70% or more and as an interim efficacy analysis (to be read out after surgery of the last patient) pCR rate is 30% or greater. DFSR@2 is defined as the proportion of patients being disease free and alive 2 years after study enrollment. The pCR rate defined as the absence of residual tumor based on the pathological evaluation of the resected esophagogastric specimen in the primary by local pathology.




2.8.6 Secondary end points

	Assessment of overall response rate defined as percentage of patients with CR and PR according to RECIST v1.1.

	R0 resection rate, where R0 resection is defined as a microscopically margin negative resection with no gross or microscopic tumor remains in the areas of the primary tumor and/or sampled regional lymph nodes based on evaluation by the local pathologist.

	OS is defined as time from enrollment to the date of death of any cause. If no event is observed (e.g., lost to follow-up), OS is censored at the date of last subject contact. Subjects who are alive will be censored at the last known alive dates.

	Pathological complete and subtotal regression (TRG1a/b by Becker). TRG1a/b is defined as <10% residual tumor per tumor bed based on evaluation of the resected esophagogastric specimen in the primary by local pathology.

	Perioperative morbidity and mortality.

	Safety and toxicity: AEs will be recorded and graded according to version 5.0 of National Cancer Institute Common Toxicity Criteria (NCI-CTC). Occurrence of any AE and occurrence of any serious AE (anytime during the study) will be presented. These events will also be described by nature (Primary System Organ Class and Preferred Term), severity, and causal relationship to drug administration.






2.8.7 Exploratory end points

Assessment whether clinical efficacy correlates with molecularly defined subgroups (PD-L1 expression, MSI subtypes, and translational biomarkers such as immune repertoire changes or microbiota signatures).






3 Discussion

Considering the increasing prevalence of EGA and the limited median survival of roughly 4–5 years with current treatment standards for localized EGA, new therapeutic strategies are warranted. The addition of PD-1 inhibitors or trastuzumab to first-line chemotherapy improved ORRs in several studies (13, 24, 32). The combination of chemotherapy, trastuzumab, and pembrolizumab demonstrated an ORR of 74.4% (24, 33). Furthermore, the combination of perioperative FLOT with trastuzumab with or without pertuzumab significantly increased the pCR rate from about 15% with FLOT only to 22% or even 35% with double HER2 inhibition (AIO HER-FLOT and PETRARCA) (14, 15). Thus, the investigation of the combination of FLOT, trastuzumab, and pembrolizumab appears reasonable in the perioperative setting of HER2-positive EGA and will therefore be evaluated within the PHERFLOT trial.

The experimental regimen evaluated within the underlying clinical trial consists of the first-line standard drug combination of FLOT with the HER2-antibody trastuzumab and the PD-1 antibody pembrolizumab. Based on the available data on chemotherapy in combination with PD-L1 antibodies and HER/EGFR antibodies with PD-L1 antibodies that demonstrated the feasibility and general tolerability of the combination, this phase II trial will start with a full dose of trastuzumab, pembrolizumab, and FLOT. AEs have been broadly consistent across tumor types following monotherapy and have not demonstrated clear dose-response or exposure-response relationships. Considering that all patients will receive the standard of care chemotherapy in addition to trastuzumab and pembrolizumab, none of the patients will be withheld any standard treatment; however, AEs might limit treatment completion and may account for potential harm. To carefully evaluate potential critical toxicities, patients will be closely monitored including assessments for risk of interstitial lung disease and a continuous safety analysis for the first six recruited patients. Regarding the potential AEs and the limited benefit of immunotherapy for some patients, predictive markers to tailor treatment are urgently warranted either at baseline or early during treatment. PD-1 may serve as such biomarker in some tumor subtypes (34). In EGA, several studies reported a favorable response in PD-1 expressing subsets. Also, in terms of HER2-targeting by trastuzumab, a molecular characterization is needed since several mechanisms of treatment-induced resistance might be present upfront or will eventually develop during treatment, particularly the loss of HER2 amplification (27, 35). The recently published study results on HER2-targeting in combination with immunotherapy demonstrated an anticipated benefit for patients expressing HER2 or expressing both PD-1 and HER2 (36). Here, we will assess baseline FFPE and ctDNA for HER2, HER signaling alterations (amplifications and/or mutations in, e.g., EGFR, HER2, HER3, and PIK3CA), CTCs for HER2 and PD-L1 expression and baseline FFPE for PD-L1, MSI, and EBV to validate baseline markers with potential or likely predictive value for checkpoint-inhibition and HER2-targeting, although the coincidence of at least MSI and EBV with HER2-amplification is rare (37). Immunoprofiling by liquid biopsies will be performed prior to treatment initiation and prior to the second pembrolizumab dose to determine response predictive immune signatures, since diversification patterns can be exploited to separate responder and non-responder patients in other tumor subtypes, such as melanoma (38, 39). In addition, the intratumoral and gut microbiota was recently reported to induce response to chemo- and immunotherapies (28–30). Therefore, microbiota signatures will be analyzed and correlated with response to treatment and AEs. Overall, the translational analysis might help to determine subgroups of patients with best responses to the experimental treatment and may serve for future patient selection.

The co-primary end points are the pCR rate and the DFSR@2. The pathological response will substitute radiologically evaluated early end points, such as tumor shrinkage, that might only be evaluated with difficulty due to this localized treatment setting. Furthermore, the 2-year DFS is highly meaningful for patients undergoing surgical resection.

In summary, the PHERFLOT trial may provide evidence for a new perioperative regimen candidate in localized EGA with increased efficacy and acceptable tolerability serving as a starting point for further investigation of this innovative regimen compared to the current standard regimen FLOT within a randomized clinical phase 3 trial. The analysis of immune profiles, microbiota profiles, and expression data may contribute to the identification of urgently needed biomarkers to tailor immunotherapy in this treatment setting of EGA.
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This article describes the process of multidisciplinary team (MDT) discussion and comprehensive treatment of a case of advanced gastric cancer that tested positive for programmed death ligand 1 (PD-L1). During diagnosis, the patient presented with advanced gastric cancer and numerous unresectable metastases in the lesser omental lymph nodes, both lungs, liver, and left parietal occipital lobe. A meeting was arranged for the departments of oncology, gastrointestinal surgery, radiotherapy, imaging, and pathology to discuss the case. Initially, the patient had a partial response to the first-line treatment, which was a combination of pembrolizumab and chemotherapy. However, after nineteen months, the patient presented with a metachronous isolated lesion in the left frontal lobe. After mutual agreement among the oncology, brain surgery, gastrointestinal surgery, radiotherapy, imaging, and pathology departments, the intracranial lesion underwent resection. Following this, the operation was supplemented by stereotactic radiation therapy (SRT) and whole-brain radiation therapy (WBRT). The patient showed excellent signs of recovery after the operation, and her general condition remained favorable after 16 months of follow-up. Nonetheless, the outlook for patients facing advanced-stage gastric cancer remains distressing. Through multidisciplinary team (MDT) discussions, patients diagnosed with advanced gastric cancer can receive standardized diagnostic and treatment approaches to develop reasonable and personalized comprehensive treatment plans. Such plans help to improve the quality of life of patients and effectively prolong their survival time.
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Introduction

Gastric cancer is a frequently occurring malignant tumor of the digestive tract that is the fourth most common cancer-related cause of death globally (1). Adenocarcinoma is the most common pathological type of gastric cancer, characterized mainly by distant metastases. Gastric cancer often metastasizes to the local lymph nodes, liver, lung, bone and peritoneum. Ovarian metastasis is sometimes observed in women. However, brain metastasis occurs less often, with a 6.5% incidence rate (2). Current treatment options for brain metastases in gastric cancer consist of surgical resection, whole-brain radiotherapy, stereotactic radiotherapy and systemic chemotherapy.

Currently, the multidisciplinary comprehensive treatment mode for tumors has become the standard mode of modern tumor treatment. Survival time of gastric cancer patients can be extended, especially in advanced and complex patients, through extensive discussions, individual patient assessment, medical records analysis, implementation of ideal treatment strategies, and the combination of local and systemic treatment concepts.

Metachronous oligometastatic disease (OMD) in the brain caused by advanced gastric cancer is rare. In the present case, a patient with advanced gastric cancer underwent multidisciplinary management with a standardized diagnosis and treatment. As of now, the patient has survived for over three years without any cancer recurrence or metastasis.





Case report

A 75-year-old Chinese woman complained of dull pain and discomfort in the upper abdomen in June 2020. The patient had a history of high blood pressure, type 2 diabetes, and tuberculosis. She underwent gastroscopy, which revealed irregular giant ulcers in the cardia with a peripheral dike covered with dirty moss on the surface (Figure 1A). The histology report indicated adenocarcinoma in the cardia (Figure 1B). Immunohistochemistry revealed positivity for MSH6, MSH2, MLH1, and PMS2, with a PD-L1 composite positive score (CPS) of approximately 10 and CerbB2 negativity. The upper abdominal CT scan revealed the thickening of the gastric wall in the cardia and lesser curvature of the stomach, enlarged lymph nodes in the lesser omentum, and liver with space-occupying lesions (See Figure 1C). The PET/CT illustrated high accumulations of (18)F-fluorodeoxyglucose (FDG) metabolism in the cardia and lesser curvature of the stomach, gastric lesser omental lymph nodes, both lungs, liver and left parietal occipital lobe (Figure 2D).




Figure 1 | (A) Gastroscopy showed that irregular giant ulcers in the cardia with a peripheral dike, which was covered with dirty moss on the surface. (B) Hematoxylin and eosin staining suggested adenocarcinoma. (C) Computed tomography (CT) of the upper abdomen showed thickening of the gastric wall in the cardia and the lesser curvature of the stomach, enlargement of lymph nodes in the lesser omentum and space occupying lesions of liver.






Figure 2 | Positron emission tomography/computed tomography (PET/CT) images. Arrows indicate tumors. (D) PET/CT scan showed intense accumulation of the (18) F-fluorodeoxyglucose (FDG) metabolism at the cardia and the lesser curvature of the stomach, the gastric lesser omental lymph nodes, both lungs, liver and left parietal occipital lobe at the time of initial diagnosis. (E) After the  HYPERLINK "javascript:;" treatment of pembrolizumab plus chemotherapy and pembrolizumab monotherapy, PET/CT scan showed that the lesions in the cardia and the lesser curvature of the stomach and the gastric lesser omental lymph nodes were significantly reduced and the metabolic activity was reduced. The lesions in both lungs, liver and left parietal occipital lobe disappeared.



There was a MDT discussion between the oncology, gastrointestinal surgery, radiotherapy, imaging and pathology departments. Based on the expert opinion of the MDT, the patient was diagnosed with gastric cancer with metastases in the lesser omental lymph nodes, both lungs, the liver and the left parietal occipital lobe, for which resection was not feasible. Considering the patient’s positive immunohistochemistry for PD-L1 and negative for HER-2, the recommended course of action was immunotherapy combined with chemotherapy as the first-line treatment. The patient should be monitored vigilantly for adverse reactions related to immunotherapy medication and chemotherapy during the course of treatment. Following the MDT discussion, the patient was prescribed pembrolizumab (PD-1 inhibitor) in addition to chemotherapy. Starting from July 2020, the patient underwent three cycles of S-1 and oxaliplatin (SOX) treatment. Following the treatment, the patient experienced bone marrow suppression and underwent seven cycles of chemotherapy with a revised regimen of fluorouracil, leucovorin, and oxaliplatin (FOLFOX). Between July 2020 and April 2021, the patient was administered Pembrolizumab for nine cycles at the same time. The patient, due to an apparent oral ulcer and an incapability to withstand intravenous chemotherapy, was given pembrolizumab monotherapy for 14 cycles beginning from April 2021 and ending in February 2022. During this period, the patient underwent regular CT scans of the whole body. The CT scans showed a significant decrease in the thickening and strengthening of the stomach wall at the cardia and the lesser curvature of the stomach. The lesions in the lesser omental lymph nodes decreased gradually. Concurrently, the lesions located in the lungs, liver, and left parietal occipital lobe demonstrated significant reduction up until complete resolution. The PET/CT scan performed in July 2021 showed a significant reduction in lesions in the cardia and lesser curvature of the stomach, as well as in the gastric lesser omental lymph nodes, compared to the results of the PET/CT scan performed in June 2020. There was also a decrease in metabolic activity. Lesions in the lungs, liver and left parietal occipital lobe disappeared (Figure 2E). Consequently, the patient showed a partial response.

In January 2022, the patient developed vertigo. Magnetic resonance imaging (MRI) of the brain showed a lesion in the left frontal lobe (Figure 3F). Comparison of PET/CT imaging in January 2022 and PET/CT imaging in July 2021 showed that the lesions in the cardia and lesser curvature of the stomach and the gastric lesser omental lymph nodes were similar to those before (the lesions had mild metabolic activity). The low density nodule in the left frontal lobe with slightly increased FDG uptake was relatively new. In February 2022, the patient experienced severe vertigo. Brain MRI showed that the left frontal lobe was taking up more space than before (January 2022).




Figure 3 | (F) Brain magnetic resonance imaging (MRI) showed a lesion in the left frontal lobe. (G) Hematoxylin and eosin staining suggested metastatic poorly differentiated neuroendocrine carcinoma. (H) Brain MRI showed enhanced edge and adjacent meninges after brain tumor surgery.



After MDT discussion by the departments of oncology, brain surgery, gastrointestinal surgery, radiotherapy, imaging and pathology, the main opinions were the following: After systemic treatment, the tumor was controlled in other parts of the body. The lesion in the left frontal lobe was a metachronous OMD located in the safe area of the brain. The patients were generally in good condition and resection of the brain metastases was feasible. The patient’s family members were informed of the intraoperative findings, possible adverse outcomes, and the advantages and disadvantages of different surgical approaches. After obtaining their consent and signing the informed consent form, resection of the brain metastasis was performed in March 2022. Histology revealed metastatic poorly differentiated neuroendocrine carcinoma in the left frontal lobe (Figure 3G). Immunohistochemistry showed that AE1/AE3, CK7, Villin, Syn, MSH6, MSH2, MLH1 and PMS2 were positive, CerbB2, CK20, CDX-2 (-), CgA, Vimentin, GFAP, EMA, TTF-1 were negative, Ki67 was more than 60% and PD-L1 (CPS) was about 5. Brain MRI in April 2022 showed enhancement of the rim and adjacent meninges after brain tumor surgery (Figure 3H). Therefore, the patient underwent SRT and WBRT. At present, the patient’s general condition was good. A flow chart of the treatment process is shown in Figure 4.




Figure 4 | Treatment process flow chart for this case. MDT, multidisciplinary team; PD, progressive disease; SRT, stereotactic radiation therapy; WBRT, whole brain radiation therapy.







Discussion

In this case, the gastric cancer was found to have metastasized throughout the patient’s body at the time of initial diagnosis. Surgery was not considered necessary or appropriate. In cases of multiple systemic metastases of gastric cancer, the primary systemic treatments are chemotherapy consisting of fluoropyrimidine and platinum. For patients who test positive for HER-2, trastuzumab targeted therapy can also be administered. The pattern of systemic treatment for advanced gastric cancer has been changed by immunotherapy, represented by immune checkpoint inhibitors, which can improve the prognosis and quality of life of patients. Advancement of line number has become the first-line standard treatment over time. Pembrolizumab is an IGG4-κ monoclonal antibody that selectively binds with high affinity to PD-1 and its ligands (PD-L1 and PD-L2) (3), thereby improving T-cell-mediated antitumor effects. In patients with metastatic PD-L1-positive gastric cancer (4), Pembrolizumab exhibited a controllable toxic profile and promising antitumor activity. In patients with PD-L1-positive, HER2-negative advanced gastric or gastroesophageal junction cancer (5), chemotherapy in combination with pembrolizumab showed a favorable response rate and a controlled safety profile in KEYNOTE-659. The objective response rate (ORR) and median progression-free survival (PFS) were 72.2% and 9.4 months respectively. Advanced gastric cancer with microsatellite stability (MSS) type, CerbB2 negative and PD-L1 positive was detected in this patient. The first-line treatment selected for the patient was the combination of chemotherapy S-1 and oxaliplatin (SOX) with pembrolizumab. As a result of these treatments, the patient experienced myelosuppression and was switched to FOLFOX. In later treatment, pembrolizumab was used alone. These treatments demonstrated good clinical efficacy for the patient. Regarding adverse reactions, the patient experienced grade 2 weakness, grade 2 vomiting, and grade 4 myelosuppression during immunotherapy combined with chemotherapy, but these adverse reactions improved after symptomatic treatment or adjustment of medication.

Reports indicate that combining PD-1 inhibitor with chemotherapy as a first-line treatment can improve the survival of patients with advanced gastric cancer. The CheckMate 649 test confirmed that nivolumab (a PD-1 inhibitor) combined with chemotherapy as the first-line treatment for unresectable, untreated advanced gastric, gastro-esophageal junction, and oesophageal adenocarcinoma can significantly improve the overall survival (OS) and progression-free survival (PFS) of patients with a PD-L1 CPS≥5 compared to those who receive only chemotherapy. There were also significant benefits in OS that were observed in patients with a PD-L1 CPS≥1 and in the fully randomized population (6). Hence, the approval of nivolumab combined with chemotherapy as a first-line treatment covers all patients, providing a new treatment alternative for patients with more advanced gastric cancer. ORIENT-16 is a phase III randomized double-blind study of Sintilimab (a PD-1 inhibitor) combined with chemotherapy as a first-line treatment for advanced gastric cancer (7). The study demonstrated significant overall survival (OS) benefits in both CPS≥5 population and the general population. This study was the first to achieve an increase in OS benefit to 15.2 months in the general population. Therefore, immunotherapy should be administered in the primary stage and as early as possible to augment patient’s survival. Continued advances in immunotherapy will further enhance the tumor microenvironment of patients with potential surgical opportunities and potentially alter the treatment modalities for conversion therapy and neoadjuvant therapy.

The patient developed vertigo after 19 months of treatment. A new lesion was observed in the brain on combined plain and enhanced MRI. In recent years, the significance of MDT discussions in formulating treatment plans, evaluating surgical indications, defining safe and feasible surgical plans and scheduling postoperative follow-up has been increasingly recognized. Gastric cancer can lead to a serious complication known as brain metastasis (BRM). Early detection of brain metastases (BRM) was found to be a prognostic factor. Patients who had BRM successfully resected had a better prognosis than those with unresectable BRM (2). Local treatment of oligometastatic disease (OMD) using stereotactic body radiotherapy (SBRT) or metastatic resection, along with systemic therapy, improves overall survival (OS) compared to systemic therapy alone (8). In this case, it was observed that extensive metastasis of gastric cancer resulted in the formation of oligometastasis in the brain after systemic treatment. A MDT discussed treatment strategies for the intracranial lesion. The neurological surgery team and radiation oncologists determined the surgical treatment for the intracranial lesion.

Following resection of the brain tumor, the specimen showed the presence of neuroendocrine carcinoma (NEC). In this case, the patient had a non-functional NEC, as no abnormalities of the endocrine system were found. NEC can manifest in nearly any organ, with the lungs and digestive system being the most common (9). Intracranial NEC may be categorized as primary or metastatic. Primary intracranial NEC is notably uncommon (10, 11). Intracranial NEC in the clinical context is usually metastatic, with the majority of cases occurring due to lung lesions. Intracranial metastatic NEC comprises of 1.5% to 5% of all brain metastatic tumors. In most cases, the patients with this condition have already developed local or distant metastases in other parts of the body (12). Therefore, in this case, we need to first consider whether the intracranial lesion is a metastatic tumor (13) and check for any potential lesion sites in other areas of the body. CT and PET/CT scans revealed no lesions in the lungs and other body parts, apart from the lesions present in the cardia and the lesser curvature of the stomach, and the omental lymph nodes of the stomach. Therefore, we considered that the primary focus of intracranial NEC in this case was gastric adenocarcinoma. It is worth noting that prior to the administration of chemotherapy, there was no evidence of neuroendocrine carcinoma in the gastric lesion tissue. Tumors are actually heterogeneous. Chemotherapy-induced cytotoxic injury during gastric cancer growth may inhibit the growth of adenocarcinoma cells. Daughter cells exhibit molecular biological or genetic changes following multiple divisions and proliferation, which results in the formation of neuroendocrine tumor cells. The resistance of neuroendocrine tumor cells to cytotoxic damage may be responsible for the spread of brain neuroendocrine tumors (14, 15). According to Warraich (16), a case of gastric adenocarcinoma transformed into a neuroendocrine tumor due to a Sister Mary Joseph Nodule. For an intracranial solitary tumor causing obvious space-occupying effects, it is essential to remove the tumor as thoroughly as possible while preserving brain function, regardless of whether the tumor is primary or metastatic. It may be necessary to expand the resection appropriately for a solitary lesion in a non-functional region, followed by postoperative adjuvant radiotherapy and chemotherapy. The patient experienced chest tightness and shortness of breath following radiotherapy, which could not be definitively attributed to immunotherapy, but the symptoms improved after receiving corticosteroid treatment. The patient was given oral etoposide chemotherapy intermittently due to respiratory symptoms. The patients’ tumor markers were closely monitored and the level of carcinoembryonic antigen was found to be elevated at the time of initial diagnosis and remained normal after treatment. There was no observed increase in the level of neuron-specific enolase.

Brain CT or MRI should be routinely performed for patients with gastric cancer to assess their condition at the time of diagnosis and throughout the treatment process. The early detection of brain metastases from gastric cancer, along with timely recourse to local and systemic treatments, can be helpful in improving the prognosis of patients. Effective discussions by MDT (Multidisciplinary Team) can assist patients in making adequate and considered treatment decisions. Furthermore, it enables them to customize the selection of immunotherapy, chemotherapy, surgery and radiotherapy regimens so that patients with advanced gastric cancer can gain significant benefits such as improvements in quality of life and increased survival periods.
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Choriocarcinoma is an exceptionally aggressive trophoblastic cell tumor that that typically originates in gonadal tissues, with rare occurrences outside the gonads, including the mediastinum, retroperitoneum, and intracranial sites. However, it rarely occurs in the stomach. Herein, we presented a case of primary gastric choriocarcinoma in a 27-year-old female patient who found multiple liver masses detected during physical examination, accompanied by remarkably elevated human chorionic gonadotropin levels. The 18F-FDG PET/CT scan suggested ring-shaped intense uptake masses located in the gastric sinus and liver, and no significance in the pelvic region. Final histopathology indicated primary choriocarcinoma of the stomach. This case illustrates that 18F-FDG PET/CT is an essential imaging technique for the clinical diagnosis and stage of primary choriocarcinoma.
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Introduction

Choriocarcinoma is a highly malignant and aggressive tumor of the trophoblastic cells, including two subtypes: gestational choriocarcinoma and nongestational choriocarcinoma (1–3). Nongestational choriocarcinoma, also known as primary choriocarcinoma, is an extremely rare and highly malignant and aggressive tumor, with a very poor prognosis and a tendency to develop early distant organ metastasis (4). Owing to the rarity and nonspecific symptoms of primary choriocarcinoma, the clinical diagnosis is often difficult.

Primary choriocarcinoma mainly originates from germ cells in the gonads, and more rarely occurs outside the gonads which mainly locating in midline areas of the body, such as the lungs, mediastinum, retroperitoneum and pineal gland (5). Primary gastric choriocarcinoma (PGC) is an extremely rare aggressive tumor, that represents 0.08% of all gastric cancers (6). In this case, we describe a rare PGC case with multiple liver metastasis revealed in physical examination.





Case description

A 27-year-old woman initially presented to local hospital with complains suggestive of COVID-19. During her evaluation, the chest computed tomography (CT) scan accidently detected the multiple liver masses. Subsequently, an abdomen CT scan was conducted, which raised suspicion that the liver masses may be metastatic from the gastric cancer. To explore this possibility further, a gastroscopy was performed, revealing a conspicuous, curved bulging neoplasm of the gastric sinus with central part depression and a well-defined ulcerated peripheral bulge. Corresponding biopsy results confirmed the low-differentiated carcinoma with histological and immunophenotypic characteristics of choriocarcinoma. Following these findings, the patient was referred to our hospital for further evaluation and treatment. We conducted a comprehensive array of diagnostic examinations, including hematological tests, tumor marker assessments, and measurement of human chorionic gonadotropin (β-HCG) levels. The hematology analysis primarily indicated abnormalities related to red blood cells, notably moderate anemia, which decreased for RBC, Hb (69 g/L), MCV, mMCH, MCHC, RDW, along with increased RET and IRF. Other hematology indicators such as leucocyte, neutrophils and lymphocyte, had no significant deviations from the norm. As for the tumor markers, only the NSE was increased, while other markers like CEA, AFP, ProGRP, CA125 remained within the normal range. Remarkably, the β-HCG was elevated over 10000 mIU/ml. Based on these findings, the patient received a preliminarily diagnosed as primary gastric choriocarcinoma (PGC). However, given the rarity of this disease, further investigations were necessary to differentiate between primary choriocarcinoma and metastatic disease. Consequently, magnetic resonance imaging (MRI) and positron emission tomography/computed tomography (PET/CT) were performed to facilitate a more comprehensive and accurate differential diagnosis.

As presented in Figure 1, the MRI scan showed heterogeneous thickened of the gastric sinus wall with the isointense or hypointense signal on T1WI (Figure 1B), the isointense or hyperintense signal on T2WI (Figures 1A, H), and heterogeneous and mild enhancement on dynamic contrast-enhanced MRI (DEC-MRI) (Figure 1E). The gastric lumen was remarkably narrowed with slight blurring of the plasma membrane layer; Multiple intrahepatic masses demonstrated hypointense signal on T1WI (Figure 1D), the hyperintense signal on T2WI (Figures 1A, G) and ring-like enhancement on DEC-MRI without hepatospecific contrast agent (Figure 1C: Hepatic Arterial Phase; Figure 1F: Portal Venous Phase; Figure 1I: Delayed Phase), which the larger mass (5.7×5.3 cm) located in the lower right posterior lobe (Figures 1D, G).Many enlarged lymph nodes were found in the hepatogastric space and mesenteric zone. In contrast, no apparent lesion was discovered in the pelvic region (Figure 1J).




Figure 1 | Magnetic resonance imaging (MRI) showed heterogeneous thickened of the gastric sinus wall (arrow) on T1WI (B), T2WI (A, H), and DEC-MRI (E); Multiple intrahepatic masses (triangles) demonstrated on T1WI (D), T2WI (A, G), and DEC-MRI (arteria phase, (C); portal venous phase, (F); delayed phase, (I). No apparent lesion was discovered in the uterus (J).



The 18F-fludeoxyglucose (18F-FDG) PET/CT revealed intense uptake in the stomach and liver, and moderate to intense uptake in the lymph nodes of the hepatogastric space and hilar region (Figure 2A). On axial views, remarkably ring-shaped high uptake was observed in the thickened gastric sinus wall (SUVmax, 7.1; Figures 2B, E, H) and the left lobe of the liver (SUVmax, 27.1; Figures 2C, F, I). No obvious abnormal uptake lesion was investigated in the pelvic region (Figures 2D, G, J). These imaging findings suggested a gastric malignancy with liver metastases, which in combination with the clinical history is considered to be PGC (T4bN3aM1, IV). Subsequently, pathology and immunohistochemical analysis supported this diagnosis, with immunohistochemical of hGH (–), AFP (-), SALL4 (+), Brg-1 (SMARCA4) (+), INI-1 (+), P40 (+), NUT (-), Glypican-3 (-), HepPar-1 (-), HCG (+), SOX2 (-), OCT-3/4 (-), CD30 (-), PLAP (+) and HSD3B1.




Figure 2 | The MIP image (A) revealed intense uptake in the stomach (arrow) and liver (triangles). On axial views, remarkably ring-shaped high uptake was observed in the thickened gastric sinus wall [(B, E, H) arrow] and the left lobe of the liver [(C, F, I) triangle]. No significant FDG uptake was observed in the pelvic region (D, G, J).



After the definitive diagnosis was established, the patient underwent three cycles of chemotherapy with etoposide and cisplatin (EP). Upon completion of the third cycle, an MRI and β-HCG were scheduled to assess treatment efficacy, which MRI demonstrated smaller lesions than before, and the β-HCG dropped to 983.2 mIU/ml after treatment (Figure 3). Further, in the fifth cycle of chemotherapy, we changed a new chemotherapy regimen (cisplatin, vincristine and bleomycin, PVB) to mitigate the risk of drug resistance. Before the sixth cycle treatment, a reassessment of the patient showed further shrunk lesions observed through esophagogastroduodenoscopy and MRI with β-HCG declined to 584.1 mIU/ml. However, following the completion of the sixth cycle (PVB), the β-HCG levels began to rise, reaching 1465.0 mIU/ml. Recognizing the potential for disease progression, additional radiotherapy (gastric sinus 45Gy/25f/36d, 1.8Gy/f) was introduced, alongside chemotherapy. For the seventh and eighth cycles, the chemotherapy regimen was adjusted to bleomycin and etoposide (EB) to prevent accumulation of cisplatin toxicity. Despite these interventions, β-HCG exhibited a sustained upward trend, peaking at 41170 mIU/ml in the final assessment (Figure 3B). MRI results indicated an enlargement of liver lesions and a reduction in gastric sinus lesion (Supplementary Figures 1–3). Following a multi-disciplinary approach, the ninth cycle of chemotherapy was modified to include oxaliplatin and capecitabine. Consequently, the patients underwent a liver nodule puncture biopsy, revealing the following results: Ckpan (AE1/AE3) (+), CK8/18 (+), P63 (+), HCG (part+), SALL4 (+), PLAP (+), hGH (-), HepPar-1 (-), Arginase-1 (-), Glypican-3(-) (Supplementary Figure 4). Throughout the treatment course, most tumor markers such as CEA, AFP, and CA125 remained within normal ranges, except for a persistent increase in CYERA21-1 and a decrease in NSE. Moreover, we summarized a table and figure to visualize the hematology parameter changes of pre-treatment and post-treatment during the treatment course (Table 1; Supplementary Figure 5). The results indicated a losing monocyte counts which may be related to the increased death of drug loaded macrophages depleting monocyte. To provide a clear overview of the treatment journey, we have summarized the entire process in a timeline (Figure 3A). In summary, the results suggest a prognosis similar to the majority of choriocarcinomas, indicating a poor outcome. Our team will continue to closely monitor this patient’s progress.




Figure 3 | The treatment process timeline (A) and β-HCG value (B) within nine cycles of chemotherapy.




Table 1 | The haematology parameter changes of pre-treatment and post-treatment during the treatment course.







Discussion

PGC is a rare and highly malignant epithelial tumor of trophoblastic origin, primarily found in the gastric sinus, followed by the gastric body and cardia (7–10). The histogenesis and pathogenesis of PGC remain incompletely defined, with various speculations, most of which suggest that it is derived from the dedifferentiation of gastric adenocarcinoma cells (11). Clinical manifestations of PGC lack specificity and closely resemble those of gastric adenocarcinomas, including symptoms such as vomiting blood, black stools, anemia and epigastric pain (12). PGC is more likely to cause gastrointestinal bleeding than other tumors (13). In our case, the patient initially presented with no overt symptoms, but was diagnosed with severe anemia upon admission, with hemoglobin of 69 g/L. The β-HCG may serve as a specific tumor marker for choriocarcinoma, aiding in diagnosis and treatment evaluation (14). In this case, the β-HCG declined following the initial several courses of chemotherapy, but subsequently rose during follow-up treatment, a less favorable treatment response.

Similar to choriocarcinoma, PGC is a highly malignant tumor with a propensity for early hematogenous spread and an overall grim prognosis, with most patients surviving for only about six months (15, 16). The timely diagnosis of PGC is critical for potentially improving patient outcomes. However, diagnosing PGC remains a considerable challenge due to its low incidence and the absence of specific symptoms. The diagnostic process for PGC necessitates the exclusion of other occult primary lesions besides gastric tumors. In this context, 18F-FDG PET/CT, a noninvasive multifunctional imaging modality, offers distinct advantages compared to MRI. It excels in assessing the systemic involvement of patients by not only identifying the tumor metastasis site but also detecting occult primary lesions. On the other hand, MRI provides more precise insights into the relationship between lesions and the surrounding tissue. The typical PET imaging of primary choriocarcinoma (such as primary mediastinal choriocarcinoma) shows a ring-shaped high FDG uptake with a central radioactive deficit, which may be associated with the absence of interstitial vascularity and large central necrosis in the lesions (17). In our case, PET/CT imaging of the patient displayed a similar characteristic with intense ring-shaped uptake in both the liver and gastric sinus lesions. Thus, when a ring-shaped hypermetabolic gastric mass and liver mass are detected on PET/CT with a remarkably elevated HCG value but lacks history and signs of pregnancy-associated choriocarcinoma, the PGC should be considered as a differential diagnosis.

In conclusion, this study unveils a rare case of primary gastric choriocarcinoma with multiple hepatic metastases. 18F-FDG PET/CT has unique advantages in assessing the systemic involvement of patients, and ring-shaped high FDG uptake with central radioactive deficit may be the typical PET imaging of PGC.
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Background

Staging, especially clinical lymph node staging in esophageal adenocarcinoma has only moderate sensitivity and specificity. Therefore, we evaluated combined molecular markers to predict prognosis.





Patients and methods

890 tumor tissue samples were obtained from patients who underwent surgery for esophageal adenocarcinoma with curative intent. These were stained by tissue micro array for 48 markers which are associated with tumorigenesis and correlated with clinical data (TNM-staging, overall survival) by multivariate Cox regression.





Results

Two markers (preserved Y chromosome and high grade of (CD3+) T-cell infiltration) were found to be significantly and independently associated with better overall survival. We formed a score (called CY score) from the two markers. The more markers are positive and thus the higher the score (ranging from 0 to 2), the better the overall survival, independently of UICC. Moreover, we developed a combination score of the UICC and CY score based on cluster analysis. Patients with a UICC stage of III with the presence of both traits (CY=2) can be assigned to a better prognosis group (group II), whereas patients with a UICC stage of I without both traits (CY=0) must be assigned to a worse prognosis group (group II). Therefore, patients in stage I with adverse molecular signature might benefit of multimodal therapy.





Conclusion

In summary, the CY score adds prognostic information to the UICC stage based on tumor biology in esophageal adenocarcinoma and warrants further evaluations in independent clinical cohorts.





Keywords: esophageal adenocarcinoma, Y chromosome loss, CD3 cell infiltration, UICC staging, prognosis





Introduction

Esophageal cancer is a common cancer with a high mortality ranking seventh in terms of incidence and sixth in mortality worldwide (1). In developed countries the incidence of esophageal cancer is rising (2). Whereas very early in the disease endoscopic treatment can lead to cure, surgical resection often combined with chemotherapy or radiochemotherapy was established for locally advanced tumors. Even with these intensive therapeutic regimens the overall survival of patients with esophageal cancer remains poor (3, 4). More recently, also immunotherapy has been introduced in the curative first line setting (5).

Using comprehensive genomic analysis, esophageal cancer has been subdivided in different molecular subtypes, but the prognostic value of these subgroups still remains to be determined (6, 7). In addition, several molecular markers have been evaluated concerning their prognostic value, but none of these has entered clinical routine (preserved Y chromosome (8); HER2 (9); KRas and PIK3CA (10); Integrin alpha-5 (11); ini1, BRM, BRG1 and ARID domain-containing protein 1A (12); Mesothelin (13); GATA-6 (14); XIAP (15); Claudin-18 (16); p53 (17); Mdm2 (18)). In this project we evaluated the potential of combined molecular markers to predict prognosis of esophageal adenocarcinoma.





Methods




Patients and tumor samples

893 tumor tissue samples were obtained from patients who underwent surgery for adenocarcinoma of the esophagus with curative intent at the University Hospital Cologne, Germany between 1996 and 2019 and gave informed consent in accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki) and the local ethics committee (13-091) (Table 1). All tumors were classified according to the UICC system of the 7th edition. The tumor tissue samples were stained by tissue micro array (TMA) for 48 markers known to be associated with various aspects of tumorigenesis (proliferation, migration and invasion, immunomodulation, angiogenesis, metabolism, chromatin remodeling, and inflammation). For the following analyses, the 44 markers for which > 30% (n ≥ 270) TMA samples could be evaluated were included: Programmed cell death 1 ligand 1 (PD-L1), T-cell immunoglobulin mucin receptor 3 (TIM-3), Lymphocyte activation gene 3 protein (LAG-3), Receptor tyrosine-protein kinase erbB-2 (HER2), cellular tumor antigen p53, Scavenger receptor class B member 1 (CD36), Carcinoembryonic antigen-related cell adhesion molecule 8 (CD66b), Proliferation marker protein Ki-67, E3 ubiquitin-protein ligase Mdm2, Antigen-presenting major histocompatibility complex class I (MHC-1), High mobility group protein B1 (HMGB1), DNA mismatch repair protein Mlh1, T-cell surface glycoprotein CD3 cell tumor infiltration, Mesothelin, AT-rich interactive domain-containing protein 1A (ARID domain-containing protein 1A), Pre-mRNA-splicing factor ini1, Probable global transcription activator SNF2L2 (BRM), Transcription activator BRG1, Aldo-keto reductase family 1 (AKR1), Claudin-18, Hepatocyte growth factor receptor (MET), Myc proto-oncogene protein, GTPase KRas, Transcription factor GATA-6, Phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit alpha isoform (PIK3CA), preserved Y chromosome, Integrin alpha-5, Integrin beta-1, Integrin beta-4, Phosphatidylinositol 3,4,5-trisphosphate 3-phosphatase and dual-specificity protein phosphatase (PTEN), Fructose-1,6-bisphosphatase 1 (FBP1), Trimethylation of histone H3 lysine 27 (H3K27m3), Ubiquilin-4 (UBQLN4), Tumor-associated calcium signal transducer 2 (TROP-2), F-box/WD repeat-containing protein 7 (FBXW7), G1/S-specific cyclin-D1 (Cyclin D1), Cyclin-dependent kinase inhibitor 2A (CDKN2A/p16), U3 small nucleolar ribonucleoprotein protein IMP3, Cadherin-1 (E-cadherin), Carbonic anhydrase 9, E3 ubiquitin-protein ligase XIAP, Immunoglobulin superfamily DCC subclass member 4 (NOPE) on cancer cells, Hematopoietic progenitor cell antigen CD34 quantity and Gremlin-1 (GREM1) RNA.


Table 1 | Clinical data of tumor samples.



In detail, the tumor tissue samples were fixed in 4% buffered formalin at room temperature for at least 24 hours (maximum 72 hours). Tumor tissue microarrays (TMA) were constructed as previously described (19, 20). In brief, tissue cylinders with a diameter of 1.2 mm were punched from selected tumor tissue blocks using an in−house developed semi−automated precision instrument and embedded in empty recipient paraffin blocks. The Paraffin blocks were cut into 4 μm−thick sections, which were transferred onto an adhesive coated slide system. Freshly cut TMA sections were immunostained in one day and in one experiment. Slides were deparaffinized using standard protocols with Dewax (Leica Microsystems, Inc.) and 100% ethanol, and exposed to heat−induced antigen retrieval for 5 min in an autoclave at 121˚C and pH 9 (Tris−EDTA−buffer) or pH 6 (citrate buffer). The TMA slides were stained with the following antibodies (clone, buffer, dilution, manufacturer) or FISH probes (probe name, manufacturer):

AKR1 (EPR14421, EDTA, 1:500, abcam, UK), ARID domain-containing protein 1A (EPR13501, EDTA, 1:1000, abcam, UK), BRM (D9E8B, EDTA, 1:50, Cell Signaling Technology, MA, USA), BRG1 (EPNCIR111A, EDTA, 1:300, abcam, UK), Carbonic anhydrase IX (EPR4151, EDTA, 1:100, abcam, UK), CD3 (SP7, citrate, 1:50, Thermo Fisher Scientific, MA, USA), CD34 quantity (QB End10, citrate, 1:700, Cell Marque, CA, USA), CD36 (D8L9T, citrate, 1:200, Cell Signaling Technology, MA, USA), CD66b (G10F5, EDTA, 1:200, Novus Biologicals, CO, USA), CDKN2A/p16 (ZytoLight ® SPEC CDKN2A/CEN 9 Dual Color Probe, Zytomed, Germany), Claudin-18 (ERP19202, EDTA, 1:200, abcam, UK), c-Myc (Y69, citrate, 1:100, abcam, UK), Cyclin D1 (ZM178, citrate, 1:400, Zeta Corporation, CA, USA), E-Cadherin (M3612, EDTA, 1:50, Dako, CA, USA), FBP1 (EPR4619, EDTA, 1:100, abcam, UK), FBXW7 (SP237, EDTA, 1:500, abcam, UK), GATA-6 (GATA6-20-GR Probe, Empire Genomics, NY, USA), Grem1 (ab22138, EDTA, 1:400, abcam, UK), H3K27m3 (C36B11, EDTA, 1:100, Cell Signaling Technology, MA, USA), HER2 (4b5, EDTA, not diluted, Roche, Switzerland), HMGB1 (D3E5, EDTA, 1:500, Cell Signaling Technology, MA, USA), IMP3 (M3626, EDTA, 1:100, Agilent, Dako, CA, USA), ini1 (BCIR1, EDTA, 1:50, Zytomed Systems, Germany), Integrin alpha-5 (EPR7854, EDTA, 1:300, abcam, UK), Integrin beta-1 (A4, EDTA, 1:100, Santa Cruz Biotechnology, Germany), Integrin beta-4 (D8P6C, EDTA, 1:100, Cell Signaling Technology, MA, USA), Ki-67 (SP6, EDTA, 1:100, Cell Marque, CA, USA), KRas (9.13, citrate, 1:100, Thermo Fisher Scientific, MA, USA), LAG-3 (D2G40, EDTA, 1:300, Cell Signaling Technology, MA, USA), Mdm2 (Ab-1/IF2, EDTA, 1:50, Calbiochem, NJ, USA), Mesothelin (5B2, EDTA; 1:50, Novocastra, Switzerland), MET (SP44, EDTA, not diluted, Roche, Switzerland), MHC-1 (EPR1394Y, citrate, 1:300, abcam, UK), Mlh1 (M1, EDTA, not diluted, Roche, Switzerland), NOPE-Ca (RNAscope® 2.5 LS Probe- Hs-IGDCC4, ACD, CA, USA), p53 (DO-7, citrate, 1:800, Dako, CA, USA), PD-L1 (E1L3N, EDTA, 1:400, Cell Signaling Technology, MA, USA), PIK3CA (6D9, EDTA, 1:1000, abnova, Taiwan), PTEN (138 G 6, EDTA, 1:300, Cell Signaling Technology, MA, USA), TIM-3 (D5D5R, EDTA, 1:100, Cell Signaling Technology, MA, USA), TROP-2 (ERP20043, EDTA, 1:1000, abcam, UK), UBQLN4 (RNAscope® 2.5 LS Probe- Hs-UBQLN4, ACD, CA, USA), XIAP (ab21278, citrate, 1:1000, abcam, UK), preserved Y chromosome (long and short arm) (Vysis LSI SRY Spectrum Orange Probe and Vysis CEP Y (DYZ1) Spectrum Green Probe, Abbott Molecular, Germany).

The staining was evaluated and quantified by a pathologist and the open-source software QuPath and classified as negative or positive staining for the marker. The two evaluation strategies were compared with very high concordance of results. In the case of discordance, the pathologist determined the division into negative/positive.

Concerning CD3 cell infiltration into the tumor, we used two different evaluation strategies: a semiquantitative method in which a pathologist (AQ) estimated the extent of T lymphocytes in the stroma and divided the extent into the two groups “low” and “high” and a digital method using the freely available software QuPath. QuPath standardized the amount of CD3 positive cells in the tissue to 1 mm2 in absolute numbers, the median was then taken to divide into the two groups “low” and “high”. This was then compared to the primary semiquantitative assessment with very high concordance of results. In the case of discordance, the pathologist determined the division into “low” and “high”.

Clinical data (especially age, sex, survival time, survival status, last follow-up, date of surgery, whether neoadjuvant therapy had been given, state at the time of surgery (pathological tumor extent (y)pT, pathological nodal state (y)pN, clinical metastasis state (cM) and UICC-stage) were collected prospectively according to a standardized protocol.





Statistical analysis

For statistical analysis, IBM SPSS Statistics for Windows (Version 27) was used.

First, univariate Cox regression was used to test the correlation of each marker with survival time. Significant markers with a p-value (according to Bonferroni correction for multiple comparison) ≤ 0.001 were tested in multivariate Cox regression. A score (called CY score) was formed from the two remaining markers (detection of preserved Y chromosome and high grade of CD3 cell infiltration). A score value of 0 indicates that no marker is positive (loss of Y chromosome and low CD3 cell infiltration), 1 indicates that one marker is positive (either preserved Y chromosome or high CD3 cell infiltration), and 2 indicates that both markers are positive (preserved Y chromosome and high grade of CD3 cell infiltration). The calculation of the score was possible in 620 cases since there staining for both markers was available. To test the correlation of each marker (detection of preserved Y chromosome and CD3 cell infiltration) as well as of the CY score with survival time, a Kaplan-Meier curve was calculated comparing groups using the log-rank test. In addition, a multivariate Cox regression including UICC was calculated. In the next step, the correlation of the markers (detection of preserved Y chromosome and CD3 cell infiltration) and CY score with (y)pT, (y)pN and (y)UICC were tested by calculating the Spearman coefficient and cross tabulation, respectively.

To check for CY score validity in subgroups, Cox regression of the CY score was calculated for patients with a lower versus higher UICC stage (UICC stage 1 and 2 versus 3 and 4), for patients having undergone neoadjuvant chemotherapy or not, for younger versus older patients (< versus ≥ 65 years) and for male versus female patients.

Furthermore, the UICC stage was combined with the CY score. Therefore, the strata of the UICC stage were substratified based on the three groups of the CY score. Using cluster analysis with Ward’s method and squared Euclidean distance as the proximity measure, these were reassembled into new groups of at least two substrata based on their similarity with respect to 0.5-, 1-, 1.5-, 2-, 2.5-, 3-, 3.5-, 4-, 4.5-, 5-, 5.5-, 6-, 6.5- and 7-year survival. To test the discriminatory power of the new CY-UICC score, a Kaplan-Meier curve was calculated comparing groups using the log-rank test.

All tests were two-sided; p values < 0.05 were considered statistically significant. Significance was marked as follows: * for p ≤ 0.05, ** for p ≤ 0.01 and *** for p ≤ 0.001.






Results




Preserved Y chromosome and CD3 cell infiltration in the tumor are the most significant markers correlating with longer overall survival

As a first step, we examined which of the 44 markers correlated with prolonged overall survival (Table 2).


Table 2 | Marker: analyzable TMAs (n), mean of marker expression between 0 (negative) and 1 (positive), p value and hazard ratio of univariate Cox regression of the marker and overall survival.



Then, a multivariate Cox regression was performed on the markers that correlated significantly with prolonged overall survival. The markers high CD3 cell infiltration into the tumor (p = 0.003, HR 0.69) and preserved Y chromosome (p = 0.005, HR 0.72) were found to stay significant and remained significant after adding UICC to the multivariate survival analysis.





A score of preserved Y chromosome and high CD3 cell infiltration in the tumor correlates with better overall survival

A score was formed from these two markers. Here, 0 corresponds to no positive marker (loss of Y chromosome and low infiltration of CD3 cells), 1 to one positive marker, and 2 to both markers being positive (Y chromosome preserved and high CD3-cell infiltration into the tumor). Higher CY scores were significantly associated with better survival (CY=0 vs. 1 p=0.0002, CY=1 vs. 2 p=0.00001) (Figure 1). This was also true when controlling for UICC stage in a multivariate COX regression (p=0.00007).




Figure 1 | Association of CY score with overall survival.







Preserved Y chromosome and high CD3 cell infiltration in the tumor are correlated with lower N staging in treatment-naïve patients

Correlation of the individual markers and the CY score with other clinical parameters demonstrated an association of high CD3 cell tumor infiltration and preserved Y chromosome with longer survival, a low pN and a low UICC. A high CY score additionally correlates with a smaller pT. All these associations are only to be seen in treatment-naïve patients (see Table 3). Histologic grading, treatment effect (Cologne regression score), lymphovascular invasion and margin status did not show a significant association with the CY score.


Table 3 | Association of markers with clinical data.







The CY score is prognostic for all subgroups but for female patients

Concerning the validity of the CY score for prognosis of survival in subgroups, it is valid for patients with low (p=0.039) versus high (p=0.00016) UICC stage, for patients having undergone neoadjuvant therapy (p=0.002) or not (p=0.0003) and for younger (<65 years) (p=0.001) and older patients (p=0.00006). Concerning female patients, a subgroup analysis was not possible since in the analyzed cohort the score had been able to be calculated in too few women (n=28).





The CY score in combination with the UICC stage identifies patients with a better or worse prognosis based on tumor biology

Substratifying the UICC stage using the three groups of the CY score and clustering these substrata by survival over time results in a new combination score. This newly formed combination score (CY-UICC score) is composed according to Figure 2.




Figure 2 | Clustering groups to form the CY-UICC score.



The CY-UICC score significantly separates four different prognostic groups (group 1 vs. 2 p= 0.007, 2 vs. 3 p=0.001, 3 vs. 4 p=0.000000002) (see Figure 3). Median overall survival in the groups is 70.2 months (CY-UICC score 1), 42.5 months (CY-UICC score 2), 30.0 months (CY-UICC score 3) and 16.1 months (CY-UICC score 4), respectively.




Figure 3 | Association of CY-UICC score and overall survival.



Clustering of the CY-UICC score groups shows that considering the CY score, patients with a UICC stage of 3 with the presence of both traits (CY=2) can be assigned to a better prognosis group (group 2), whereas patients with a UICC stage of 1 without both traits (CY=0) must be assigned to a worse prognosis group (group 2) (see Figure 2). Figure 4 compares overall survival of the newly developed CY-UICC score and UICC.




Figure 4 | Association of CY-UICC score vs. UICC and overall survival. The groups of CY-UICC score 4 and UICC 4 are identical.








Discussion

We have shown that a preserved Y chromosome and high CD3 cell infiltration in the tumor are important markers for prolonged overall survival in esophageal adenocarcinoma.

Y chromosome loss (LoY) is associated with aging in men and occurs more frequently in men who smoke (21). LoY is associated with a higher risk for developing non-hematological cancer in general (22). Specifically, we have shown that LoY is a common phenomenon in esophageal adenocarcinoma and is associated with shorter overall survival (8). The functional effect leading to decreased survival in esophageal cancer has not been fully elucidated until yet. It might be a marker for general chromosomal instability and is detectable already in precursing Barrett´s esophagus (23). Furthermore, LoY was shown to be associated with an epigenetic phenotype with methylation of genes being involved in cell proliferation and cell cycle regulation (21). Additionally, the loss of function of genes of the nonrecombinant region of Y were shown to play a role in cell cycle regulation and behave as dosage-sensitive tumor suppressors (24).

Tumor infiltrating lymphocytes (TIL) are involved in immune editing of tumor cells. By elimination of (immunogenic) tumor cells, they reduce tumor growth and at the same time support the eventual outgrowth of less immunogenic tumor cells by selection pressure (25, 26).

Overall, high lymphocyte infiltration of the tumor is associated with longer survival. CD3 cell tumor infiltration is known as good prognostic factor concerning survival in ductal breast cancer (27), non-small cell lung cancer (NSCLC) (28), intestinal-type gastric cancer (29), hepatocellular carcinoma (HCC) (30), gastrointestinal stromal tumor (GIST) (31), ovarian cancer (32), bladder cancer (33), oral squamous cell carcinoma (34) and nasopharyngeal carcinoma (35). For colon cancer, it was even shown that immune cell density in the tumor was of more prognostic importance than UICC classification (36).

In this paper, we have shown that using the CY score adds prognostic information to the UICC stage, most probably by resembling tumor biology (especially immunogenicity and genetic stability). Limitations of the study are its monocentric and retrospective character, a strength its large sample size for this comparably rare type of cancer. Staging, especially clinical lymph node staging is difficult, as sensitivity and specificity of lymph node detection in CT scans and endoscopic ultrasound have low sensitivity (52 - 81%) and specificity (73 - 87%) (37–39). As guidelines recommend multimodal therapy for patients with esophageal cancer in UICC stage II/III, lymph node staging is performed even though diagnostic techniques have limitations. Here, we show that patients in UICC stage I with adverse molecular signature (CY score 0) clinically behave like UICC stage II patients and might benefit from multimodal therapy. UICC stage III patients with a favorable tumor biology (CY score 2) have a better prognosis compared to UICC stage III patients with a less favorable tumor biology. UICC stage IV patients with a good tumor biology (CY score 2) are a very rare event (CY-UICC=2 n=8 vs. CYUICC=1 n=46 and CYUICC=0 n=48) and in these cases the protective effect of the good tumor biology probably cannot outweigh the adverse stage IV cancer features.

In summary, the CY score adds prognostic information to the UICC stage and warrants further evaluations in independent clinical cohorts.
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Gastric cancer (GC) is one of the most common malignancies worldwide and the leading cause of cancer-related deaths. Exosomes are nanoscale extracellular vesicles secreted by a variety of cells and play an important role in cellular communication and epigenetics by transporting bioactive substances in the tumor microenvironment (TME). Circular RNA (circRNA) is a type of non-coding RNA (ncRNA) with a specific structure, which is widely enriched in exosomes and is involved in various pathophysiological processes mediated by exosomes. Exosomal circRNAs play a critical role in the development of GC by regulating epithelial-mesenchymal transition (EMT), angiogenesis, proliferation, invasion, migration, and metastasis of GC. Given the biological characteristics of exosomal circRNAs, they have more significant diagnostic sensitivity and specificity in the clinic and may become biomarkers for GC diagnosis and prognosis. In this review, we briefly describe the biogenesis of exosomes and circRNAs and their biological functions, comprehensively summarize the mechanisms of exosomal circRNAs in the development of GC and chemotherapy resistance, and finally, we discuss the potential clinical application value and challenges of exosomal circRNAs in GC.
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1 Introduction

Gastric cancer (GC) is a common gastrointestinal malignancy with a high incidence and mortality rate. According to global cancer statistics from the International Agency for Research on Cancer (1), there were 1.09 million new cases of GC worldwide in 2020, making up 5.6% of all diagnosed cancer cases; of these, approximately 770,000 were related to GC deaths, accounting for 7.7% of all cancer-related deaths (2). GC is caused by a combination of factors, including pathogenic infections such as Helicobacter pylori and Epstein Barr virus, poor lifestyle habits such as unclean diet, smoking, high salt intake, consumption of large amounts of red meat and processed meat products, etc., which may increase the risk of GC to a certain extent (3). In addition, family inheritance and gene mutation are also significant factors leading to the development of gastric cancer (4). GC remains a significant problem with a heavy social and economic burden on human life and health (5), despite the current decline in GC incidence and mortality, as well as the further understanding and advances in the epidemiology and pathological mechanisms of GC (6–8). In the absence of sensitive and specific diagnostic markers as well as precise and effective therapeutic targets at an early stage, the early detection rate of GC and the effectiveness of treatment remain limited. Most of patients with gastric cancer are diagnosed at the advanced stage of the disease and are often accompanied by lymph node and peritoneal metastases (9). For these gastric cancer patients with metastases, the effect of surgical treatment is limited, chemotherapy is often resistant to drugs, and the effect of targeted and immune therapies is not satisfactory, resulting in a poor clinical prognosis (10). Furthermore, the heterogeneity of GC tumor tissue with genetic and epigenetic variations is a major source of complexity in GC treatment (11). Therefore, the search for highly sensitive and specific GC diagnostic markers and precise therapeutic targets is of great significance for the early diagnosis, treatment, and prognosis of GC. The tumor microenvironment (TME) is an essential site for tumor cell growth and development, and among the many components of the TME, exosomes are an indispensable part of it (12, 13).

Exosomes are extracellular vesicles between 30-150 nm in diameter with a phospholipid bilayer composed of various proteins, lipids and nucleic acids (14). The phospholipid bilayer protects protect the material within the exosome from removal or degradation. To maintain homeostasis and resist stress in the organism, exosomes carry out intercellular communication by delivering functional substances (15). Several recent studies have shown that exosomes are closely associated with human health and diseases, including cancer, neurological disorders, cardiovascular diseases, inflammatory diseases, and autoimmune diseases (16). Exosomes are involved in tumor development through multiple pathways including regulating tumor growth, invasion, migration, and angiogenesis (17). Exosomes and their contents have the potential to serve as diagnostic and prognostic biomarkers for cancer, as therapeutic targets for cancer, and as drug delivery vehicles for cancer therapeutics (18, 19).

Circular RNAs (circRNAs) are endogenous biomolecules in eukaryotic cells and are considered to be a member of the large family of non-coding RNAs. Unlike microRNAs (miRNAs) and linear RNAs, circRNAs have a unique ring-like covalently linked structure that makes them highly stable and more tolerant of degradation of their internal molecules by nucleic acid exonucleases (20). CircRNAs have multiple roles in tumor development, including regulation of tumor cell cycle and proliferation, regulation of cellular autophagy or apoptosis, angiogenesis, modulation of cellular energy metabolism, and evasion of tumor immune surveillance (21). An increasing number of studies have shown that circRNAs are widely present in exosomes and are involved in various pathophysiological processes. CircRNAs are delivered by exosomes to different receptor cells and contribute to tumorigenesis through local or distant regulation of interactions with receptor cells, as well as through regulation of epithelial-mesenchymal transition (EMT), invasion, metastasis, angiogenesis, and chemoresistance, and play a vital role in TME (13, 22, 23).

Exosomal circRNAs are currently very promising for research as diagnostic and prognostic biomarkers of GC. In this review, we briefly introduce the biogenesis and functional characteristics of exosomes and circRNAs, summarize the roles and mechanisms of exosomal circRNAs in GC progression, and explore their potential clinical applications in GC diagnosis and treatment.




2 Biogenesis and biological functions of exosomes and circRNAs



2.1 Biogenesis of exosomes

The biogenesis of exosomes begins with endocytosis of the cell membrane, where the plasma membrane (PM) budded into the cell to produce initial vesicles, or early endosomes, whose role is to sort the molecular material being endocytosed (24). The early endosomes mature into late endosomes, which encapsulate specific proteins, lipids, nucleic acids, and other materials to form multiple intraluminal vesicles (ILVs), the precursors of exosomes. Late endosomes continue to develop and mature to form multivesicular vesicles (MVBs), which are essential for exosome biogenesis and MVBs can dynamically communicate with other organelles such as the Golgi apparatus (Golgi), endoplasmic reticulum (ER), and autophagosomes through multiple pathways (25–27). Most MVBs fuse with lysosomes, resulting in the degradation of both MVBs and their contents, while a small proportion of MVBs fuse with the PM, resulting in the release of ILVs to form extracellular vesicles, also known as exosomes (28) (Figure 1).




Figure 1 | Biogenesis and biological function of exosomes. (A) Exosome biogenesis begins with endocytosis of the cell membrane, followed by the production of early endosomes, which mature to form MVBs. Some MVBs fuse with the PM and the ILVs are released outside the cell to form exosomes. ILVs production involves both ESCRT-dependent and ESCRT-independent pathways. (B) Exosomes exert their biological functions in three main ways: 1) ligand binding to receptors; 2) fusion; 3) substances of exosomes act on target cell surface receptors. (C) Exosomes are extracellular vesicles between 30-150 nm in diameter, consisting of proteins, lipids, DNA, mRNAs, miRNAs, lncRNAs, circRNAs, and other substances in a phospholipid bilayer structure. MHC molecules (MHC-I/II), tetraspanins (CD63, CD81, CD9), integrins (αMβ2, β2) and other protein molecules are distributed on the membrane of exosomes. MVBs, Multivesicular bodies; ILVs, Intraluminal vesicles; Golgi, Golgi apparatus; ER, Endoplasmic reticulum.



Exosomes are highly heterogeneous since each stage of exosome biogenesis is mediated by many processes that depend on various molecular substances, cell types, and cellular microenvironments. The production of early endosomes and ILVs is regulated by a variety of mechanisms, the most studied being the endosomal sorting complex required for transport (ESCRT) dependent pathway and the ESCRT-independent pathway (15, 29). For the classical ESCRT-dependent pathway, ESCRT-0, -I, -II, -III subcomplexes and the ATPase VPS4 synergistically mediate ILV formation, whereas non-classical ESCRT-dependent pathways, such as the HD-PTP-dependent pathway and the Alix-dependent pathway, can recruit ESCRT-III and VPS4 to the MVB by recognizing specific membrane-bound molecular substances to promote ILV formation (30, 31). Among the ESCRT-independent pathways, the nSMase2-ceramide-dependent pathway has been well studied, in addition to lipid components such as the membrane protein caveolin 1, the membrane backbone protein flotillins, cholesterol, and tetraspanins also play a critical role in the formation of ESCRT-independent ILV (15, 32).




2.2 Biological functions of exosomes

In the 1980s, exosomes, extracellular vesicles isolated from sheep reticulocytes cultured in vitro, were thought to be a dumping ground for cellular metabolites and did not receive sufficient attention (33). The exosomes secreted by EBV-infected B lymphocytes were later found to induce T-cell responses by antigen presentation (34). Subsequent studies further revealed that RNA within exosomes could exchange genetic material between cells (35). Today an increasing number of studies have focused on the intracellular biological processes of exosomes, finding that they play a significant role in intercellular communication and are involved in cell differentiation, tumor immune response, tumor cell proliferation, migration, and invasion (36).

Exosomes contain proteins, lipids, sugar structures, metabolites, DNA, messenger RNAs (mRNAs), miRNAs, long non-coding RNAs (lncRNAs), circRNAs, and other substances (37). Several protein molecules are distributed on the membrane of exosomes, including MHC molecules (MHC-I/II), tetraspanins (CD63, CD81, CD9), and integrins (αMβ2, β2), of which tetraspanins can be used as specific markers for the isolation of exosomes (36) (Figure 1). The cellular state from which exosomes originate drives the contents of exosomes in a dynamic state of flux and consequently determines the function of exosomes (38). Exosomes exert their biological functions in three main ways firstly, ligands on the exosome membrane bind to receptors to transmit intercellular information; secondly, exosomes are extensively involved in material transport by fusing with target cells and releasing the specific components they carry into the recipient cells; finally, exosomes release substances from the body and act on the receptors on the surface of the target cells to complete the information transfer and thus produce biological effects (39, 40). Exosomes are widely distributed throughout the body and can be found in a variety of bodily fluids, such as blood, saliva, urine, milk, cerebrospinal fluid, malignant exudates (peritoneal fluid), and cell culture media. They transmit molecular signals through autocrine, paracrine, and endocrine mechanisms (29). Tumor cell-derived exosomes, known as texosome (TEX), are an essential component of the TME, and the number of TEX is much higher than that secreted by normal tissues. TEX regulates the tumor microenvironment and promotes tumor cell proliferation and migration, and tumor cells in turn contribute to tumor progression by regulating the biogenesis, composition, and function of exosomes (15). In the early stages of the disease, the isolation and purification of exosomes can be used for clinical assessment (41). As research on exosomes progresses, several databases on exosomes have been established, including the ExoCarta database (http://www.exocarta.org/), the Fudan University exosome database (http://www.exoRBase.org), and the Vesiclepedia database (http://microvesicles.org/index.html).




2.3 CircRNAs biogenesis

CircRNAs are a covalently closed-loop single RNA structure consisting of single or multiple exons, mostly derived from precursor mRNAs and expressed by known protein-coding genes (42, 43). Unlike the 3’ and 5’ ends of lncRNA structures, which are covalently linked, they are closed-loop structures with no tails at the 3’ and 5’ ends. CircRNAs are covalently linked at the flanking sites of the splice indicator to form a circRNA, the downstream splice donor site binds covalently to the upstream splice acceptor site, a phenomenon or process known as back-splicing. Unlike the normal form of splicing, this is a unique biological process for circRNAs (44). Despite the lower efficiency of back-splicing compared to linear splicing, circRNAs can accumulate in a time-regulated manner in a given cell while retaining their function for long periods without inactivation due to their high stability (45). CircRNAs have a longer half-life compared to linear RNAs and in some cases are 10 times more abundant than related linear RNAs (46). Besides, circRNAs contain all the products of selectively spliced linear RNAs, yet linear transcription does not contain some of the exons of circRNAs (47). The biogenesis of numerous circRNAs is influenced by combinations of cis-acting elements and trans-acting splicing factors, including heterogeneous nuclear ribonucleoproteins (hnRNPs) and long-repeat SR proteins containing serine and arginine amino acid residues (43). Mechanisms of circRNAs formation typically include RNA-binding proteins (RBPs) such as HQK and FUS binding to flanking introns after dimerization, which promotes circular splicing of circRNAs (48, 49); introns located upstream and downstream, which promote the formation of circular structures through the base complementary pairing of inverted repetitive Alu elements; lariat formation during exon skipping, which promotes the formation of circRNAs by internal splicing where intron sequences have been removed; moreover, intron escape debranching also contributes to the formation of circRNAs (22, 49). CircRNAs exist in three main forms (Figure 2), including exon circRNAs (ecircRNAs), intron circRNAs (ciRNAs), and exon-intron circRNAs (EIciRNAs), where ecircRNAs are mainly located in the cytoplasm, and ciRNAs and EIciRNAs are mainly located in the nucleus (40, 50) (Figure 2).




Figure 2 | Biogenesis and biological functions of circRNAs. (A) Biogenesis of circRNAs: CircRNAs are derived from precursor mRNAs(pre-mRNAs), which form mRNAs by linear splicing and circRNAs by back-splicing. Mechanisms of circRNAs formation: RNA-binding proteins (RBPs) dimerize upon binding to flanking introns, upstream and downstream introns promote the formation of loop structures by the base complementary pairing of reverse repeat Alu elements, lariat formation during exon skipping and internal splicing of the lariat where the intron sequence is removed drives the formation of circRNAs. CircRNAs usually exist in three forms: exon circRNAs (ecircRNAs), intron circRNAs (ciRNAs), and exon-intron circRNAs (EIciRNAs). (B) Biological functions of circRNAs: 1) act as miRNA sponges; 2) act as protein sponges; 3) act as protein scaffolds by providing binding sites for protein assembly; 4) CircRNAs containing internal ribosome entry site (IRES) elements can be translated into proteins or peptides.






2.4 Biological functions of circRNAs

CircRNAs were first discovered by electron microscopy in the cytoplasmic fraction of eukaryotic cell lines (51) and were thought to be cellular ‘waste’ from abnormal splicing or by-products of abnormal RNA splicing (52, 53). The function of circRNAs was revisited when B Capel et al. discovered that Sry genes from the sex-determining region of the Y chromosome existed as circRNAs and played a significant role in the testis (54). As research progressed, circRNAs were found to act as a competitive endogenous RNA (ceRNA) or as a miRNA sponge (Figure 2), regulating gene expression by binding to miRNA, inhibiting miRNA binding to the 3’UTR of specific genes, and ultimately by triggering mRNA cleavage or mRNA translation inhibition (55). CircRNAs have a large number of binding sites for RBPs and can act as protein sponges while blocking the activity of RBPs (53). CircRNAs provide binding sites for protein assembly and act as protein scaffolds to form protein complexes (56). In addition, circRNAs can regulate the transcription and post-translation of parental genes to perform their biological functions (57, 58) (Figure 2). CircRNAs have been widely used in a variety of diseases, such as cardiovascular diseases (59), diabetes (60), neurological diseases (61), and cancer (21), with the application of circRNAs in cancer currently being a hot topic in oncology research. CircRNAs are abundantly expressed, highly stable, with tissue-restricted and cancer-specific expression patterns, and can be detected in liquid biopsies such as plasma, urine, and saliva. Dysregulated expression of circRNAs is involved in cancer development and plays a vital role in tumor cell proliferation, metastasis, and drug resistance (21).





3 Overview of exosomal circRNAs

It was found that circRNAs were highly enriched in exosomes and could be stably present in exosomes (62, 63), especially from TEX compared to exosomes secreted by normal cells, where the abundance of circRNAs was significantly increased. Dou et al. found that the number of circRNAs in exosomes secreted by colon cancer cell lines was greater than that of free circRNAs in colon cancer cells, but the relationship between circRNAs in colon cancer cells and their secreted exosomal circRNAs and their regulatory mechanisms were not clear (64). It has also been reported that circRNAs in exosomes are two times more abundant than circRNAs in parental cells and six times more abundant than linear RNAs compared to parental cells (63). The sorting of circRNAs into exosomes is regulated by changes in the levels of parental cell-associated miRNAs and transmits biological activity to recipient cells, thereby participating in intercellular communication (63). The nanosize and lipid bilayer structure of exosomes can prolong the circulation time of circRNAs and enhance their biological activity, thus exosomal circRNAs have both exosome-like transfer targeting characteristics and the original biological functions of circRNAs, resulting in more significant regulatory advantages (65). Several studies have discovered that tumor-specific circRNAs can be selectively packaged, secreted, and transported via TEX to participate in the regulation of TME, promoting or inhibiting tumor cell growth and metastasis, while exosomal circRNAs have more significant diagnostic sensitivity and specificity than free circRNAs in body fluids, and may become biomarkers for clinical diagnosis and prognosis (66).




4 Role and mechanism of exosomal circRNAs in GC

Exosomal circRNAs play multiple roles in GC, including promotion of GC proliferation, induction of EMT as well as invasion and migration of GC cells, mediation of GC angiogenesis, regulation of GC metastasis, modulation of chemoresistance, and radiosensitivity in GC Table 1.


Table 1 | Role of exosomal circRNAs in GC.





4.1 Exosomal circRNAs regulate GC proliferation

Several studies have shown that exosomal circRNAs are involved in the regulation of GC proliferation. For example, Shi et al. revealed that cancer-associated fibroblasts (CAF) deliver circ_0088300 to GC cells via exosomes, and that overexpression of exosomal circ_0088300 promotes upregulation of anti-apoptotic protein Bcl-2 expression and downregulation of apoptotic proteins Bax, caspase 3 and caspase 9 expression, thereby enhancing malignant cell transformation in vitro and promoting GC cell proliferation. Mechanistically, the CAF-derived exosomal circ_0088300 regulates the JAK/STAT signaling pathway by sponging miR-1305 to promote the proliferation, migration, and invasion of GC cells. Moreover, RBP KHDRBS3 drives circ_0088300 encapsulation into exosomes and regulates circ_0088300 levels in exosomes to promote GC development (67). Similarly, another study demonstrated that plasma exosomal circNEK9 acts as a miR-409-3p sponge to upregulate MAP7 protein expression and promote GC cell proliferation, invasion, and metastasis (68). Zhang et al. found that circFCHO2 was upregulated in serum exosomes of GC patients. Functional assays suggested that circFCHO2 increased the proliferation, invasion, angiogenesis, and stem cell properties of GC cells. In a nude mouse xenograft tumor model, silencing of circFCHO2 attenuated GC cell growth and lung metastasis. Mechanistically, circFCHO2 acts as an oncogenic factor to promote GC progression by activating the JAK1/STAT3 signaling pathway by sponging miR-194-5p (69). Wang et al. reported that serum exosomal circ-ITCH expression was downregulated in GC patients and its expression level correlated with the depth of GC infiltration. Functional assays showed that overexpression of circ-ITCH inhibited EMT as well as proliferation, migration, and invasion of GC cells. Mechanistically, circ-ITCH acted as a sponge for miR-199a-5p and increased Klotho expression, thereby inhibiting GC invasion and migration. Interestingly, circ-ITCH was not detected in serum but could be detected in serum exosomes, suggesting that circ-ITCH could be enriched in exosomes. In addition, the combination of overexpression of circ-ITCH and cisplatin (CDDP) had a synergistic effect on GC cells (70).Thus, exosomal circRNA promotes or inhibits the malignant progression of GC through multiple mechanisms.




4.2 Exosomal circRNAs induce EMT, invasion, and migration of GC cells

EMT is the biological process by which epithelial cells are transformed into mesenchymal-like cells with stem cell-like characteristics, motility, and greater invasive capacity, and is an important procedure in the malignant progression of cancer. In the early stages of cancer, tumor cells have epithelial-like characteristics and acquire more mesenchymal properties as the tumor progresses, thus giving them the ability to invade and migrate (91). In the TME, paracrine types of cells can almost always release exosomes. Exosomes carry a variety of bioactive molecules, including circRNAs (92), which promote tumor EMT by activating the expression of EMT-inducible transcription factors (EMT-TF) or effector molecules, where EMT-TF can repress the expression of genes that maintain the epithelial state and promote the expression of genes in the mesenchymal cell state (93). During EMT, the expression of epithelial markers such as E-cadherin and ZO-1 is downregulated, and the expression of mesenchymal markers such as N-cadherin and vimentin is upregulated (94).

A large body of literature reports that exosomal circRNAs regulate EMT in GC cells and promote their invasion and migration. For instance, Zhang et al. found that circNRIP1 was highly expressed in GC tissues and cells, could be transported via exosomes secreted by GC cells, and promoted lung and peritoneal metastasis of GC via EMT. In addition, circNRIP1 knockdown inhibited GC cell proliferation, migration, invasion, and AKT1 expression levels, and mechanistically, circNRIP1 acted as a miR-149-5p sponge to induce GC cell metabolism and autophagy through regulation of the AKT1/mTOR pathway and promote GC progression via exosomal transport. RBP QKI was also found to promote the up-regulation of circNRIP1 in GC tissues. QKI may be a major regulator of circRNAs biosynthesis in EMT and may regulate the formation of circNRIP1 via a post-transcriptional pathway during GC development (71). Similarly, another study revealed that circUBE2Q2 is present in exosomes released from GC cells and is highly expressed in plasma exosomes. Exosomal circUBE2Q2 activates the STAT3 signaling pathway in an autocrine or paracrine manner and regulates the GC EMT process. CircUBE2Q2 promotes peritoneal metastasis as well as liver lymph node metastasis (LNM) in GC mice in vivo. Additionally, circUBE2Q2 inhibited GC cell autophagy and enhanced GC cell proliferation, migration, invasion, and glycolysis in vitro. Further research has shown that circUBE2Q2 regulates GC advancement via the circUBE2Q2/miR-370-3p/STAT3 axis and encourages GC metastasis via exosomal communication, ultimately resulting in the malignant development of GC (72). Song et al. revealed that the exosomal hsa_circ_0017252 secreted by GC cells interfered with GC EMT by increasing E-cadherin expression and inhibiting N-calmodulin and vimentin protein production. Hsa_circ_0017252 also reduced the expression levels of IL-10 and IL-1β in macrophages and inhibited DUSP2 by upregulating inhibitor p-STAT3 expression, thereby reducing macrophage M2-like polarization to inhibit GC cell invasion and migration. Exosomal hsa_circ_0017252 inhibited GC proliferation by reducing macrophage M2-like polarization to suppress the growth of gastric tumor mass and volume in vivo. Mechanistically, hsa_circ_0017252 acts as a miR-17-5p sponge to inhibit GC proliferation and migration (73). Zhang et al. found that circDIDO1 overexpression prevented GC EMT, upregulating E-cadherin and significantly downregulating N-calmodulin. CircDIDO1 overexpression prevented GC growth and metastasis in vivo, while circDIDO1 knockdown increased GC cell migration and invasion in vitro. CircDIDO1 also functioned as a PARP1 inhibitor by encoding the DIDO1-529aa protein, which also promoted RBX1-mediated ubiquitination and PRDX2 degradation (74). This team’s subsequent research discovered that circDIDO1 was concentrated in RGD-modified exosomes and that it prevented the development of GC by regulating the miR1307-3p/SOSC2 axis (75). Similarly, Liang et al. found that GC stem cell (GCSC)-derived exosomal circ670 significantly promoted GCSC stemness and EMT, thereby triggering GC development. Interestingly, this study also discovered that circ670 was highly expressed in GC tissues, especially in GC patients with a history of smoking, whose circ670 expression levels were significantly increased (76), suggesting that tobacco smoke may promote the expression of circ670 in GCSC and their exosomes, which provides new insights into the molecular mechanisms by which tobacco smoke promotes GC development. In conclusion, the above studies demonstrate that circRNAs can regulate GC cell EMT and other molecular signaling pathways via exosomal secreted by GC cells, thereby promoting GC invasion and migration.




4.3 Exosomal circRNAs mediate GC angiogenesis

Tumor angiogenesis is a critical cause of rapid tumor proliferation, early metastasis, and poor prognosis (66). Through angiogenesis, tumor cells not only receive sufficient oxygen and nutrients but also remove carbon dioxide and metabolic waste, thus facilitating tumor cell growth and metabolism (95, 96). Tumor angiogenesis requires the synergistic cooperation of tumor cells and tumor stromal cells and their secretagogues, such as cytokines and extracellular vesicles (97). Several protein tyrosine kinase receptors are involved in tumor angiogenesis, among which vascular endothelial growth factor (VEGF) and vascular endothelial growth factor receptor (VEGFR) can promote vascular endothelial formation and have an important role in regulating tumorigenesis, development (98, 99). Bevacizumab, a clinically used tumor-targeting inhibitor, inhibits tumor angiogenesis by significantly reducing the expression of VEGF (100).

Numerous studies have reported that exosomal circRNAs may be involved in tumor angiogenesis by regulating secreted factors such as VEGF and signaling pathways, thereby influencing the development of GC. For example, Xie et al. found that circSHKBP1 expression was increased in serum exosomes and tumor tissues of GC patients. Microtubule formation assays showed that exosomal circSHKBP1 promoted VEGF secretion and induced angiogenesis, and that bevacizumab inhibited this process. In addition, serum exosomal circSHKBP1 overexpression can promote GC cell proliferation, migration, and invasion. Mechanistically, circSHKBP1 increases HUR expression and enhances VEGF mRNA stability through the adsorption of miR-582-3p. Furthermore, circSHKBP1 directly binds to HSP90 and blocks the interaction of STUB1 with HSP90, inhibiting the ubiquitination of HSP90 and thus accelerating GC development (77). Similarly, another study demonstrated that exosomal circ29 (circ_0044366) was highly expressed in GC cells and plasma of GC patients. Overexpression of exosomal circ29 significantly increased angiogenesis and mechanistically, exosomal circ29 as a miR-29a sponge to regulate VEGF expression levels in human umbilical vein endothelial cells (HUVEC), thereby promoting an aggressive phenotype of HUVEC. Moreover, Edu and Transwell assays showed that overexpressed exosomal circ29 promoted proliferation, invasion, and malignant phenotype of HUVEC (78). You et al. found by microtubule formation assay that GC cell exosomal circ_0001789 could increase the expression of VEGF-A and promote angiogenesis in endothelial cells, thus favoring the malignant progression of GC. In addition, GC cell exosomal circ_0001789 can mediate intercellular signaling exchange and induce changes in EMT markers, resulting in upregulation of N-calmodulin and wave protein expression and downregulation of E-cadherin expression. Mechanistically, circ_0001789 promotes GC genesis and metastasis by regulating the miR-140-3p/PAK2 axis (79). In summary, the above studies in the literature reveal that exosomal circRNAs regulate tumor angiogenesis and intervene in GC development as well as the malignant progression through various functional experiments and in vivo.




4.4 Exosomal circRNAs modulate GC metastasis

GC metastasis is the migration of GC cells from their primary site to other sites, is associated with multiple oncogenes, and involves multiple signaling pathways. GC metastasis is also a major cause of rapid GC progression and poor prognosis (101).

Exosomal circRNAs play a crucial role in the interaction between GC cells and other cells, contributing to GC invasion and metastasis. For example, Shen et al. found that hsa_circ_0000437 was enriched in exosomes secreted by GC cells and transported to lymphatic endothelial cells via exosomes, and gain-of-function and loss-of-function experiments showed that highly expressed exosomal hsa_circ_0000437 promoted invasion and migration of human lymphatic endothelial cells (HLECs); in a popliteal LNM model, exosomal hsa_circ_0000437 promoted lymphangiogenesis and LNM. Mechanistically, exosomal hsa_circ_0000437 induced GC LNM through a non-VEGF-C-dependent HSPA2-ERK signaling pathway. Hsa_circ_0000437 was also found to regulate GC cell apoptosis by targeting SRSF3 and inhibiting programmed cell death 4 (PDCD4), and thus by regulating SRSF3/PDCD4 axis to promote GC progression (80). Similarly, Zhang et al. showed by FISH analysis that circSTAU2 was mainly located in the cytoplasm and significantly down-regulated in GC. It was confirmed that exosomal circSTAU2 overexpression inhibited GC cell proliferation, migration, and invasion in vivo, and mechanistically, exosomal circSTAU2 inhibited GC progression by regulating the miR-589/CAPZA1 axis. Interestingly, a study found that CAPZA1 was negatively correlated with markers of EMT (81) and that CAPZA1 overexpression inhibited the GC EMT process, suggesting that exosomal circSTAU2 is closely associated with the development of EMT, but further confirmation of the specificity is needed. MBNL1, an RBP upstream of circSTAU2, was also found to significantly promote circSTAU2 expression (82). Another study showed that circ-RanGAP1 expression was significantly upregulated in tumor tissues and plasma exosomes of GC patients. Inhibition of exosomal circ-RanGAP1 promotes invasion of GC cells in vitro and vivo. Mechanistically, circ-RanGAP1 acts as a ceRNA to inhibit miR-877-3p and increase the expression of the target gene VEGFA, thereby promoting GC invasion and metastasis (83). Similarly, Sang et al. demonstrated through in vivo and in vitro functional experimental studies that the exosomal circRELL1 significantly inhibited the proliferation, migration, invasion, and anti-apoptotic capacity of GC cells and attenuated GC lung metastasis. Mechanistically, circRELL1 functions as a ceRNA at the post-transcriptional level by sponging miR-637, down-regulating EPHB3, and regulating GC autophagy activation, thereby inhibiting GC progression. Furthermore, this study confirmed that plasma exosomes maintain some stability when stored for different periods in a room-temperature environment and during repeated freeze-thaw cycles, suggesting the potential of plasma exosomal circRELL1 as a diagnostic biomarker for GC (84). Taken together, the above studies confirmed in vivo and in vitro that exosomal circRNAs act on GC cells through multiple pathways to promote or inhibit GC invasion and metastasis.




4.5 Exosomal circRNAs regulate GC chemotherapy resistance and radiosensitivity

Chemotherapy resistance is a key impediment to GC treatment, not only affecting GC outcomes but also leading to poor GC prognosis. Exosomes can transport a variety of drug-resistant biomolecules, including circRNAs, which regulate GC chemoresistance. For example, circ_0063526 expression is increased in GC tissues, cells, and CDDP-resistant cells. circ_0063526 promotes CDDP resistance in CDDP-sensitive GC cells via exosomal packaging. Knockdown of exosomal circ_0063526 attenuates CDDP resistance by inhibiting GC cell migration, invasion, and autophagy. Mechanistically, exosomal circ_0063526 acts as a miR-449a sponge to upregulate SHMT2 expression to enhance CDDP resistance in GC cells. Furthermore, high expression of serum exosomal circ_0063526 in GC patients correlates with CDDP resistance and adverse effects of CDDP therapy in GC patients, and serum exosomal circ_0063526 may serve as a promising prognostic biomarker for GC patients (85). Yao et al. revealed that exosomal circ-PVT1 was expressed at elevated levels in CDDP-resistant GC cells and serum, and knockdown of circ-PVT1 inhibited CDDP resistance by inducing apoptosis and inhibiting invasion or autophagy in CDDP-resistant GC cells. Mechanistically, exosomal circ-PVT1 regulates GC cell apoptosis, invasion, and autophagy through the miR-30a-5p/YAP1 axis and promotes CDDP resistance. In addition, exosomal circ-PVT1 expression levels were elevated in GC tissues, and high expression of circ-PVT1 was positively correlated with tumor LNM grade, LNM, and tumor size (86). Similarly, another study found that circ-LDLRAD3 was highly expressed in CDDP-resistant GC tissues and cells. circ-LDLRAD3 was transported by exosomes and overexpressed in CDDP-resistant GC cell-derived exosomes. circ-LDLRAD3 knockdown reduced drug resistance and inhibited the growth and invasion of CDDP-resistant GC cells, and mechanistically, knockdown of circ-LDLRAD3 inhibits CDDP chemoresistance and suppresses CDDP-resistant GC via miR-588 enrichment-mediated SOX5 (87). Liu et al. demonstrated that circ_0000260 expression was increased in tissues and serum-derived exosomes from gastric adenocarcinoma patients. Circ_0000260 was more highly expressed in CDDP-resistant gastric adenocarcinoma cells compared to CDDP-sensitive gastric adenocarcinoma cells in vitro. Circ_0000260 knockdown increased CDDP chemotherapy sensitivity, inhibited CDDP-resistant gastric adenocarcinoma cells proliferation, migration, invasion, and adhesion, and induced apoptosis. Circ_0000260 knockdown reduced CDDP chemoresistance and inhibited tumor growth in vivo, and mechanistically, circ_0000260 acted as a ceRNA to regulate gastric adenocarcinoma development and CDDP resistance by targeting mir-129-5p, which upregulates MMP11 progression (88). Chen et al. revealed that circ_0091741 is highly expressed in GC cells and their secreted exosomes, and mechanistically, GC cell-derived exosomal circ_0091741 competitively binds miR-330-3p, decreasing its binding to the target gene TRIM14, thereby increasing TRIM14 expression, and TRIM14 overexpression promotes GC cell autophagy and oxaliplatin (OXA) resistance, Furthermore, TRIM14 can activate the Wnt/β-catenin signaling pathway by stabilizing Dvl2, thus exosomal circ_0091741 promotes GC cell autophagy and chemoresistance through the miR-330-3p/TRIM14/Dvl2/Wnt/β-catenin axis (89). He et al. found that exosomal circPRRX1 interfered with GC cell proliferation, migration, invasion, and radiosensitivity by MTT, cell colony formation, and transwell assays, and that mechanistically, exosomal circPRRX1 acted as a ceRNA for miR-596 to upregulate NF-κB activating protein (NKAP) thereby regulating GC development and radiosensitivity (90). Taken together, the above findings suggest that GC cells remodel the GC TME via exosomal circRNAs to regulate resistance to chemotherapeutic agents as well as radiosensitivity.





5 Potential of exosomal circRNAs in the diagnosis and prognosis of GC

Currently, the biomarkers used to screen for GC such as glycoprotein chain antigen 125 (CA125), CA19-9, CA72-4, pepsinogen I/II ratio (PG I/PG II), gastrin-17 (G-17), anti-gastric parietal cell antibodies (APCA), squamous cell carcinoma antigen (SCCA), cytokeratin 19 fragment (CYFRA 21-1), and carcinoembryonic antigen (CEA) are found to be not sensitive and specific enough during the time of diagnosis, as reported by studies (3, 102, 103). Therefore, it is imperative to continue searching for novel biomarkers that can aid in the early detection of GC.

Several studies have shown that GC-derived or GC-associated exosomal circRNAs are closely associated with the TNM stage, tumor volume, survival, and poor prognosis of GC and that the expression of exosomal circRNAs at different stages of GC has high sensitivity and specificity. As a non-invasive marker, exosomal circRNAs may become a reliable indicator for GC diagnosis and prognosis Table 2. For example, circFCHO2 is upregulated in serum exosomes of GC patients. The receiver operating characteristic (ROC) curve suggests that serum exosomal circFCHO2 is a sensitive and effective diagnostic indicator of GC, with the area under the ROC curve (AUC) of 0.8449. CircFCHO2 was more highly expressed in GC patients with LNM and pulmonary metastases compared to patients without LNM. Moreover, circFCHO2 expression correlated with poor survival in GC patients. GC patients with high circFCHO2 expression had shorter metastasis-free survival, suggesting that high circFCHO2 expression may be a marker of poor prognosis in GC (69). Similarly, another study found that the exosomal hsa_circ_0000437 was enriched in the serum of GC patients and significantly correlated with the TNM stage of GC and with LNM. The ROC curve analysis showed that serum exosomal hsa_circ_0000437 could discriminate between GC patients and healthy volunteers with the AUC of 0.808, indicating that serum exosomal hsa_circ_0000437 has high diagnostic accuracy. The Kaplan-Meier survival curve (KM) showed that high expression of serum exosomal hsa_circ_0000437 was associated with poor survival outcomes in GC patients, suggesting that serum exosomal hsa_circ_0000437 may be a diagnostic and prognostic biomarker for GC (80). Shi et al. found that circ_0088300 expression was significantly higher in plasma exosomes of GC patients and was consistent with levels in GC tissues. The ROC curve showed that plasma exosomal circ_0088300 has a high reference value in the diagnosis of GC with the AUC of 0.7961; the survival curve suggested that plasma exosomal circ_008830 survival was shorter in GC patients with high expression than in GC patients with low expression, suggesting that plasma exosomal circ_0088300 may serve as a diagnostic and prognostic biomarker for GC (67). Another study showed that circ-RanGAP1 expression was elevated in plasma exosomes of preoperative GC patients. High expression of circ-RanGAP1 was associated with tumor volume, TNM stage, LNM, and poor prognosis in GC patients. Prognostic models showed that plasma exosomal circ-RanGAP1 combined with TNM staging was more effective in assessing GC prognosis, with the AUC of 0.830 compared to 0.646 for plasma exosomal circ-RanGAP1 and 0.779 for TNM staging. In addition, plasma exosomal circ-RanGAP1 can be used to differentiate GC patients from healthy individuals and may be used as a diagnostic marker for GC (83). The expression of circ-KIAA1244 was reduced in GC tissues, cells, plasma, and plasma exosomes. Low expression of plasma exosome circ-KIAA1244 was negatively correlated with GC TNM stage and LNM. The ROC curve showed that circ-KIAA1244 differentiated GC patients from normal healthy individuals, with the AUC of 0.7481, a sensitivity of 77.42%, and a specificity of 68.00%. The KM showed that patients with low expression of circ-KIAA1244 had shorter survival times. These results suggest that plasma exosomes circ-KIAA1244 may be an independent prognostic indicator for GC patients (104). Similarly, another study found that hsa_circ_0015286 was highly expressed not only in GC cell-derived exosomes but also in GC patients’ tissues and plasma exosomes. Compared to chronic gastritis and normal healthy volunteers, plasma exosomal hsa_circ_0015286 was expressed at significantly increased levels in GC patients and was strongly correlated with tumor size, TNM stage, and LNM in GC patients. The combination of exosomal hsa_circ_0015286 with CEA and CA19-9 has a higher value for the diagnosis of GC, with the AUC of 0.843, compared to 0.778, 0.673, and 0.665 respectively when tested alone. The expression level of exosomal hsa_circ_0015286 decreased significantly in GC patients after surgical excision of the lesion, and GC patients with low expression of exosomal hsa_circ_0015286 had a significantly longer overall survival than those with high expression of exosomal hsa_circ_0015286. Exosomal hsa_circ_0015286 may be a potential biomarker for monitoring dynamic changes in GC and prognosis (105). In short, the above studies in the literature show that exosomal circRNAs have higher sensitivity and specificity in the diagnosis of GC and may become a specific biomarker for GC diagnosis and prognosis in the clinic in the future.


Table 2 | The potential value of exosomal circRNAs in the diagnosis and prognosis of GC.






6 Potential of exosomal circRNAs in targeted therapy of GC

As chemotherapy resistance and its associated side-effects continue to increase in cancer treatment, targeted therapies have become an effective complementary treatment (106). Considering the biological functions of exosomal circRNAs and their role in GC proliferation, invasion, and metastasis, exosomal circRNAs could be a potential target for GC therapy in addition to being molecular markers for GC diagnosis and prognosis.

As mentioned above, circRNAs can act as drivers or inhibitors of GC. Intervening with circRNAs through effective technical means of gene overexpression or knockdown may provide clues to targeted therapies for GC. Exosomes naturally transport a variety of substances and are used to deliver circRNAs with specific therapeutic effects to the corresponding GC cells, thereby producing therapeutic effects. For example, small interfering RNAs (siRNAs) are designed to target specific circRNAs and delivered to GC cells via exosomes to help reduce the expression of oncogenic circRNAs in cancer cells (107), or to intervene in GC progression by modifying exosomes to load anti-cancer circRNAs into target cells. Guo et al. found that delivery of circDIDO1 via RGD-modified exosomes (RGD-Exo-circDIDO1) to GC cells inhibited their proliferation, migration, and invasion, and promoted apoptosis. GC mice model treated with RGD-Exo-circDIDO1 showed no significant pathological lesions in the kidney, spleen, heart, liver, and lung tissues, and no significant abnormalities in liver and kidney function, indicating that RGD-Exo-circDIDO1 is safe and effective in the treatment of GC and may be a practical treatment for GC (75). Therefore, exosome engineering based on circRNAs may be an effective strategy for GC treatment in the clinic. In addition, given that exosomes are biocompatible and well-targeted and do not interfere with the pharmacological effects of drugs, exosomes hold great promise as drug delivery vehicles in the treatment of cancer (17, 108) (Figure 3).




Figure 3 | Mechanism of action of exosomal circRNAs in GC and their value in GC diagnosis and treatment. (A) Mechanisms of action of exosomal circRNAs in GC: 1) Promotion of GC proliferation; 2) Induction of EMT and invasion and migration of GC cells; 3) Mediation of GC angiogenesis; 4) Regulation of GC metastasis; 5) Modulation of chemotherapy resistance and radiosensitivity in GC. (B) The value of exosomal circRNAs in the management of GC: 1) Diagnostic and prognostic assessment of gastric cancer patients by detection of serum or plasma exosomal circRNAs. 2) Targeted drugs to treat gastric cancer through exosomal delivery of small interfering RNAs (siRNAs), or to intervene in GC progression by modifying exosomes to load anti-cancer circRNAs.






7 Discussion and perspectives

Gastric cancer is a common malignancy of the digestive system and a leading cause of cancer-related deaths (7). Although surgical treatment, radiotherapy, targeted therapy and immunotherapy provide additional treatment options for gastric cancer patients, the therapeutic effects for patients with advanced gastric cancer are still restricted (3). Molecular typing of gastric cancer provides an opportunity for individualized treatment of gastric cancer patients, especially markers such as microsatellite instability (MSI), programmed cell death ligand (PD-L1), human epidermal growth factor receptor 2 (HER2), tumor mutation burden (TMB) and mismatch repair deficiency (dMMR) can select gastric cancer patients who would benefit from immunotherapy and targeted therapy. However, the existing markers have low positivity rates in gastric cancer patients, which to some extent restricts the personalized diagnosis and treatment of gastric cancer. Therefore, the continued search for effective biomarkers and potential therapeutic targets is of great importance for the clinical diagnosis and treatment of gastric cancer (6). Currently, tumor treatment has shifted from targeting tumor cells to regulating TME, making TME a potential target for gastric cancer treatment. TME is an essential prerequisite for tumor development, and among the many components of TME, exosomal circRNAs are an indispensable part. and exosomal circRNAs are a hotspot in the field of oncology research at present. Exosomal circRNAs can regulate EMT, angiogenesis, tumor metabolism, drug resistance, tumor proliferation, invasion, and metastasis. This review summarizes the literature on the mechanisms of exosomal circRNAs in GC and finds that the mechanisms of exosomal circRNAs in GC are not fully elucidated, and most of the studies focus on exosomal circRNAs as a ceRNA network that sponge miRNAs to regulate the expression of target proteins and thus influence the malignant progression of GC. Furthermore, the regulation of the immune microenvironment in GC has been relatively understudied, and the majority of existing studies have focused on tumor proliferation, invasion and metastasis, and drug resistance in GC. Therefore, the role of exosomal circRNAs in the immune microenvironment of GC and their mechanisms can be further explored in the future. With the development and advancement of exosome engineering technology, the identification of circRNAs that can affect PD-1/PD-L1 expression in GC cells and their transfer to target cells through engineering-engineered exosomes, thereby increasing the sensitivity of targeted drug therapy, holds great potential for targeted therapy in GC.

CircRNAs are enriched in exosomes and have good stability, which would facilitate the storage, isolation, and detection of circRNAs. Exosomes are widely present in the body fluids of GC patients, especially in the patients’s blood (109). Therefore, the detection of exosomal circRNAs by non-invasive methods to screen early GC patients and develop personalized treatment plans will enable GC patients to receive timely and effective treatment and achieve better prognostic outcomes. Liquid biopsy is of great value for screening exosomal circRNAs due to its non-invasive, low-cost, high-efficiency, and high-precision features. Previous studies have shown that upper gastrointestinal endoscopic biopsy is the gold standard for GC diagnosis (103). However, it is an invasive operation and can lead to undesirable complications. Tissue biopsy is affected by tumor heterogeneity, which can easily lead to unsuccessful biopsies. As tumor research has become more refined, the move towards a molecular analysis model of biological fluids has made liquid biopsies more advantageous in clinical practice. Compared to tissue biopsy, liquid biopsy is less invasive, less expensive, and relatively less affected by tumor heterogeneity, while liquid biopsy allows access to the spectrum of variability present in heterogeneous tumors and real-time monitoring of changes in tumor status (41). For example, by detecting circulating tumor DNA (ctDNA), and circulating tumor cells (CTCs) in the blood, it is possible to assess microscopic tumor foci that remain after tumor resection (6). Although ctDNA and CTCs have made great progress in the application of liquid biopsy for monitoring tumor recurrence and metastasis, exosomal circRNAs may be a useful complement and have a broader potential for application. The application of liquid biopsy techniques to detect exosomal circRNAs is of great importance for early diagnosis and therapeutic stratification in GC. However, there is currently no method that can guarantee the purity, content, and biological activity of isolated and extracted exosomes. Ultracentrifugation is a common method for the isolation and extraction of exosomes (110). However, it does not exclude other components of similar volume and density in the sample and is complex and time-consuming; immunoaffinity capture has limited purity due to the absence of specific markers on the exosome surface, and other methods including exosome extraction kits have corresponding drawbacks and cannot guarantee the purity of exosomes (111). The limitations of exosome isolation and purification methods are also a major factor limiting exosome-related research, so further improvement of exosome isolation and purification methods and the establishment of a uniform and standardized technique will enable more effective application of exosomal circRNAs in clinical practice.

Exosomal circRNAs have the potential to become GC-targeted therapeutics, but many issues remain to be addressed, including the route of exosome delivery when using exosomes as a vehicle for therapy, the site of delivery, the specific quantitative-effect relationship when exosomes are loaded with circRNAs, the timing of intervention in GC therapy, and the stability of exosomal circRNAs under conditions of light and different temperature gradients still need to be further addressed (112, 113). Preclinical models are also needed to assess the safety of exosomal circRNAs treatment and to test their pharmacological toxicity in vivo and in vitro. Furthermore, the actual translation of exosomal circRNAs into clinical applications needs to be validated by large, multicenter prospective cohort studies. Therefore, although exosomal circRNAs have a promising future in the clinical management of GC, there is still a long way to go before they can become diagnostic and prognostic biomarkers and therapeutic targets for GC and other tumors.




8 Conclusion

In conclusion, exosomal circRNAs play a significant role in the incidence and progression of GC, and they may also serve as key diagnostic and prognostic biomarkers as well as therapeutic targets for GC. It will be more beneficial for the clinical translation application of exosomal circRNAs as a result of the ongoing development and enhancement of the technology of exosomal circRNAs isolation and extraction. The range of applications for exosomal circRNAs in GC will be further broadened by continuing in-depth research on the molecular mechanisms of exosomal circRNAs in the TME. It is believed that with the continuous progress of exosomal circRNAs research, exosomal circRNAs will be applied in clinical practice in the future.
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Glossary

APCA: anti-gastric parietal cell antibodies

AUC: an area under the ROC curve

CAF: cancer-associated fibroblasts

CA125: carbohydrate antigen 125

CDDP: cisplatin

CEA: carcinoembryonic antigen

CeRNA: competitive endogenous RNA

CircRNAs: Circular RNAs

CiRNAs: intron circRNAs

CTCs: circulating tumor cells

CtDNA: circulating tumor DNA

CYFRA 21 -1: cytokeratin 19 fragment

EcircRNAs: exon circRNAs

EIciRNAs: exon-intron circRNAs

EMT: epithelial mesenchymal transition

ER: endoplasmic reticulum

ESCRT: endosomal sorting complex required for transport

G-17: gastrin-17

GC: Gastric cancer

GCSC: Gastric cancer stem cells

Golgi: Golgi apparatus

HnRNPs: heterogeneous nuclear ribonucleoproteins

HUVEC: human umbilical vein endothelial cells

HLECs: human lymphatic endothelial cells

LncRNAs: long non-coding RNAs

LNM: lymph node metastasis

MVBs: multivesicular vesicles

ILVs: intraluminal vesicles

MiRNAs: microRNAs

MRNAs: messenger RNAs

NcRNAs: non-coding RNAs

NKAP: NF-KB activating protein

PDCD4: programmed cell death 4

PG I/PG II: pepsinogen I/pepsinogen II ratio

PM: plasma membrane

ROC: Receiver operating characteristic

SCCA: squamous cell carcinoma antigen

SiRNAs: small interfering RNAs

TEX: Texosome

RBPs: RNA-binding proteins

TME: tumor microenvironment

VEGF: vascular endothelial growth factor

VEGFR: vascular endothelial growth factor receptor
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Background

Gastric cancer is a common cancer worldwide and is responsible for over one million new cases in 2020 and an estimated 769,000 deaths, ranking fifth for incidence and fourth for mortality globally. Incidence rates are highest in Eastern Asia and Eastern Europe. Gastric cancer is highly heterogeneous and progresses rapidly. The prognosis of gastric cancer with liver metastases is poor, and clinical treatment remains challenging. Human epidermal growth factor receptor 2 (HER2) positivity is correlated to a bad prognosis for gastric cancer. Trastuzumab combined with systemic chemotherapy is the preferred treatment for HER2-positive advanced gastric cancer. However, intravenous chemotherapy has severe systemic toxicity, which reduces the local drug concentration and tumor uptake rate, and the effect is unsatisfactory.





Case summary

We reported a 66-year-old patient with HER2-positive advanced gastric cancer with jaundice due to multiple liver metastases, after 6 cycles of trastuzumab combined with hepatic arterial infusion chemotherapy (HAIC), the tumor retracted significantly, the jaundice subsided, and the patient recovered well. The patient achieved disease control with an intensive regimen followed by less toxic maintenance therapy. Trastuzumab combined with capecitabine maintenance therapy followed up for more than 16 months.





Conclusion

HAIC plus trastuzumab may be a tolerable treatment option for patients with severe liver metastases from HER2-positive gastric cancer to achieve local control and prolong survival.
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Introduction

Gastric cancer (GC) is the fifth most common malignancy in the world, with a high mortality rate ranking fourth (1). The liver is one of the most frequently metastasized organs in advanced gastric cancer, with approximately 30% of patients experiencing blood metastasis through portal vein circulation (2–5). Usually, the first-line chemotherapy regimen is based on fluorouracil drugs and combined with platinum and/or paclitaxel drugs to form a two or three-drug chemotherapy regimen. Although the three-drug regimen DCF (Docetaxel, Cisplatin, 5-FU) met the study endpoint in the phase III study, its high toxicity limited its clinical use. In China, a combination of fluorouracil and platinum drugs is recommended. Due to better patient tolerance and the current status of real-world clinical treatment applications in China, platinum drugs are more recommended as oxaliplatin (6–15). Approximately 10-22% of GC patients have HER2 overexpression. The ToGA trial suggests that trastuzumab and chemotherapy prolonged overall survival (OS) for 2.7 months and improved objective response rate (ORR) in gastric cancer patients with HER2-positive compared with chemotherapy alone, therefore trastuzumab has been added to conventional chemotherapy in patients with advanced gastric cancer (16). The 5-year survival rate of gastric cancer with multiple liver metastases (GCLM) was as low as 6% to 13.1% (17). Meanwhile, intravenous chemotherapy has severe systemic toxicity, which reduces the local drug concentration and tumor uptake rate, and the effect is unsatisfactory.

HAIC is a kind of interventional therapy that can increase the concentration of liver tumor drugs and improve the anti-tumor effect by injecting chemotherapy drugs through the hepatic artery. By using the trans-arterial route of administration, drug concentrations in the liver metastases can be significantly increased compared with the intravenous route, resulting in a 3- to 5-fold increase in the response rate of 5-FU and oxaliplatin (18). The feasibility, safety, and efficacy of hepatic artery infusion chemotherapy have been confirmed in colorectal cancer patients (19, 20). Therefore, researchers have turned their attention to the application of HAIC in GCLM. Wang et al. reviewed five GCLM patients who received HAI oxaliplatin and S-1 oral treatment, the objective response rate was 40%, the disease control rate was 80%, and HAI chemotherapy had better local control of liver metastasis, with a median PFS of 8.8 months (21). Ojima et al. retrospectively evaluated the efficacy of HAIC for synchronous GCLM, ORR of HAIC was 83%, there were no serious side effects, and the median survival time (MST) of the HAIC group was 19.2 months (22). In the currently published studies on the treatment of gastric cancer with liver metastases (GCLM), there are no reports of HAIC combined with trastuzumab. We report a HER2-positive GCLM patient who received this combination approach in first-line treatment, which resulted in tumor control, improved quality of life, and improved prognosis.





Case presentation

A 66-year-old male had abdominal distension, sour regurgitation, and heartburn, aggravated by full eating and spicy food for 1 month, but did not receive treatment for his symptoms, came to our hospital in April 2022. The patient was previously a taxi driver with an irregular diet and a history of Helicobacter pylori infection and did not receive eradication treatment. He had a history of hypertension, and arrhythmia, and taken oral valsartan, hydrochlorothiazide, and metoprolol medications, and no family history related to tumors. His Eastern Cooperative Oncology Group (ECOG) performance status (PS) was 2. Physical examination: no palpable enlargement of superficial lymph nodes throughout the body, no tenderness or rebound tenderness in the abdomen, and no palpation under the hepatic subcostals. His laboratory findings, including AST, 100 U/L; ALT, 127U/L; and total bilirubin (T. Bil), 75.4μmol/L, indirect bilirubin (I. Bil), 55.1μmol/L, suggested severe hepatic injury. Laboratory tests suggested that his kidney function was normal. Tumor marker detection indicated CEA>2000ng/ml, CA50 105.66U/ml, CA199>1000U/ml, CA72-4 251.88U/ml, and CA24-2 57.36U/ml. Cardiac ultrasound indicated that the left ventricular ejection fraction (LVEF) was normal. Gastroscopy revealed an ulcerating mass in lesser gastric curvature near the gastric antrum (Figure 1A). Gastroscopic biopsies showed moderately differentiated adenocarcinoma, as shown in Figure 1B. Immunohistochemistry assay showed HER2 positive staining, microsatellite stability, PD-L1 CPS 0, and Ki-67 (80%). Abdominal computed tomography (CT) revealed a lump in the gastric antrum, accompanied by enlarged lymph nodes in the hepatogastric space; Multiple enlarged nodules were observed in the liver, as shown in Figures 1C, D. Thoracic CT showed no signs of lung metastasis. Bone scintigraphy showed no evidence of bone metastasis. Head magnetic resonance imaging (MRI) indicated no signs of brain metastasis.




Figure 1 | (A) Gastroscopy before treatment. (B) Pathological findings of gastroscopic biopsy (HE×200) (suggesting moderately differentiated adenocarcinoma). (C, D) Abdominal CT before treatment. (E) Results of gastroscopy examination after 6 cycles of treatment (disappearance of lesions before treatment). (F) Pathological examination results after 6 cycles of treatment (HE×200). (G, H) Evaluation of Partial response (PR) after 6 cycles of trastuzumab combined with HAIC treatment.



Considering the large tumor burden and liver metastases, we devised a therapeutic regimen consisting of targeted drugs and HAIC. The treatment regimen included intravenous Trastuzumab, hepatic arterial infusion of oxaliplatin, and fluorouracil, and the treatment was repeated after one cycle (21 days). The initial load dose of trastuzumab was 8 mg/kg, followed by 6 mg/kg every 3 weeks. During the regular treatment of trastuzumab, we monitored the patient’s cardiac enzymes, electrocardiogram, and cardiac color ultrasound, and did not reduce or discontinue the drug due to adverse reactions. For HAIC, after ultrasonic positioning, the Seldinger method was used to puncture the femoral artery, and after successful insertion of 5F arterial sheath, the catheter guide wire was sent along the sheath, selective insertion of abdominal trunk arteriography, the catheter with a drug delivery device and insert the tip into the common hepatic artery after imaging confirmation. Oxaliplatin (80 mg/m2 for 2 hours) and fluorouracil (2,600 mg/m2 for 72 hours) were administered through the port catheter system (Figure 2). After one cycle of HAIC combined with intravenous trastuzumab, jaundice quickly subsided and total bilirubin decreased to normal. The level of tumor markers significantly decreased. Partial response was observed after 1 month. After receiving six cycles of treatment, the patient achieved maximum efficacy (Figures 1G, H). Gastroscopy showed no mass and ulcer (Figure 1E); Pathological biopsy showed no tumor cells (Figure 1F). The patient’s ECOG score returned to a level of 1. The significant adverse reactions during HAIC were fatigue, neuropathy, and mild nausea, which improved after symptomatic treatment, with no grade 3-4 adverse effects.




Figure 2 | Hepatic arterial infusion chemotherapy (A, B).



To improve the patient’s quality of life and prolong his survival time, maintenance therapy is recommended. The optimal mode of maintenance therapy in the first-line advanced gastric cancer has not been established. Targeted therapy combined with monochemotherapy as a maintenance regimen may be the choice in clinical practice. We recommend the combination of intravenous trastuzumab and capecitabine for maintenance treatment, with a specific dose of 6mg/Kg of trastuzumab; Capecitabine 1000mg/m2, taken orally for 2 weeks, stopped for 1 week, every 3 weeks. During the oral administration of capecitabine, the patient experienced nausea, acid reflux, and neuropathy, and capecitabine was reduced by 20%. At present, the tumor markers of the patient are normal (Figure 3A), and the imaging assessment is stable (Figures 3B, C). In the follow-up maintenance treatment of trastuzumab combined with capecitabine, the patients have been followed up for more than 16 months.




Figure 3 | (A) Tumor markers returned to normal. (B, C) Follow-up CT in July 2023 assessed the stability.







Discussion

The treatment of liver metastases from gastric cancer remains debatable. The median overall survival of intravenous fluorouracil combined with platinum chemotherapy is 10.5-11.6 months. With the development of precision medicine, molecular-targeted therapy has become the main treatment method for gastric cancer. HER2 plays an important role in the biological behavior and pathogenesis of advanced GC and is also an important target for the systemic treatment of advanced GC at present (23). About 15%-20% of patients have abnormal activation or overexpression of HER2, which is significantly associated with poor prognosis of patients (24). Trastuzumab plus systemic chemotherapy has become the standard first-line treatment for HER2-positive advanced gastric cancer, with a median overall survival of 13.8 months. However, for gastric cancer patients with jaundice due to extensive liver metastases, the effect of systemic chemotherapy is unsatisfactory, while the patients often experience serious adverse reactions, their quality of life is affected, the compliance decreases, and their prognosis is poor (25). Since one of the key factors determining prognosis is liver metastases, local control is considered to be very important (22).

HAIC is a treatment that continuously infuses chemotherapy drugs into tumors through hepatic arteries. Hepatic metastases derive their blood supply mainly from the hepatic artery, whereas portal circulation mainly supplies normal hepatic tissues (26). HAIC increases drug concentration in local lesions, prolongs drug action time, directly leads to tumor cell death, and inhibits tumor proliferation. In addition to HAIC, there are other minimally invasive treatment methods, such as transcatheter arterial chemoembolization (TACE), radiofrequency ablation (RFA), etc. But compared to HAIC, TACE mainly focuses on embolism, leading to more severe liver function damage, and affecting treatment compliance (27). HAIC is effective for both detectable liver lesions and intrahepatic micrometastases, whereas the therapeutic efficacy of RFA was reduced for large tumors, and the presence of as many as four or five lesions was considered suitable. HAIC has been used to increase the local drug concentration of liver metastases, thereby increasing liver disease control and the resectability of colorectal cancer with liver metastasis (28). The efficacy of HAIC in gastric cancer with liver metastasis is still uncertain.

Most of the HAI data on liver metastases from gastric cancer involve Asian patients. The largest analysis was a phase II study that included 88 patients, 55 of whom had not received any prior chemotherapy. It evaluates regimen 5-FU/epirubicin/mitomycin C for HAI administration. In 63 evaluable patients, the response rate was 55.6%. Toxicity was mild, with an incidence of 30% nausea -vomiting (2.5%, grade 3-4) and so on (29).

Qiang et al. analyzed 21 patients with gastric cancer with extensive liver metastases who were treated with oral S-1 and HAI oxaliplatin plus floxuridine (FUDR), the overall response rate was 76.2% (9.5% complete response). Intrahepatic and extrahepatic median progression-free survival times were 9.5 and 5.2 months, respectively. MST was 12.3 months. None of the patients experienced grade 4 adverse effects. Grade 3 toxic effects included bone marrow suppression (14.3%) and diarrhea (9.5%) (30). A study of Western patients showed that seven patients received HAIC with a median duration of six cycles. The treatment was feasible and safe, and no grade 3-4 adverse effects had been observed. One patient had stable liver metastases within 7 months (29).

Ojima et al. reported one case that survived for more than 5 years without any signs of recurrence after treatment with HAIC (20). Toyokawa et al. reported that a patient with gastric cancer with liver metastases was disease-free after more than 12 years of HAIC without further chemotherapy (31). Although the sample size is small, it also provides some references for clinical practice.

We report a case of HAIC combined with trastuzumab in a patient with HER2-positive gastric cancer with liver metastases. The patient was 66 years old, but with jaundice due to extensive liver metastases, his general condition was not good. His ECOG score was 2. Jatoi et al. analyzed 367 patients with gastrointestinal tumors, and a total of 154 patients (42%) were aged ≥ 65 years old. The result showed that patients who were ≥65 years old had worse performance scores (32). For this patient, Trastuzumab plus intravenous chemotherapy is the effective option, but it may not adequately control local symptoms, and toxicity tends to be high. We chose HAIC combined with trastuzumab therapy, the patient’s jaundice subsided, symptoms improved, tumor markers decreased, and tumors shrank significantly. The patient’s ECOG score returned to a level of 1. The patient achieved disease control with an intensive regimen followed by less toxic maintenance therapy to delay disease progression.

The choice of maintenance therapy should be based on the patient’s age, physical condition, concomitant diseases, previous treatment, patient preference, economic status, clinical practice bias, and drug accessibility. Li et al. published a prospective observational study that compared maintenance with trastuzumab alone versus the combination of trastuzumab plus mono-chemo-agent (capecitabine or S1) derived from the initial chemotherapy. There were no significant differences in OS (16.5 vs 20.0 months, HR 0.71 P = 0.169) and PFS (7.9 vs 11.0 months, HR 1.06, P = 0.892) between the two groups, although the addition of a chemo-agent to trastuzumab led to a 29% reduction in mortality risk. The safety profile was also similar for both arms (33).

After 6 cycles of intensive therapy, the patient’s liver metastases were locally controlled. He benefited from this therapy. According to the different studies available (33, 34), we recommend the combination of trastuzumab and capecitabine for maintenance treatment to delay disease progression. Trastuzumab combined with capecitabine maintenance therapy followed up for more than 16 months. With only one patient, the limitations of the analysis were obvious. Firstly, since there is only one case, we cannot cover all adverse events. Secondly, the patient’s follow-up time is still short, and the results require long-term follow-up and validation. Thirdly, this protocol did not routinely use the combination of HAIC and trastuzumab, suggesting that efficacy evaluation must be further objectified and standardized through prospective multicenter clinical trials.

In conclusion, HAIC may be an effective treatment, and it may be a traditional tolerable treatment option for patients with major liver metastases from cancer who do not tolerate more intense chemotherapy regimens. This case indicates that HAIC combined with trastuzumab may be a safe and effective treatment selection for extensive GCLM who refused or cannot tolerate first-line intravenous chemotherapy, and may achieve a high-local response and help prolong patient survival.
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Background

Amounting literatures have reported the significance of systemic inflammatory markers for evaluating tumor prognosis. But few studies have systematically compared their superiority and their impact on adjuvant chemotherapy.





Aims

We aimed to investigate the ability of inflammatory markers to predict the efficacy of chemotherapy in GC patients undergoing radical therapy and to identify an effective methodology based on the study’s findings that would enable clinicians to differentiate between chemotherapy-responsive populations.





Methods

We retrospectively enrolled 730 GC patients who underwent radical gastrectomy. Fibrinogen (FIB), platelet-lymphocyte ratio (PLR), systemic inflammation response index (SIRI), prognostic nutritional index (PNI), systemic immune-inflammation index (SII), neutrophil-lymphocyte ratio (NLR) and lymph node ratio (LNR) were grouped according to cutoff values. Their clinical significance for GC prognosis was determined by multivariate COX regression analysis in the 730 GC patients and high/low PLR status subgroups. Cases were divided into four groups according to PLR status and adjuvant chemotherapy status and survival was compared among groups.





Results

Multivariate analysis showed that PLR was an independent prognostic factor for overall survival (OS) and disease-free survival (DFS) of GC patients. Adjuvant chemotherapy improved survival more significantly in patients with low PLR than that with high PLR. Among patients receiving adjuvant chemotherapy, low PLR was significantly associated with prolonged survival in TNM stage II, but not in TNM stage III.





Conclusion

Preoperative high PLR is an independent risk factor for GC patients undergoing radical gastrectomy and adversely affects the postoperative chemotherapy effect.
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1 Introduction

Gastric cancer (GC) is the fifth most commonly diagnosed and the fourth leading causes of cancer-related mortality worldwide (1). More than 70% of patients are diagnosed with advanced GC, which seriously threatens human health (2). Despite advancements in surgical techniques and other treatment methods, patients with advanced gastric cancer have a poor prognosis, with a median overall survival (OS) of only 1 year (3). In order to improve the OS of GC patients, it is of great clinical significance to explore the reliable prognostic markers that can help identify high-risk patients early, and take individualized treatment.

Currently, general treatment of cancer includes neoadjuvant chemotherapy and adjuvant chemotherapy, administered before and after surgery, respectively (4). However, chemoresistance remains the uppermost disincentive for cancer treatment. Chemoresistance usually display resistance through various mechanisms including tumor cell intrinsic factors and non-tumor cell extrinsic factors. The latter includes the tumor-associated inflammatory microenvironment (5). Notably, indexes of inflammatory cells, including the pretreatment neutrophil-lymphocyte ratio (NLR) lymphocyte-monocyte ratio (LMR) and platelet-lymphocyte ratio (PLR), can reflect the extent of inflammation. Studies have suggested that the combination C-reactive protein (CRP), systemic inflammation response index (SIRI) and PLR not only predicts OS, relapse-free survival (RFS), but also significantly correlates with the degree of lymph node metastasis in GC (6). Inflammatory are closely related not only to cancer prognosis (7–9), but also to chemotherapy response (10). However, the evidence is still limited regarding the joint association between high inflammation condition and the prognosis in patients with GC. Controversy remains about the effect of inflammation on the response to chemotherapy in patients with GC.

In this study, we aimed to investigate the ability of inflammatory markers to predict the efficacy of chemotherapy in patients with GC treated with curative treatment and to identify an effective method that would allow clinicians to differentiate between chemotherapy-responsive populations.




2 Materials and methods



2.1 Patients

We retrospectively enrolled 730 patients with primary GC who underwent radical resection between January 2010 and December 2017 at The First Affiliated Hospital of Xi’an Jiaotong University, Xi’an, China. All patients were diagnosed based on pathological evidence and staged according to the eighth edition of American Joint Committee on Cancer (AJCC) tumor-node-metastasis (TNM) staging system. Patient follow-up data were obtained through regular follow-up with a final follow-up time of June 2020. OS was defined as the time from the date of radical surgery to the time of last follow-up or time of death, and disease-free survival (DFS) was defined as the time from the date of radical surgery to the time of last follow-up or time of recurrence. For OS, the endpoint event was death. For DFS, the endpoint event was disease recurrence, and censoring meant that no endpoint event was observed at the last follow-up. Recurrence is diagnosed based on imaging findings or biopsy of suspicious lesions. Adjuvant chemotherapy is recommended for most pathological stage II and III patients in our center according to the patient’s wishes and health status. Our center routinely recommends a combination of 5-fluorouracil and cisplatin/oxaliplatin or paclitaxel chemotherapy regimens. Inclusion criteria: (1) all patients were initially diagnosed and had pathological evidence; (2) stage I-III disease; (3) age≥18 years; (4) patients with pathologically negative resection margins (R0 resection); (5) complete clinical data. Exclusion criteria: (1) accompanying or secondary to other tumors; (2) infection, inflammation, hematologic disease or taking medications that affect hematology 1 months before surgery; (3) received any treatment prior to radical gastrectomy; (4) lost to follow-up. Laboratory indicators were within one week before treatment. All methods were performed in accordance with the relevant guidelines and regulations. Informed consent was obtained from all subjects and/or their legal guardian(s).




2.2 Baseline characteristics and optimal cut-off values

We collected gender, age at surgery, hematologic data (including complete blood count, fibrinogen (FIB) and albumin), pathological parameters (tumor location, tumor differentiation, T stage, N stage, TNM stage, lymph nodes retrieval and tumor size) and adjuvant chemotherapy status. PLR = platelet count/lymphocyte count. SIRI = neutrophil count * monocyte count/lymphocyte count (11). NLR = neutrophil count/lymphocyte count. Prognostic nutritional index (PNI) = (10 * serum albumin, g/dl) + (0.005 * blood lymphocyte count, unit/l). Systemic immune-inflammation index (SII) = platelet count * neutrophil count/lymphocyte count. Lymph node ratio (LNR) was calculated by dividing the number of tumor cell positive lymph nodes by the number of resected lymph nodes. The cut-off value for age was set to 60 years and the cut-off value for tumor size was 5 cm. The cut-off values of other parameters were calculated by receiver operating characteristics (ROC) curve analysis. The evaluation criterion of ROC analysis was whether the patient died at the last follow-up. Tumor histology was divided into undifferentiated type (including undifferentiated or poorly differentiated adenocarcinoma, mucinous carcinoma and signet ring cell carcinoma) and differentiated type (including well or moderately differentiated adenocarcinoma).




2.3 Statistical analysis

Continuous variates were grouped according to their respective cut-off values and presented as frequencies and percentages and compared using the chi-square test or Fisher exact test. Continuous non-normally distributed variables variates were presented as the median and interquartile range (IQR) in parentheses and compared with log-rank tests, while continuous normally distributed variates were presented as mean ± standard deviation and compared using Student’s t-tests. Factors related to OS and DFS were assessed by the log-rank test and visualized using the Kaplan-Meier method. Survival rate was obtained from survival analysis table. Independent prognostic factors for OS and DFS were determined by multivariate Cox regression analysis and assessed by Wald’s test. The statistically significant variables from the univariate analysis were included in multivariate analysis. Inflammatory markers that are independent risk factors for GC are used for subsequent subgroup analysis. To explore the effect of inflammatory status on adjuvant chemotherapy, univariate and multivariate Cox regression analysis was also conducted in cohort stratified by inflammation status.

Statistical analysis and plotting were performed with SPSS Statistics software (version 22.0, IL, USA), 2-sided p<0.05 were considered statistical significantly.





3 Result



3.1 Clinical characteristics of the patients

A total of 730 GC patients were included. There were 178 (24.4%) female and 398 (54.5%) patients older than 60 years. Distal gastric tumors accounted for 58.8% of all tumors, and proximal tumors accounted for 24.5%. In terms of GC staging, there were 199, 101, and 430 patients with GC stages I, II, and III, respectively. Among all samples, there were 512 (70.1%) cases undifferentiated and 238 (32.6%) cases with tumor size greater than or equal to 5 cm. 445 (61%) patients received adjuvant chemotherapy (Table 1).


Table 1 | Association between baseline characteristics and PLR (N=730).






3.2 The value of FIB, PLR, SIRI, PNI, SII, NLR in the prognosis prediction of gastric cancer

The optimal cut-off values for FIB, PLR, SIRI, PNI, SII, NLR and LNR were 3.585 g/l, 163.8, 0.665, 40.06, 456.3, 2.08 and 0.085, respectively (Supplementary Figure 1). Kaplan-Meier survival analysis showed that older GC patients had worse OS and DFS than younger patients (Figures 1A, B), and patients with higher PLR had worse OS and DFS than GC patients with lower PLR (Figures 1C, D). High FIB, high SIRI, low PNI, high SII and high NLR were also associated with poor OS (Supplementary Figure 2). Consistently, in univariate analysis, we found that age, FIB, PLR, SIRI, PNI, SII, NLR, LNR, tumor size, tumor location, tumor differentiation, TNM stage and adjuvant chemotherapy were associated with OS. In the multivariate analysis, higher PLR was an independent risk factor for GC with a hazard ratio (HR) of 1.413 and a 95% confidence interval (CI) of 1.069-1.866 (P=0.015). Likewise, elder age (HR: 1.424, 95% CI: 1.082-1.873) (P=0.012), higher FIB (HR: 1.322, 95% CI: 1.008-1.734) (P=0.044), higher LNR (HR: 2.77, 95% CI: 1.95-3.934) (P<0.001) and advanced TNM stage with a HR (95% CI) of 3.002 (1.477-6.101) for stage II (P=0.002) and 6.125 (3.125-12.005) for stage III (P<0.001) were also independent risk factors. While adjuvant chemotherapy was a protective factor (HR: 0.476, 95% CI: 0.33-0.686) (P<0.001) (Table 2). For DFS, higher PLR (HR: 1.396, 95% CI: 1.072-1.818) (P=0.013), elder age (P=0.005), higher LNR (P<0.001), without adjuvant chemotherapy (P<0.001) and advanced stage (P=0.002 for stage II and P<0.001 for stage III) as risk factors also showed significance. To our surprise, FIB was not an independent risk factor for DFS (Table 3). When we focused on patients who received adjuvant chemotherapy and performed subgroup analyses according to TNM stage, we found that low PLR was significantly associated with prolonged survival (both OS and DFS) in TNM stage II (P=0.024 for OS, P=0.043 for DFS), but not in TNM stage III (P=0.418 for OS, P=0.548 for DFS) (Supplementary Figures 3A–D).




Figure 1 | Kaplan-Meier survival curves for patients with gastric cancer. (A) Survival curves of age for OS. (B) Survival curves of age for DFS. (C) Survival curves of PLR for OS. (D) Survival curves of PLR for DFS. (E–H) PLR can identify patient response to adjuvant chemotherapy (CT). (E) Survival curves of PLR-CT groups for OS in patients with stage II. Low PLR, no CT vs. CT P=0.158; high PLR, no CT vs. CT P=0.524. (F) Survival curves of PLR-CT groups for OS in patients with stage III. Low PLR, no CT vs. CT P=0.001; high PLR, no CT vs. CT P<0.107. (G) Survival curves of PLR-CT groups for DFS in patients with stage II. Low PLR, no CT vs. CT P=0.125; high PLR, no CT vs. CT P<0.524. (H) Survival curves of PLR-CT groups for DFS in patients with stage III. Low PLR, no CT vs. CT P<0.001; high PLR, no CT vs. CT P=0.174.




Table 2 | Univariate and multivariate analyses for overall survival of GC patients (N=730).




Table 3 | Univariate and multivariate analyses for disease-free survival of GC patients (N=730).






3.3 PLR adversely affects adjuvant chemotherapy efficacy

To explore the impact of inflammatory status on tumor treatment and prognosis, we performed subgroup analysis based on PLR levels. Baseline Characteristics showed that a high PLR was associated with gender (P=0.001), FIB (P<0.001), SIRI (P<0.001), SII (P<0.001), NLR (P<0.001), tumor size (P<0.001), TNM stage (P<0.001) and chemotherapy (P=0.043) (Table 1). As previously described, variables that were statistically significant in univariate analysis were included in multivariate Cox regression analysis. We included adjuvant chemotherapy in the multivariate analysis regardless of whether there was a statistical difference in the univariate analysis. Multivariate analysis showed that elevated FIB (HR: 1.592, 95% CI: 1.13-2.244, P=0.008), higher LNR (HR: 2.189, 95% CI: 1.388-3.45, P=0.001), advanced TNM stage (stage II, HR: 2.624, 95% CI:1.014-6.789, P=0.047; stage III, HR: 10.398, 95% CI: 4.287-25.223, P<0.001) were found to be risk factors in patients with low PLR. As expected, adjuvant chemotherapy was associated with favorable prognosis (HR: 0.402, 95% CI: 0.238-0.677, P=0.001) (Table 4). In the high PLR subgroup, to our surprise, adjuvant chemotherapy is not associated with GC survival in univariate survival analysis (P=0.055). Multivariate survival analysis showed that elder age (HR:1.609, 95% CI: 1.036-2.499, P=0.034), higher SIRI (HR: 1.965, 95% CI: 1.104-3.499, P=0.022) and higher LNR (HR: 3.53, 95% CI: 2.22-5.613, P<0.001) was significantly associated with shorter OS (Table 5). While chemotherapy was not associated with OS (P=0.055). In terms of DFS, after subgrouping by PLR, univariate survival analysis and multivariate survival analysis yielded similar results to OS (Supplementary Tables 1, 2). To explore whether the effect of inflammation on chemotherapy efficacy is stage-specific, cases were divided into four groups according to PLR status and adjuvant chemotherapy. The Kaplan-Meier curves were used to determine OS and DFS of GC patients with stage II or stage III. In TNM stage II, the effect of adjuvant chemotherapy in the low PLR group was significantly higher than that in the high PLR group (Figures 1E, G). Although survival was comparable between the low and high PLR groups among patients with TNM stage III receiving chemotherapy, adjuvant chemotherapy improved survival more significantly in the low PLR group than in the high PLR group, which is consistent with the cox multivariate analysis results (Figures 1F, H).


Table 4 | Univariate and multivariate analyses for overall survival of GC patients with low PLR (N=509).




Table 5 | Univariate and multivariate analyses for overall survival of GC patients with high PLR (N=221).







4 Discussion

In our retrospective analysis, we systematically explored the prognostic significance of representative blood-derived inflammatory markers. We confirmed the effect of PLR as the most prominent inflammatory marker on the survival of GC patients after radical therapy. We also demonstrated the adverse impact of inflammation on adjuvant chemotherapy.

There is a mutually reinforcing relationship between tumors and systemic inflammation (12). The prognostic value of blood-borne inflammatory markers including PLR, SIRI, PNI, SII, NLR, etc. in cancer patients has been clearly articulated (13–17). The combined prognostic value of inflammatory markers has also been reported (18, 19). However, few studies have compared the superiority of these indicators in predicting tumor prognosis. One study reported that, compared with PLR, NLR has superiority in assessing prognosis of metastatic gastric cancer (17). Conversely, the superiority of PLR in blood-derived inflammatory factors in predicting prognosis has also been reported (20). Another study reported that neither SII, NLR nor PLR were independent factors for OS (21). Based on these inconsistencies, the relationship between inflammatory markers and tumor prognosis needs to be further explored. Here, we found that PLR and FIB were independent prognostic factors in patients with GC by multivariate survival analysis. patients with PLR>163.8 or FIB>3.585 had significantly worse OS and DFS. As tumor-associated inflammation can enhance neo-angiogenesis, promote tumor progression and metastatic spread, cause local immunosuppression, and further increase genomic instability (22), the clinical significance of the optimal inflammatory marker PLR is taken for granted. When we performed subgroup analysis by PLR level, we found that adjuvant chemotherapy did not significantly improve survival in patients with high PLR level. Contrastingly, adjuvant chemotherapy in the low PLR subgroup demonstrated significance in assessing survival. In other words, in a hyperinflammatory state, the effect of chemotherapy is limited. The influence of inflammatory status on the efficacy of chemotherapy was presented by Kaplan-Meier curves. As mentioned, low PLR patients receiving chemotherapy show best prognosis. In the low-PLR subgroup, the chemotherapy patients had a significantly longer OS and DFS than the non-chemotherapy patients. In the high PLR group, there was no significant difference in prognosis between chemotherapy patients and non-chemotherapy patients. Multivariate survival analysis in subgroups also confirmed these results. In conclusion, patients with low inflammatory status seem to be more suitable for adjuvant chemotherapy. Anti-inflammatory therapy combined with adjuvant chemotherapy may achieve better efficacy in patients with a hyperinflammatory state, especially patients with TNM stage II.

A study on PLR for predicting survival in gastric mucinous adenocarcinoma reported that the optimal cut-off value of PLR was set at 133 according to the ROC curve (13). In another study on metastatic gastric cancer, the best cut-off value for PLR was 201.6 (23). Whereas our current study found that the best cut-off value for PLR was 163.8. This is generally consistent with the results of previous literature. More accurate cutoffs may require studies with large sample sizes. Furthermore, we focused more on the role of adjuvant chemotherapy in different inflammatory states than on the prognostic value of PLR. Based on our results, combining anti-inflammatory therapy with adjuvant chemotherapy may prolong patient survival.

Multiple studies report the prognostic value of hyperfibrinogenemia in various tumors (24, 25). Plasma fibrinogen promotes tumor cell growth and angiogenesis by interacting with fibroblast growth factor-2 and vascular endothelial growth factor (26). Consistently, we validated the role of fibrinogen in the prognosis of gastric cancer. Since hyperfibrinogenemia reflects the c hypercoagulable state to a certain extent, and hypercoagulation may contribute to the hematogenous metastasis of tumors (27), it is difficult to judge how much fibrinogen directly promotes the tumor in the poor prognosis of gastric cancer. Furthermore, growing evidence suggests a broad interaction between coagulation and inflammation, with inflammation leading to activation of coagulation, and coagulation also significantly affecting inflammatory activity (28). The crosstalk between these mechanisms together contributes to the formation of a tumor-promoting microenvironment. This explains the underlying mechanism by which fibrinogen and inflammatory markers are linked to poor prognosis.

In recent years, the underlying mechanism by which platelets promote tumor progression has been elucidated. For example, platelets promote cell proliferation, angiogenesis, and epithelial-mesenchymal transition by secreting cytokines and chemical factors, and protect tumor cells from immune system attack by forming microthrombi on tumor cells (29). Not only that, tumor-platelet bidirectional interactions are closely related to chemoresistance (30). It has been reported that low platelet count enhanced the tumoricidal effects of chemotherapy in breast cancer (31). There is also evidence that thrombocytosis promotes tumor growth and inhibits ovarian cancer response to docetaxel. Chemotherapy combined with antiplatelet antibodies inhibited tumor growth more effectively (32). In fact, the antiplatelet agent aspirin inhibited platelet-mediated angiogenesis and tumor cell proliferation (33, 34). Low-dose aspirin reduces long-term morbidity and mortality from colon cancer (35). Consistent with this evidence, we found that high PLR was associated with poor prognosis and poor chemotherapy response in gastric cancer. Although studies have shown that low-dose aspirin does not improve survival in gastric or esophageal cancer (36), the role of inflammation in chemoresistance has been demonstrated (5). This relationship was also reflected in inflammatory markers. Association of high NLR values with chemoresistance and poor prognosis has been reported (37). This inspires us that blood inflammation indicators may be used as a reference for anti-inflammatory adjuvant therapy.

Our current study has some drawbacks, namely that it was a retrospective analysis with a relatively small sample of female cases. Although we recorded the status of postoperative adjuvant chemotherapy, we did not record the chemotherapy regimen in detail. The levels of various inflammatory cells in the blood are affected by many factors, such as chronic inflammation. There are also some inflammatory markers not included in the analysis, such as CRP and CRP-derived markers. It cannot be ignored that preoperative inflammatory markers did not necessarily correlate with the patient’s inflammatory status before chemotherapy. To assess the effect of inflammation on the efficacy of adjuvant chemotherapy, it is more persuasive to assess the patient’s inflammatory status during the peri-chemotherapy period. Helicobacter pylori (H. pylori) infection is the greatest risk factor associated with gastric cancer (20). Approximately 75% of the global gastric cancer burden and 5.5% of malignancies worldwide are attributable to H pylori-induced inflammation and injury (38). However, due to insufficient data on this test in diagnosed patients, we did not study it.

In conclusion, the present study validates the prognostic utility of PLR. Adjuvant chemotherapy significantly improves survival in patients with low PLR. Adjuvant chemotherapy combined with anti-inflammatory therapy may achieve better survival.
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Background

Older cancer survivors likely experience physical function limitations due to cancer and its treatments, leading to disability and early mortality. Existing studies have focused on factors associated with surgical complications and mortality risk rather than factors associated with the development of poor disability status (DS), a proxy measure of poor performance status, in cancer survivors. We aimed to identify factors associated with the development of poor DS among older survivors of colorectal cancer (CRC) and compare poor DS rates to an age-sex-matched, non-cancer cohort.





Methods

This retrospective cohort study utilized administrative data from the Texas Cancer Registry Medicare-linked database. The study cohort consisted of 13,229 survivors of CRC diagnosed between 2005 and 2013 and an age-sex-matched, non-cancer cohort of 13,225 beneficiaries. The primary outcome was poor DS, determined by Davidoff’s method, using predictors from 12 months of Medicare claims after cancer diagnosis. Multivariable Cox proportional hazards regression was used to identify risk factors associated with the development of poor DS.





Results

Among the survivors of CRC, 97% were 65 years or older. After a 9-year follow-up, 54% of survivors of CRC developed poor DS. Significant factors associated with future poor DS included: age at diagnosis (hazard ratio [HR] = 3.50 for >80 years old), female sex (HR = 1.50), race/ethnicity (HR = 1.34 for Hispanic and 1.21 for Black), stage at diagnosis (HR = 2.26 for distant metastasis), comorbidity index (HR = 2.18 for >1), and radiation therapy (HR = 1.21). Having cancer (HR = 1.07) was significantly associated with developing poor DS in the pooled cohorts; age and race/ethnicity were also significant factors.





Conclusions

Our findings suggest that a CRC diagnosis is independently associated with a small increase in the risk of developing poor DS after accounting for other known factors. The study identified risk factors for developing poor DS in CRC survivors, including Hispanic and Black race/ethnicity, age, sex, histologic stage, and comorbidities. These findings underscore the importance of consistent physical function assessments, particularly among subsets of older survivors of CRC who are at higher risk of disability, to prevent developing poor DS.





Keywords: colorectal neoplasms, cancer survivors, aged, mobility limitations, risk factors




1 Introduction

Colorectal cancer (CRC) is the third most common cancer in the United States (1), impacting over 1 million individuals, with 73% aged 65 years and older (2, 3). Given the projection that three-fourths of cancer survivors will be 65 years and older by 2040 (4), caring for this growing population will challenge the health care system as they are vulnerable to conditions such as premature death and decline in physical function earlier than expected based on their biological age (5, 6).

Cancer and cancer-related therapies can negatively impact physical function, resulting in disability, loss of independence, and early mortality (3, 7, 8). In fact, a recent cohort study showed that survivors of CRC who reported functional decline had a 55% higher risk of death than those without functional decline (9). Despite these findings, research on functional impairments of adult cancer survivors (10, 11), as well as identifying factors associated with the development of disabilities in cancer survivors, remain limited (12). Furthermore, the utilization of rehabilitation services among cancer survivors with physical limitations remains low, with as few as 2% receiving such services (13). Consequently, there is a significant gap in adequately addressing disabilities within this population.

While most risk prediction models focus on mortality risks (14, 15) and surgical complications (16–19), few studies have evaluated the potential loss of functional independence among older survivors of cancer, including survivors of CRC. Previous studies conducted during and after cancer treatment have found associations between sociodemographic, health, and clinical factors with poor health and poor disability status among cancer patients, including those diagnosed with CRC (20–22). However, these studies primarily relied on self-reported methods, which may be vulnerable to potential biases and inaccuracies due to low response rates (23) and increased patient burden (24). Furthermore, prior research did not examine risk factors associated with the development of poor disability status, a proxy measure of Eastern Cooperative Oncology Group Performance Status (ECOG PS) of 3 or 4 (25), among cancer survivors or compare poor disability status rates between the cancer survivor population and non-cancer populations; instead, they only assessed patients’ status during treatment and after diagnosis (26). Therefore, it remains unclear what the physical function status of patients was before a cancer diagnosis. The factors contributing to the development of poor disability status in cancer survivors, and how survivors’ rates of development of poor disability status compared to the non-cancer population, remained unknown.

To better understand the impact of risk factors contributing to the development of poor disability status among cancer survivors, it is important to study long-term functional outcomes using methods beyond self-report. However, the systematic evaluation of functional levels before and during cancer treatment is limited, hindering the estimation of impairment burden at the population level and guiding clinical practice amid rapid treatment changes (27). To address the aforementioned gaps, this study aimed to identify the association between demographic variables, comorbid health problems, and cancer-related clinical characteristics with future disability status among older survivors of CRC after diagnosis, and to compare disability status between CRC survivors and a non-cancer cohort. Identifying these risk factors can contributes to the literature, enabling the development of mitigation plans to prevent or slow down physical function decline, potentially improving quality of life. This may also allow identifying high-risk patient subgroups for targeted intervention development.




2 Methods



2.1 Data source

We conducted a retrospective cohort study using the Texas Cancer Registry (TCR) Medicare-linked database as our data source. Previous publications (28–30) provide more details about the database. Briefly, the TCR, supported by the Surveillance, Epidemiology, and End Results (SEER) Program, is a statewide and population-based cancer registry that contains cancer diagnosis information, such as cancer diagnosis time, cancer type, and histologic cancer stage. Approximately 95% of the older patients in the TCR, defined as 65 years and older, could be linked to Medicare (30, 31).

The TCR Medicare-linked database covers the period from 2004 to 2014 includes two populations: individuals with a cancer diagnosis between 1995 and 2013 and a randomly selected 5% sample of non-cancer Medicare beneficiaries. The Patient Entitlement and Diagnosis Summary File (PEDSF) was used for individuals with cancer, and the Summarized Denominator File (SUMDENOM) was used for individuals without cancer to determine demographic factors and Medicare enrollment status. Information related to cancer diagnosis, such as diagnosis time, cancer type, and secondary cancer, was obtained from PEDSF. Medicare inpatient and outpatient claims, including Medicare Provider Analysis and Review (MedPAR) files, Outpatient Standard Analytic files (OUTSAF), carrier files, durable medical equipment (DME) files, and hospice files during 2004 and 2014 were used to determine cancer treatment, comorbidity, and disability status (32). All data were de-identified, and no protected health information was shared with the analytical team. The study was approved by the institutional review board at The University of Texas Medical Branch.




2.2 Study cohorts

The study comprised two cohorts: the CRC patient cohort and a matched cohort of non-cancer Medicare beneficiaries. In both cohorts, 97.2% were aged 65 years or older.

Cancer patients were included in our study if they were diagnosed with CRC as the primary cancer between 2005 and 2013, with no secondary or other cancer diagnosis (i.e., any type of non-CRC cancers) within five years after the primary cancer diagnosis. A CRC diagnosis was determined by the International Classification of Disease for Oncology, Third Edition (ICD-O-3) codes C180, C182-C189, C199, C209 (33, 34). Additionally, to be included in our study, patients must be continuously enrolled in Medicare fee-for-service for 12 months before and after the primary cancer diagnosis (Table 1). To observe the development of disability among older survivors of CRC, which was the primary outcome of interest, we excluded individuals who: (1) were listed as deceased in TCR, (2) enrolled in Medicare due to disability, or (3) had a current disability (Current reason for Medicare entitlement is disability OR algorithm-defined poor disability status prior to cancer diagnosis (25)). For a more detailed view of how we applied the inclusion and exclusion criteria for our study, see Table 1. Our final cancer cohort consisted of 13329 patients.


Table 1 | Flowchart of Cohort Selection for Colorectal Cancer Survivors.



Once we selected the cancer survivors for our study, we selected the non-cancer cohort from the TCR-Medicare linked database who were Medicare beneficiaries without cancer and without entitlement to disability benefits. Initially, a pool of non-cancer patients was created by randomly selecting 5% of Medicare beneficiaries from a non-cancer control population who were also Medicare beneficiaries but did not have entitlement to disability benefits. An individual exact matching procedure was applied. First, a subject was randomly selected from the CRC cohort of 13,229 subjects without replacement. To match with the selected CRC patient on age, the CRC diagnosis date of the selected subject was applied to the non-cancer cohort as the index date. Non-cancer patients needed to satisfy three eligibility criteria: age at index date, sex, and 12 months of continuous Medicare enrollment before the index date. After identifying qualified matching non-cancer subjects, one subject was randomly selected into the non-cancer group. This process was repeated 13,229 times until the last survivors of CRC were selected. As a result, 13,225 survivors of CRC were successfully matched to non-cancer subjects, while four cancer survivors could not be matched with non-cancer patients meeting the eligibility criteria.




2.3 Outcome

The study’s primary outcome was disability status (good/poor),which was identified using Davidoff’s method (25). This is a claims-based prediction model-derived disability status measure. Davidoff’s method is a validated multivariate, claims-based prediction model that has shown good performance in both estimation and validation samples in predicting disabilities (25). Details of the development of the claims-based prediction model derived disability status measure have been published elsewhere (25). Briefly, the disability status model was derived using claims-based predictors to predict poor disability status defined by survey-based performance status metrics that aligned with poor ECOG PS (25), and validated in four cohorts of cancer patients (32). Specifically, the claims-based prediction model derived disability status included indicators for health care services that were expected to differ based on the disability status. The claims files used for Davidoff’s method included the national claims history (NCH) claims data, DME claims data, Hospice claims data, and patient demographics. The predictors used for Davidoff’s model were organized in the following categories: evaluation and management/other visits, minor procedures, ambulatory procedures, preventive services, major procedures, durable medical equipment, imaging, and others (25). The information is then used to predict a disability status probability that ranges from 0 to 1 with 0.11 used as the threshold to assign a disability status indicator equal to 1 denoting poor disability status. (25). The predicted disability status was measured in the first year of cancer diagnosis and then was reassessed over a 12-month period every month throughout the follow-up period (Month 0 [cancer diagnosis] to Month 12, Month 1 to Month 13, Month 2 to Month 14, etc.) The study included data through December 2014, and the longest study follow-up time was 119 months.




2.4 Covariates

We have selected the following covariates based on the previous studies (20–22) that examined these covariates’ relation with poor health and disability status among cancer patients, including those diagnosed with CRC. Demographic factors (age, sex, race/ethnicity, and reason for Medicare entitlement) and resident location (ZIP code) were derived from the PEDSF for cancer patients and the SUMDENOM for individuals without cancer. ZIP code data were linked with American Community Survey data to determine the community-level socioeconomic status (education and income). For clinical characteristics, the comorbidity score was based on the Klabunde modification claims-based algorithm of the Charlson comorbidity index (CCI; 35), which was measured at baseline (1 year before index date) and categorized into three groups (0, 1, or ≥2). For other clinical variables seen only in the CRC survivor cohort, the histologic cancer stage was determined by the PEDSF record, and the cancer-related treatment (chemotherapy, radiation therapy, and surgery) was determined by the ICD-9-CM diagnostic code, ICD-9-CM procedure code, Current Procedural Terminology code, and revenue center code in Medicare claims (Table S1). Medical claims (MedPAR, OUTSAF, and carrier files) were used to determine the cancer-related treatment in the first year after cancer diagnosis and during the follow-up period after the cancer diagnosis up to 119 months (32).

Age, sex, race/ethnicity, ZIP code-level house income, ZIP code-level education level, and CCI were used for both the cancer and non-cancer cohorts. Cancer stage (histologic stage and American Joint Committee on Cancer [AJCC] stage) at diagnosis and Medicare claims defined cancer-related treatment (surgery, radiation, and chemotherapy status) were used to investigate the influence of demographics, cancer status, and cancer treatment on disability among survivors of CRC. Race/ethnicity, income, education, and CCI also were used as confounders for estimating the influence of cancer on disability development.




2.5 Statistical analysis

The descriptive statistics consisted of the mean and standard deviation for continuous variables and a frequency count and percentage for categorical variables. To measure the time to the development of poor disability status, the Kaplan-Meier estimate was used to evaluate the fraction of patients’ functional physical condition for the length of time after treatment or surviving cancer (36). Log-rank tests were then applied to compare the time to develop poor disability status among different categories of demographic factors or clinical characteristics for survivors of CRC. Point estimates and 95% confidence intervals (CIs) were presented at three time points (3, 5, and 9 years). Those three specific time points after cancer diagnosis were considered for observing poor disability status because each represents an important milestone in the cancer survivorship journey (the most recommended follow-up time of reoccurrence, and the lower and upper bound of post-diagnosis time of long-term survivors of CRC (37). According to Figueredo et al. (38) and Thong et al. (39), these time points are significant for monitoring the health and well-being of cancer survivors (38, 39), and the changes in the surveillance plan typically take place at around 3 years, 5 years, and 9 years following completion of treatment (40).

To identify the factors associated with the risk of developing poor disability status, multivariable Cox proportional hazards regressions were used with an adjustment for all covariates and censored events, including death, Medicare discontinuation, and the end of the study. Hazard ratios (HRs) and 95% CIs were estimated to evaluate the associations between each attribute with poor disability status. For the comparison between the cancer cohort and the matched non-cancer cohort, the marginal approach Cox model was applied to account for the intracluster dependence from the matching design (41, 42). A time-dependent covariate Cox model was included as a sensitivity analysis to include cancer treatment as a time-varied covariate among the cancer cohort. Assumptions of the Cox model were examined through the Kaplan–Meier curves, and there was no significant proportional hazards violation for each predictor according to the comparisons of the Nelson-Aalen estimate of cumulative hazard functions All statistical analyses and figure generations were performed with SAS 9.4 (SAS Institute Inc, Cary, NC).





3 Results

For the CRC patient cohort, the mean age at diagnosis (Time 0) was 75.6 years (SD 6.94); 51% of the study sample were female, most whom were non-Hispanic White (Table 2). At Time 0, when cancer was diagnosed, more than half the survivors did not have a comorbidity, and 46% had localized disease on histologic staging. During the first year after cancer diagnosis, most patients (90%) had undergone surgery, 14% had received radiation therapy, and 32% had received chemotherapy.


Table 2 | Participant Characteristics (N = 13,229).



Table 3 shows that overall, within the CRC survivors, about half (54%) developed poor disability status within 9 years of cancer diagnosis. The log-rank test results in Table 3 indicated significant differences in the disability rates and their 95% conference intervals at different levels of age, sex, cancer histologic stage, AJCC stage, CCI, surgery status, and chemotherapy status but not for radiation therapy status. For example, for histologic and AJCC stages I and higher, the disability rates increased with stage. Further, time since diagnosis at 3, 5, and 9 years after diagnosis was highly associated with the development of poor disability status. Figure 1 presents a forest plot of HRs and 95% CIs obtained from the multivariable Cox regression model, illustrating the relationship with poor disability status among survivors of CRC. Factors that were significantly associated with an increased risk of poor disability status in the CRC survivor cohort were older age [HR (95% CI) = 3.50 (3.19–3.83) for >80 years old], female sex [HR (95% CI) = 1.50 (1.41–1.60)], race/ethnicity [HR (95% CI) = 1.34 (1.22–1.46) for Hispanic and 1.21 (1.07–1.36) for Black], stage at diagnosis [HR (95% CI) = 2.26 (1.85–2.76) for distant stage], comorbidity [HR (95% CI) = 1.42 (1.32–1.53) for one comorbidity and HR (95% CI) = 2.18 (2.02–2.35) for more than one], and ever had radiation [HR (95% CI) = 1.21 (1.10–1.33)]. We conducted an additional analysis whereby we examined the treatment variable as a time-dependent variable. Being in older age groups, female sex, Hispanic or Black race/ethnicity, having one or more comorbidities, having regional and distant disease, and having radiation therapy remained risk factors for the development of poor disability status (Supplementary Table S2).


Table 3 | Disability Rate at 3, 5, and 9 Years after Cancer Diagnosis.






Figure 1 | Forest plot of hazard ratios and 95% confidence intervals for development of disability status in survivors of colorectal cancer.



We compared the development of poor disability status among the cancer-free cohort to that of the CRC cohort. Table 4 compares the baseline characteristics of these two matched (by age and sex) cohorts. Although race/ethnicity, income, and education characteristics were significantly different between the CRC cohort and the non-cancer cohort, most likely due to the large sample size of each cohort, the distributions of these variables between the two cohorts were not clinically dissimilar. The number of comorbidities, however, varied significantly and substantially between the two cohorts. In the matched non-cancer cohort, a large percentage of Medicare beneficiaries had no comorbidities at baseline.


Table 4 | Comparison of Baseline Characteristics between Matched Cancer Patient Cohort and Non-Cancer Cohort.



As seen in Table 5, the probability of disability at three different time points was higher for the CRC survivor cohort than for the non-cancer cohort. Further, half the CRC survivors developed poor disability status within 9 years after diagnosis. In contrast, less than half the age-sex-matched non-cancer cohort developed poor disability status after 9 years of follow-up (log-rank test, p < 0.01). Additionally, the HRs and 95% CIs for the matched cancer and non-cancer cohorts from the Cox regression model indicated that having a cancer diagnosis (HR [95% CI] = 1.07 [1.02–1.13]) was associated with the development of poor disability status after adjustment for age, sex, race, income, education, and comorbidity (Supplementary Table S3).


Table 5 | Disability Rate at Different Time Points, Median Time to Develop Disability status, and Adjusted HR for Developing disability status (N = 13,225 matched pairs).






4 Discussion

Currently, limited studies have evaluated the development of poor disability status and factors associated with the development of poor disability status, because existing models either focus on evaluating mortality and surgical complications or identifying risk factors associated with poor health and existing poor disability status. To address the gap in the literature, we used a claims-based prediction model-derived disability status measure to systematically evaluate the functional levels, before, during, and after cancer treatment, and risk factors associated with the development of poor disability status. The results of this large retrospective study provided evidence that, within a CRC cohort, factors significantly associated with the risk of developing poor disability status include older age (>80 years), female sex at birth, Hispanic or Black ethnicity, having histologic findings of regional or distant disease, AJCC stage III/IV CRC diagnosis, having more than one comorbidity, and receiving radiation therapy. After combining the CRC cohort with the matched non-cancer cohort, a CRC diagnosis was associated with a small increase in the risk of developing poor disability status [HR (95% CI) = 1.07 (1.02–1.13)]. Although our HR of 1.07 is small, it remains significant in line with other disability research (43). Notably, a recent meta-analysis on disability reported a risk ratio of 1.07, a similar risk ratio magnitude, has been associated with an incident of disability with each one-second increase in the chair rise test, as highlighted by Braun et al. (43) (43). Hazard ratios and risk ratios of this magnitude are essentially equivalent, especially when the probability of the event—in this case, poor disability status—is less than 50% (44, 45). Therefore, our finding of HR of 1.07 for the development of poor disability status with a CRC diagnosis is comparable in magnitude to the risk ratio of 1.07 found by Braun et al., who observed a small increase in chair rise time to disability onset (43).

Furthermore, our findings aligned with another study demonstrating that survivors of CRC exhibited a higher prevalence of disability compared to individuals without CRC (22). Given the substantial costs of disabilities (46) and their impact on quality of life, as well as potentially secondary effects (47), it is critical to identify cancer survivors at risk of developing disability early, even with a minor hazard. Early rehabilitation has been shown to improve clinical outcomes and health-related quality of life (48).

Moreover, our findings regarding the significant factors associated with the development of poor disability status are in alignment with several studies of survivors of CRC and disability pension (49, 50). Older age, identifying as female, and having a higher cancer stage were all associated with the development of poor disability status and disability pension (49, 50). Of note, in our assessment of cancer-related treatments in our CRC survivor cohort, chemotherapy was not found to be a risk factor for the development of poor disability status, which is consistent with the study by Chen et al. (49) on the use of postoperative chemotherapy in predicting disability pension, whereas our identifying radiation therapy as a risk factor for the development of poor disability status is inconsistent with the findings of Chen et al. (50), whereby preoperative (chemo)radiotherapy was not significantly associated with disability pension. This difference could be due to a lack of distinction between preoperative and postoperative cancer-related treatments in our data (51, 52). To refine our findings in the future, a linkage is needed for more detailed treatment information, which may improve our model.

Our identification of race/ethnicity and the number of comorbid conditions as risk factors for disability align with previous studies of cancer survivors, including survivors of CRC (20, 53–55). Similar to Hewitt et al. and Okoro et al., we found that Hispanic or non-Hispanic Black survivors of CRC were more likely to develop poor disability status compared with non-Hispanic White survivors of CRC (20, 55). In addition, similar to Hewitt et al., Short et al., and Hung et al., we found that having one or more chronic conditions was significantly associated with poor disability status among survivors of CRC (20, 53, 54). The finding of greater risk in the Hispanic and Black survivor groups suggests that further investigation into the reasons for this greater risk for these two racial/ethnic groups is needed. Studies by Flores et al. and Odonkor et al. indicate that such differences could be due to the disparities in accessing healthcare services, including prevention, treatment, and rehabilitation, among the Hispanic or Black populations (56, 57). Our findings also suggest that data on social determinants to health (e.g., housing instability, food insecurity, transportation problems, utility help needs, interpersonal safety, family, community support) need to be collected to determine the domains associated with the development of poor disability status (58). In this way, targeted interventions can be developed to prevent or reduce future disabilities among cancer survivors.

Finally, our findings suggest that using Davidoff’s method (25) with administrative data is a potential tool for estimating the development of poor disability status among survivors of CRC at the population level. Notably, administrative data could potentially be used to identify high-risk groups in other cancer survivor populations at risk of poor disability status so that additional data, such as the social determinants of health, can be gathered to facilitate the development of disability prevention strategies.

The strengths of this study of cancer survivors and the development of poor disability status throughout the cancer care continuum include the study’s large sample size of survivors of CRC without preexisting functional impairments at Time 0, drawn from an easily accessible administrative database; a long follow-up period of up to 9 years; and an age-sex-matched non-cancer cohort. Despite these strengths, there are several limitations, as discussed below.

Limitations to our study include findings that differ from those of a similar study (49) on the risk factors (chemotherapy and radiation therapy) for the development of poor disability status for the survivors of CRC, indicating that administrative data may not have been sufficient or comprehensive. For example, our administrative data can identify only whether survivors of CRC had any cancer-related treatment, but knowing whether the treatment is preoperative or postoperative could be useful to assess future disabilities for survivors of CRC (51, 52). Additionally, the CRC diagnosis had a slight association (HR = 1.07) with developing poor disability status in the matched cancer and non-cancer cohorts, after adjusting for age, sex, race, income, education, and comorbidity. However, this correlation may reach null if further covariates are identified and managed within the model.

Another limitation is related to the disability status generated using Davidoff’s method. This method primarily targets general Medicare beneficiaries (25) and its predictive reliability has not been specifically validated for the CRC population. Furthermore, disability status was determined after the cancer diagnosis, and 90% of the CRC survivors in our study underwent surgery during the first year. Therefore, some temporary effects from the CRC surgery could have increased the probability of claim-based disability. Moreover, poor disability status could be a recurrent event. However, our study only focused on the first poor disability event after the cancer diagnosis. Therefore, future study is recommended to investigate the trajectory of poor disability status to further our understanding of changes in disability status and its implication on cancer survivors’ psychological distress, quality of life, and mortality.

The last limitation of our study is a limited generalizability. The study population is limited to Texas and Medicare fee-for-service beneficiaries. Therefore, our findings may not be applicable to study populations outside the Texas region. Moreover, the cancer treatment covariates from our administrative data are limited to those covered by Medicare, which may cause our findings to differ from studies that do not use Medicare data. For this reason, future studies are needed to test this method in different settings or in a national sample to verify our findings, which would allow for verification and a broader understanding of the implications beyond our current study population.




5 Conclusions

Overall, our results suggest that a CRC diagnosis may be a potential independent risk factor for the development of poor disability status in TCR-Medicare survivors of CRC. Although our hazard ratio of 1.07 is small, the marginal rise in the risk of developing poor disability status provides valuable insights for clinical providers concerning the potential contribution of the CRC diagnosis among vulnerable older survivors of CRC. Recognizing the immense cost of disabilities (46) and their negative impact on quality of life, as well as future secondary effects (47) underscores the critical importance of identifying cancer survivors at risk of developing disability early, even at a small risk. This proactive approach can facilitate early rehabilitation, which has been shown to enhance clinical outcomes, mitigate the negative impact on health-related quality of life, and reduce the overall cost of disabilities (48, 59, 60).

Specifically, for survivors of CRC, older age, female sex, identification as Hispanic or Black, having regional or distant disease at diagnosis, and having comorbidities were associated with a high risk of developing poor disability status. Particularly, older age, female sex, and identification as Hispanic or Black remained significant risk factors for survivors of CRC when compared to the non-cancer cohort. Furthermore, undergoing surgery or radiation therapy as cancer treatments emerged as risk factors for developing poor disability status. Together, these risk factors identified potential groups of survivors of CRC at risk for developing future poor disability status. Further research is warranted to develop targeted interventions aimed at reducing the risk of developing poor disability status, given the association between poor disability status and psychological distress, poorer quality of life, and mortality.
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Objective

Gastric cancer is a prevalent gastrointestinal malignancy worldwide. In this study, a prognostic model was developed for gastric cancer patients who underwent radical gastrectomy using machine learning, employing advanced computational techniques to investigate postoperative mortality risk factors in such patients.





Methods

Data of 295 patients with gastric cancer who underwent radical gastrectomy at the Department of General Surgery of Affiliated Hospital of Xuzhou Medical University (Xuzhou, China) between March 2016 and November 2019 were retrospectively analyzed as the training group. Additionally, 109 patients who underwent radical gastrectomy at the Department of General Surgery Affiliated to Jining First People’s Hospital (Jining, China) were included for external validation. Four machine learning models, including logistic regression (LR), decision tree (DT), random forest (RF), and gradient boosting machine (GBM), were utilized. Model performance was assessed by comparing the area under the curve (AUC) for each model. An LR-based nomogram model was constructed to assess patients’ clinical prognosis.





Results

Lasso regression identified eight associated factors: age, sex, maximum tumor diameter, nerve or vascular invasion, TNM stage, gastrectomy type, lymphocyte count, and carcinoembryonic antigen (CEA) level. The performance of these models was evaluated using the AUC. In the training group, the AUC values were 0.795, 0.759, 0.873, and 0.853 for LR, DT, RF, and GBM, respectively. In the validation group, the AUC values were 0.734, 0.708, 0.746, and 0.707 for LR, DT, RF, and GBM, respectively. The nomogram model, constructed based on LR, demonstrated excellent clinical prognostic evaluation capabilities.





Conclusion

Machine learning algorithms are robust performance assessment tools for evaluating the prognosis of gastric cancer patients who have undergone radical gastrectomy. The LR-based nomogram model can aid clinicians in making more reliable clinical decisions.
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Introduction

Gastric cancer (GC) is believed to be the fifth most common cancer and the third most common cause of death worldwide.Notably, China and Japan are at the forefront, collectively accounting for 75% of Asian cases (1, 2). Despite being one of the most common treatment modalities for gastric cancer, surgical intervention alone has failed to elevate the overall 5-year survival rate beyond 50%. Thus, the quest for precise clinical assessments holds paramount clinical importance for the diagnosis and management of affected patients (3). One widely embraced approach in clinical research involves amassing clinical data to construct prognostic models. Within this domain, gastric cancer model studies have proliferated, offering the promise of better-informed clinical decision-making (4, 5). In addition to clinicopathological data, these models incorporate hematologic inflammatory markers and the widely utilized carcinoembryonic antigen (CEA). The association between inflammation and its impact on the occurrence, progression, metastasis, and prognosis of cancer patients, as revealed by blood-based metrics, has become a burgeoning area of research interest (6, 7). The principle underlying the utilization of CEA as a serum tumor marker is well-established in clinical practice. This marker finds extensive utility in the early screening of various tumors. Furthermore, its early elevation is recognized as an independent risk factor associated with the poorer prognosis of gastric cancer (8).

Machine learning stands as a precision algorithm within the context of artificial intelligence, uniquely poised to decipher vast and intricate medical datasets. Its capacity to construct clinical prediction models makes it an invaluable tool in the realm of healthcare, offering crucial assistance in diagnosis and prognostication (9). The development of clinical predictive models typically involves the processing and optimization of large datasets within a training set. Subsequently, these models undergo rigorous testing using external validation set data, a pivotal step in establishing their external validity and, by extension, their applicability to diverse patient populations (10, 11). Cancer, marked by its complexity and heterogeneity, emerges as a particularly promising frontier for machine learning applications in medical research. The significance of clinical data available empowers early cancer detection, facilitates ongoing monitoring of disease progression, and supports the optimization of treatment strategies (9, 12).





Patients and methods




Patients’ enrollment

This retrospective analysis involved a total of 295 gastric cancer patients who underwent radical gastrectomy at the Department of General Surgery, Affiliated Hospital of Xuzhou Medical University (Xuzhou, China), between March 2016 and November 2019. These patients constituted the training group. Additionally, 109 gastric cancer patients who underwent radical gastrectomy at the Department of General Surgery of Jining First People’s Hospital (Jining, China) were included as the verification group. The inclusion criteria were as follows: (1): patients newly diagnosed with gastric cancer, for whom comprehensive medical records were available; (2) cases where primary radical resection of gastric cancer was conducted at the respective hospitals, with subsequent confirmation of gastric adenocarcinoma; (3) absence of any prior anti-tumor therapies, including radiotherapy or chemotherapy, before surgical intervention. The exclusion criteria were as follows: (1) patients with concurrent malignancies; (2) patients presenting preoperative complications of other infectious diseases, blood system disorders, autoimmune conditions, or any other medical conditions that could potentially influence inflammatory markers; (3) cases who had recently received or were currently undergoing anti-inflammatory or immunosuppressive treatments; (4) patients subjected to preoperative blood transfusion therapy; (5) patients with severe liver or kidney dysfunction; (6) cases featuring incomplete clinical data or visitor information. Further details are illustrated in Figure 1.




Figure 1 | Flowchart of patients’ selection.







Outcome measures

The primary outcome event for this study was the survival status of patients at the three-year post-radical gastrectomy. Follow-up procedures involved telephonic or outpatient monitoring. The survival rate was determined from the date of admission to either the date of decease or the specified deadline for follow-up.





Research purpose

This study concentrated on evaluating the three-year survival outcomes of patients who underwent radical gastrectomy. A total of 404 gastric cancer patients from two medical centers were included in the study. A machine learning algorithm was employed to develop a clinical prediction model aimed at identifying the prognostic risk factors for postoperative patients. The creation of a visual nomogram model, based on these risk factors, can aid healthcare professionals in conducting risk assessments.





Risk factors

Concerning the study subjects, clinical data were collected, including patient’s name, age, gender, and clinicopathological information. This included data on blood parameters, tumor location, maximum tumor size, TNM stage, lymph node involvement, nerve vessel invasion, method of gastrectomy, tumor differentiation grade, along with specific blood markers including neutrophil count, monocyte count, lymphocyte count, and CEA level. Peripheral venous blood samples were obtained from fasting cases on the next morning. The collected indices were then incorporated into the Lasso regression model. The Lasso model employs a technique that can shrink the coefficients of unimportant variables to 0, promoting feature selection. Following the establishment of inclusion and exclusion criteria, the relevant data were fed into the Lasso model, enabling the complete elimination of the weight associated with the least important variables. This process allows for data screening and complexity adjustment while fitting the generalized linear model. Consequently, the Lasso model ensures the accuracy of variables in the subsequent development of the machine learning model.





Statistical analysis

Continuous variables were presented as mean ± standard deviation, and categorical variables were expressed as ratio. To create the machine learning and nomogram models, the process was initiated by applying a Lasso regression model to identify the key risk factors linked to the 3-year survival status of patients, as depicted in Figure 1. Subsequently, these relevant risk factors were integrated into machine learning algorithms, leading to the development of logistic regression (LR), decision tree (DT), random forest (RF), and gradient boosting machine (GBM) models. Model performance was assessed by comparing the area under the curve (AUC) of each model. Ultimately, a LR model was selected to construct a nomogram, enhancing the interpretability and visibility of the results.





Feature selection and machine learning performance evaluation

To reduce model complexity and eliminate redundant or irrelevant data in the training group, we applied the Lasso regression model to screen the variables, as illustrated in Figures 2A, B. Besides, 4 machine learning models (LR, DT, RF, and GBM), as illustrated in Figures 3–6 were used in this study. LR is a classification algorithm that seeks to establish a relationship between a feature and the probability of a specific outcome. It possesses the advantage of not presupposing the data distribution and presents results in a probabilistic format, making it appropriate for numerous probability-assisted decision-making tasks. Nonetheless, LR proves ineffective for handling nonlinear data and exhibits heightened sensitivity to imbalances in multicollinearity datasets (13, 14). DT is primarily used for classification tasks, and decision trees start from a root node to identify the initial decision point in a dataset and contain features that best divide the dataset into distinct classes. DT is well-suited for handling irrelevant features, offering a model that is easy to understand and explain. They can be visualized and analyzed, facilitating a clear interpretation of the underlying rules. Additionally, DT is effective in dealing with missing data (15). RF, as an extension of the DT method, combines multiple DTs, with the majority vote among the trees determining the final class prediction of the model. RF incurs a substantial training cost, and the decision-making process of the model is susceptible to the specific division of feature values (16, 17). GBM is a boosting technique utilized as a numerical optimization algorithm for minimizing loss functions and constructing additive models. It proves effective for small-scale datasets, excelling in the processing of multi-classification tasks and accommodating incremental training. Additionally, GBM demonstrates good inclusiveness for handling missing data. However, its performance diminishes when dealing with high-dimensional feature spaces. The effectiveness of GBM in classification tasks is also reliant on the division of feature attributes, making it more sensitive to the expression form of input data (18, 19).




Figure 2 | (A) Lasso regression coefficient path diagram. Lasso regression variables were used for dimensionality reduction to further screen the relevant variables. (B) Lasso regression cross validation. Using ten-fold cross-validation, the λ value with the smallest cross-validation error is used as the optimal solution of the model.






Figure 3 | Performance of the LR model. The AUC, Sen and Spe of the training and internal validation sets were exhibited in figure, respectively. ROC, receiver operating characteristic; AUC, area under the curve; Sen, sensitivity; Spe, specificity. Blue line: Training set. Red line: Validation set.






Figure 4 | Performance of the DT model. The AUC, Sen and Spe of the training and internal validation sets were exhibited in figure, respectively. ROC, receiver operating characteristic; AUC, area under the curve; Sen, sensitivity; Spe, specificity. Blue line: Training set. Red line: Validation set.






Figure 5 | Performance of the RF model. The AUC, Sen and Spe of the training and internal validation sets were exhibited in figure, respectively. ROC, receiver operating characteristic; AUC, area under the curve; Sen, sensitivity; Spe, specificity. Blue line: Training set. Red line: Validation set.






Figure 6 | Performance of the GBM model. The AUC, Sen and Spe of the training and internal validation sets were exhibited in figure, respectively. ROC, receiver operating characteristic; AUC, area under the curve; Sen, sensitivity; Spe, specificity. Blue line: Training set. Red line: Validation set.



Model performance was evaluated using various metrics, including accuracy, recall, and the area under the ROC curve, a primary indicator for binary classification performance, ranging from 0 to 1, with higher values signifying superior performance. Additionally, for models with two outcomes, we reported the area under the accuracy-recall curve, which illustrates the trade-off between true accuracy and positive predicted values, as well as the F1 score, defined as the harmonic mean of precision and recall. The models underwent 10-fold cross-validation on the training set and were subsequently tested on the test set, as shown in Tables 1 and 2.


Table 1 | The model performance in the training dataset.




Table 2 | The model performance in the validation dataset.







Nomogram

LR was employed to construct a nomogram model for predicting the risk of mortality following radical gastrectomy, utilizing eight variables incorporated into the model. Lines 2 through 9 in the nomogram represent the risk scores associated with individual patients, as shown in Figure 7. The cumulative score serves as an indicator for assessing patients’ prognoses, with higher scores signifying an increased risk level and a poorer prognosis.




Figure 7 | Nomogram. Lines 2 through 9 in the nomogram represent the risk scores associated with individual patients. The cumulative score serves as an indicator for assessing patients’ prognoses, with higher scores signifying an increased risk level and a poorer prognosis.








Results




Patients’ baseline characteristics

Patients’ baseline characteristics are presented in Table 3. The training group consisted of 295 patients, among whom 93 (73 males and 20 females) passed away within 3 years. The validation group comprised 109 patients, with 25 fatalities (14 males and 11 females). In the training group, variables, such as age, maximum tumor diameter, TNM stage, lymph node metastasis, nerve or vascular invasion, type of gastrectomy, lymphocyte count, and CEA level exhibited statistically significant differences between patients who survived and those who succumbed. Conversely, there were no statistically significant differences in gender, tumor differentiation, tumor site, neutrophil count, and monocyte count. In the validation group, significant differences were found in maximum tumor diameter, TNM stage, lymph node metastasis, and nerve or vascular invasion, while other variables did not exhibit significant differences.


Table 3 | Patients’ baseline characteristics.








Discussion

Machine learning employs computer algorithms to identify intricate relationships or patterns within extensive datasets. It accomplishes this by performing numerous operations using pre-existing algorithms to recognize and analyze data. Through iterative adjustments to these algorithms, machine learning strives to achieve optimal performance, resulting in the creation of models that establish connections between multiple variables and target variables (20). In essence, supervised machine learning is tasked with identifying associations between input and output data, enabling the prediction of outcomes based on patients’ data (21). Machine learning represents a fundamental shift in healthcare, where computers glean insights from patient data without the need for explicit programming of specific tasks. This approach possesses the advantages of enhanced capacity, objectivity, and repeatability when handling large datasets, thereby ensuring data reliability (22, 23). It has the potential to enhance the quality of early diagnosis, disease progression monitoring, and the ability to predict patient-specific outcomes in orthopedics, such as prognosis, risk of complications, and implant longevity (24). These advantages promote the sharing of decision-making information between healthcare professionals and patients, facilitating effective planning and rational utilization of healthcare services (25, 26). In addition, the model can be periodically retrained to improve prediction accuracy over time (27).

In the present study, Lasso regression was employed to identify 8 risk factors associated with postoperative mortality in gastric cancer patients. Additionally, we established four machine learning models to assess patient prognosis and created nomograms to evaluate prognosis based on LR. Lasso regression effectively filtered out non-statistically significant variables during the variable screening process, thereby reducing data redundancy and enhancing the model’s accuracy and reliability by using fewer variables. This approach to developing clinical models has found applications in various medical domains (28, 29). The models’ performance was assessed using the ROC curve, with metrics, such as AUC values, sensitivity, specificity, and accuracy. Table 1 illustrates that all four models exhibit commendable accuracy, indicating the robust diagnostic capability of the machine learning models for predicting postoperative prognosis in gastric cancer patients. Table 2 further validates these findings in the verification group, demonstrating the models’ strong external applicability. Collectively, these results underscore the effectiveness of machine learning models in accurately reflecting postoperative outcomes in gastric cancer surgery (30, 31).

The postoperative prognosis histogram provides an intuitive representation of prognostic risk in gastric cancer patients. Figure 7 illustrates specific scores assigned to variables including age, gender, lymphocyte count, maximum tumor diameter, CEA level, nerve or vascular invasion, TNM stage, and gastrectomy method. In the previous study, Hu used traditional methods to establish clinical models to prove positive LNs, tumor size, adjacent organs invasion, vascular invasion, CA125, the depth of invasion, and HER2 status is the reason that affects radical gastrectomy (32). In the model established by our machine learning algorithm, age and gender are also proved to be the factors that affect the prognosis of radical gastrectomy, which exactly proves that the machine learning algorithm has more powerful computing power.

A nomogram serves as a valuable tool for stratifying the risk of patients, enabling clinicians to assess their conditions effectively. This model assigns scores to various characteristic variables, allowing clinicians to evaluate a patient’s status based on these characteristics. Higher scores on the nomogram indicate an increased susceptibility to risk and a less favorable prognosis. Consequently, patients with distinct scores can benefit from tailored treatment strategies, ensuring a more personalized approach to their healthcare. For instance, determining whether to administer chemotherapy to postoperative gastric cancer patients is typically based on clinical recommendations for patients in stage 1b to stage 3. However, the decision regarding when to initiate chemotherapy for stage 1b to stage 3 patients can be informed by the risk score derived from the histogram. Among patients at the same stage, those with higher scores may be advised to pursue additional treatments. This approach effectively stratifies patients based on their individual conditions, facilitating personalized diagnosis and treatment.

The model identified 8 risk factors for postoperative death in gastric cancer patients using Lasso regression. In addition, 4 machine learning models were developed to assess patient prognosis and nomograms were established based on LR to predict patients’ outcomes. Lasso regression effectively filtered out irrelevant factors, reducing data redundancy, and enhancing model accuracy and reliability with fewer variables. This approach has been applied in various medical fields.





Limitation

There are certain limitations in this study. The retrospective nature of the study may introduce subjective and selective biases,The reliability and validity of the data are limited, and we cannot completely eliminate the possibility of selection bias. Moreover, despite being a two-center study, the sample size remains relatively limited. Further validation with large-scale research is essential to confirm the model’s external applicability.





Conclusions

In conclusion, age, gender, lymphocyte count, maximum tumor diameter, CEA level, nerve or vascular invasion, TNM stage, and gastrectomy method could serve as risk factors influencing the postoperative survival of gastric cancer patients. The machine learning model, established through Lasso regression, demonstrated promising performance and reliability. The nomogram model, which is based on the LR model, provides a practical tool for individualized diagnosis and treatment in clinical settings.
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Compound Molecular tr Measured Theoretical Frag i Tolerance

formula (min)  molecular weight molecular weight (ppm)
1 N-Methylcytisine CpHigN,O 1.4844 205.1337 205.1335 149,108,58 0.84
1 90-Hydroxysophoramine Cy5HzoN,0, 1.4878 261.1601 261.1598 243,177,150 1.26
3 70.- Hydroxysophoramine Ci5H20N>0, 1.4878 261.1601 261.1598 243,177,150 1.26
4 Anagyrine C1sHyoN,0 15625 | 245.1647 245.1654 148 2.80
5 Lupanine CisHuN,0 15642 249.1964 249.1961 166,136 118
6 Matrine Cy5H4N,O 1.6116 249.1961 249.1961 176,148 0.00
7 Isosophocarpine Ci5sHN,O 2.0622 247.1814 247.1810 179,150,148,136 1.51
8 Sophocarpine C1sHN,0 23227 247.1809 247.1805 179,150,136 1.69
9 5,6-Dehydrolupanine Ci5H2N,O 23227 247.1809 247.1810 176,150,136 0.40
10 Baptifoline C13HpN,0, 25579 261.1600 261.1598 243,164,114 071
11 9o.-Hydroxymatrine Cy5H4 N0, 4.6859 265.1907 265.1916 247,150,148,112 3.00
12 Oxymatrine C15sH24N, 0, 4.7889 265.1908 265.1911 247,205,148 1.10
13 50.-Hydroxymatrine C15sH2uN, O, 4.7889 265.1908 265.1916 247,150,148,112 3.00
14 14B-Hydroxymatrine Cy5sH24N,0, 4.7889 265.1908 265.1916 247,150 3.00
15 Sophoridine CisHzN,0 48957 249.1965 249.1961 150 1.74
16 Isomatrine Cy5sH4N,0 4.9702 249.1968 249.1967 176,150,148 0.21
17 Cis-caffeic acid CoHgOy 5.6607 181.0495 181.0495 181,163,135,117,93,65  0.10
18 Mamanine C1sH,:N,0, 57132 263.1756 263.1754 231 0.67
19 | Oxysophocarpine CisHpN,0, 57860  263.1758 263.1754 245,150 1.66
20 Sophoranol C1sH24N20, 58503 2651913 265.1916 247,205 1.20
21 7,11-Dehydromatrine Cy5sH,N,O 6.6567 247.1809 247.1810 176,148 0.40
22 Sophoranol N-oxide Ci5Hp4N; 05 8.1026 281.1863 281.1860 263,243,149 113
23 13-Hydroxycolumbamine CaoH2NOs 8.6227 354.1328 354.1326 339,324,296,306,278 045
24 Magnoflorine CyoHNO, 9.0748 342.1705 342.1705 297,265,237 0.07
25 Norisocorydine C1oH,,NO, 9.2687 328.1547 328.1543 313,298 1.24
26 Tetradehydroscoulerine C1oHgNO,4 9.6160 322.1068 322.1068 307,294,279 0.00
27 Tetradehydrocheilanthifolinium = C,H;sNO, 9.6160 322.1068 322.1068 307,294,279 0.00
28 Lycoranine B C1sHisNO, 9.9450 308.0917 308.0918 280,265,250 0.40
29 N-methlylcorydalmine CHy6NO, 10.5913  356.1858 356.1857 206 0.27
30 Menisperine CyHy6NO, 10.5928  356.1859 356.1853 311, 296 175
31 Demethyleneberberine C19H sNO, 108732  324.1228 324.1231 309,294,266;280 1.00
32 Stecepharine CyHp6NO5 109242 372.1804 372.1806 222,207,189 0.60
33 Beberrubine C1oH 6NO, 110160  322.1080 322.1079 322,307,279,250 0.38
34 Groenlandicine C1oH gNO, 11.2061 322.1071 322.1079 307,279 240
35 Thalifendine C1oHsNO, 11.2061 322.1071 322.1072 307,294,279 0.20
36 Columbamine CyoHyoNO, 112668 = 338.1402 338.1391 322,294;308,280,265 323
37 Noroxyhydrastinine C1oHoNO; 115192 192.0656 192.0655 192,174,163,192 0.37
38 13-Methyljatrorrhizine CaoHsNOs 115208 = 352.1184 352.1184 337,322,294,336,308 0.13
39 Oxyberberine CaoH17NOs 11.5446  352.1179 352.1180 337,322,308,294 0.20
40 13-Hydroxyberberine CyoHsNOs 11.5651 352.1182 352.1180 337,336,308,322,318 0.43
41 Protopine CyoHoNO5 11.8251  354.1339 354.1336 354,339,324,310 0.95
42 Tetrahydroberberine CaoH2NO, 122755 = 338.1383 338.1387 338,323,295 1.10
43 Coptisine C1oHNO, 126173 | 320.0923 320.0923 318,290,262,249 0.00
44 Palmatine CaoH1sNOs 129400 = 352.1529 352.1535 337,322,308,294 1.80
45 13-Methylberberine chloride CyHyoNO, 13.1289  350.1392 350.1392 147,176 0.10
46 | Worenine CyoH,sNO, 134120 334.1082 334.1079 334,319,304,290,277 083
47 Epiberberine CaoH1sNO, 13.7474  336.1238 336.1227 320,292 325
48 Berberine CaoHsNO, 13.8362 = 336.1238 336.1228 336,320,290,278 2.90
49 Linarin CysH3,014 140601  593.1843 593.1838 593,447,285 0.89
50 Daidzein C1sH1004 143132 255.0663 255.0652 227 440
51 13-Methylpalmatine CpHyNO, 14.3165 = 366.1705 366.1700 351,334,322,308,306 1.35
52 13-Methylberberine CoHsNO, 13.8362 = 336.1238 336.1230 334,322 0.40
53 Calycosin Ci6H1205 149714 285.0752 285.0758 270,253,225 2.00
54 Cytisine C HuN,O 16.1558 191.1173 191.1179 150,148 2.90
55 Formononetin C16H1204 18.3435  269.0809 269.0811 254,213,137,118 0.70
56 8-Oxocoptisine C1oH3NO5 20.5454  336.0868 336.0867 336,308,293,278 0.54
57 Kuraramine C12HisN,O, 364231 | 223.1439 223.1441 191,162,114 0.95
58 Anagyrine C1sHyoN,0 146215 = 245.1651 245.1648 148,118,98 111
59 Danshensu CoH,605 59774 197.0469 197.0458 197,179,135,123 5.61
60 Vanillic acid CgHO,4 6.1849 167.0352 167.0350 167,152,108 1.06
61 3,4-Dihydroxybenzoic acid C7HgO4 6.4494 153.0198 153.0194 153,109,91,80 2.64
62 Phellodendrin CaoH2NO, 9.0036 340.1557 340.1543 340,325,310,282,267 4.15
63 Dehydrocheilanthifoline C1oH15NO, 115361 = 321.0995 321.0995 321,193, 178, 134 0.05
64 Canadine CyoH NO, 11.2668  338.1402 338.1386 338,323,308,293,264 471
65 3-O-Feruloylquinic acid Cy7H3000 13.1451 367.1026 367.1029 191,173 0.80
66 5-O-Feruloylquinic acid C17H2000 13.1451 367.1026 367.1029 191 0.80

67 4-O-Feruloylquinic acid Cy7H3000 13.1451 | 367.1026 367.1029 191,173 0.80
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Receiving chemotherapy (n = 188) Not receiving chemotherapy (n = 196)

Variables
n % n %
Gender
Female 60 3191 78 39.80
25589 0.108
Male 128 68.09 118 60.20
Age, years
<65 107 56.91 74 37.76
>65 77 1096 121 61.73 17435 <0.001
NA 4 213 1 051
Primary lymph node presentation
No 14 745 12 6.12
Yes 173 92.02 176 89.80 5.460 0.065
NA 1 053 8 408
Pathologic T stage ‘
T1-2 12 2234 59 30.10
2982 0.084
T3-4 146 77.66 137 69.90 ‘
Pathologic N stage ‘
NO-1 99 52.66 126 64.29 5346 0.021 ‘
N2-3 89 4734 70 35.71 ‘
Pathologic M stage
Mo 169 89.89 180 91.84
0437 0508
M1 19 10.11 16 8.16
Pathologic stage
Stage I-11 70 37.23 105 53.57
Stage I1I-IV 110 58.51 79 4.031 12724 0.002
NA 8 2.66 12 6.12
Histological grade
Gl-2 71 37.77 75 3827
0.010 0.920

G3 117 6223 121 61.73
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Upper third (U) 21 60.71% 54.64% 22 54.55% 44.08%
Middle third (M) 20 79.41% 73.30% 31 45.16% 33.87%
Lower third (L) 66 73.34% 64.62% 80 53.75% 47.25%
Others (U/M, M/L) 6 62.50% 62.50% 10 30.00% 20.00%
Surgical method 0.077 0.674
Total gastrectomy 36 58.74% 55.29% 42 45.24% 34.39%
Proximal gastrectomy 5 60.00% 30.00% 5 60.00% 30.00%
Distal gastrectomy 72 78.47% 70.63% 96 52.08% 45.59%
Extent of lymph node dissection 0569 0.541
Do 106 71.51% 64.86% 131 51.15% 43.01%
D1 1 100% 100% 3 33.33% 33.33%
Di+ 6 66.67% 44.44% 8 50.00% 33.33%
D2 0 NA NA 1 0.00% 0.00%
TNM stage <0.0001 <0.0001
I 10 90.00% 90.00% 11 81.82% 81.82%
T 35 91.43% | 85.41% | 39 1 74.36% 68.64%
it 61 61.24% 51.29% 86 39.53% 28.76%
v 7 21.43% 21.43% 7 0.00% 0.00%
Depth of tumor invasion 0.001 <0.0001
T2 27 96.30% 96.30% 28 89.29% 89.29%
T3 5 80.00% 53.33% 15 26.67% 17.78%
T4 81 62.16% 53.50% 100 43.00% 32.77%
Lymph node metastasis 0.050 0.004
) 30 86.67% 79.86% 33 69.70% 63.36%
(+) 83 65.66% | 57.91% | 110 44.55% 35.57%
Recurrence and distant metastasis <0.0001 <0.0001
No 78 80.77% 75.20% 78 80.77% 75.20%
Yes 35 46.00% 3321% 65 13.85% 3.08%
LNMR <0.0001 <0.0001
High (>30%) 32 42.95% 34.36% 50 26.00% 13.09%
Low (<30%) 81 82.23% 75.20% 93 63.44% 57.67%
NML-GCP <0.0001 <0.0001
High (>50%) 61 82.96% 79.25% 74 62.16% 57.73%
Low (£50%) 51 59.05% 48.11% 68 38.24% 26.47%
Grading system of lymph node status <0.0001 <0.0001
Grade 1 50 89.56% 85.07% 58 67.24% 65.32%
Grade 2 42 66.29% 58.34% 51 52.94% 40.85%
Grade 3 21 36.67% 24.44% 34 17.65% 5.88%

LNMR, the lymph node metastasis rate; NML-GCP, the proportion of lymph nodes containing germinal centers (23) in non-metastatic lymph nodes; OS, overall survival; DFS, disease-free
survival; HR, hazard ratio; 95% CI, 95% confidence interval; NA, not applicable; No., number of cases.
“Bold values indicate significance, p<0.05.
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NENs, neuroendocrine neoplasms; SPC, second primary cancers.
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0.19

0.021

0.14

-0.19

-0.034

0.056

-0.013

-0.24

-0.069

-0.19

-0.19

0.22

0.017

-0.056

0.12

-0.012

-0.039

STAD, stomach adenocarcinoma; ESCA, esophageal carcinoma; Cor, R value of Spearman’s correlation. The bold values stands P<0.05.
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e/ Univariate analysis Multivariate analysis

onuS 95%Cl  P-value 95%Cl
None/mild GA group 49/21 1 ‘
GA Moderate GA group 33/30 0.47 0.23-0.96 0.03 0.55 0.26-1.08 0.16 ‘
Severe GA group 2/4 0.21 0.03-1.26 0.08 031 0.05-1.88 02 ‘
None 53/48 1 ‘
Depressed erosion ‘

Presence 317 4.01 1.67-9.94 0.003 342 1.35-8.65 0.009

GA, gastric atrophy.
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Description Gene markers

CD8+ T cell CD8A -0.108 2.81e-02 -0.097 6.04e-02 -0.113 1.26e-01 -0.026 7.24e-01
CD8B 0.036 4.62e-01 0.055 2.84e-01 -0.152 391e-02 -0.072 3.38e-01
T cell (general) CD3D -0.123 1.24e-02 -0.093 7.17e-02 -0.205 5.15e-03 -0.112 1.35e-01
CD3E -0.138 4.96e-03 -0.105 4.12¢-02 -0.233 1.43e-03 -0.13 8.13e-02
CD2 -0.081 9.76e-02 -0.053 3.08e-01 -0.174 1.82e-02 -0.072 3.37e-01
B cell CD19 -0.181 2.07e-04 -0.168 1.03e-03 -0.138 6.92e-02 -0.032 6.67e-01
CD79A -0.29 2.06e-09 -0.276 4.59¢-08 -0.171 1.96e-02 -0.084 2.63e-01
Monocyte CD86 -0.028 5.68e-01 0.005 9.30e-01 -0.001 9.92e-01 0.093 2.16e-01
CD115 (CSFIR) -0.146 2.97e-03 -0.136 8.21e-03 -0.046 5.30e-01 0.035 6.40e-01
TAM CCL2 -0.234 1.52e-06 -0.216 2.22¢-05 0.051 4.88e-01 0.142 5.68e-02
CD68 -0.002 9.67e-01 0.012 8.22e-01 -0.08 2.77e-01 -0.05 5.02e-01
IL10 -0.013 7.90e-01 0.013 7.89e-01 -0.001 9.94e-01 0.073 3.32e-01
M1 Macrophage INOS (NOS2) 0.178 2.62e-04 0.18 4.38e-04 -0.12 1.03e-01 -0.139 6.26e-02
IRF5 0.003 9.49e-01 0.016 7.52e-01 -0.098 1.85e-01 -0.069 3.56e-01
COX2(PTGS2) 0.032 5.19e-01 ' 0.039 4.46e-01 0.219 2.77¢-03 0.246 8.52e-04
M2 Macrophage CD163 0.029 5.61e-01 0.044 3.97e-01 -0.084 2.55e-01 -0.009 9.00e-01
VSIG4 -0.093 5.86e-02 -0.08 1.20e-01 -0.039 5.95e-01 0.037 6.18e-01
MS4A4A -0.145 3.04e-03 | -0.127 1.35e-02 -0.075 3.08e-01 0.014 8.35e-01
Neutrophils CD66b (CEACAMS) 0.169 5.26e-04 0.175 6.16e-04 -0.093 2.07e-01 -0.048 5.21e-01
CD11b (ITGAM) -0.109 22.71e-02 -0.091 7.83e-02 -0.062 24.04e-01 -0.006 9.41e-01
CCR7 -0.258 1.14e-07 -0.232 55.02¢-06 -0.244 7.98e-04 -0.144 55.38e-02
Natural killer cells KIR2DL1 0.102 3.79e-02 0.118 2.11e-02 -0.089 2.28e-01 -0.026 7.29e-01
KIR2DL3 0.104 3.47e-02 0.121 1.81e-02 -0.081 2.72e-01 -0.055 4.67e-01
KIR2DL4 0.185 1.54e-04 0.213 2.95e-05 -0.089 2.27e-01 -0.035 6.41e-01
KIR3DL1 0.024 6.24e-01 0.013 8.02e-01 -0.128 8.29e-02 -0.069 3.57e-01
KIR3DL2 0.05 3.13e-01 0.068 1.88e-01 -0.042 5.70e-01 0.018 8.08e-01
KIR3DL3 0.122 1.27e-02 0.126 1.38e-02 -0.087 2.40e-01 -0.097 1.97e-01
KIR2DS4 0.055 2.60e-01 0.068 1.86e-01 -0.01 8.95¢-01 -0.007 9.21e-01
Dendritic cell HLA-DPB1 -0.205 2.79e-05 -0.18 4.16e-04 -0.232 1.48¢-03 -0.15 4.41e-02
HLA-DQB1 -0.119 1.50e-02 -0.085 9.65e-02 -0.212 3.71e-03 -0.135 7.04e-02
HLA-DRA -0.099 4.49e-02 -0.069 1.79e-01 -0.191 9.36e-03 -0.108 1.49e-01
HLA-DPAL -0.127 9.83e-03 -0.1 5.15e-02 -0.181 1.37e-02 -0.109 1.45e-01
BDCA-1(CD1C) -0.381 9.42e-16 -0.375 3.97e-14 -0.185 1.15e-02 -0.098 1.90e-01
BDCA-4(NRP1) -0.312 1.03e-10 -03 2.6%¢-09 0.128 8.20e-02 0212 4.26e-03
CDl11c (ITGAX) -0.013 7.95e-01 0.025 6.21e-01 -0.109 1.38e-01 0.006 9.36e-01
Thl T-bet (TBX21) -0.062 2.11e-01 -0.041 4.23e-01 -0.152 3.83e-02 -0.041 5.82e-01
STAT4 -0.046 3.45e-01 -0.024 6.44e-01 -0.125 8.90e-02 0 9.98e-01
STAT1 0.4 0.00e+00 0.402 3.51e-16 0.179 1.50e-02 0.248 8.04e-04
IFN-y (IENG) 0.211 1.39¢-05 0.23 6.28¢-06 0.003 9.66e-01 0.084 2.60e-01
TNF-o. (TNF) 0.084 8.93e-02 0.115 2.56e-02 0.134 6.99e-02 0.184 1.34e-02
Th2 GATA3 -0.189 1.11e-04 -0.166 1.14e-03 0.006 9.40e-01 0.075 3.16e-01
STAT6 0.036 4.71e-01 0.025 6.30e-01 0.115 1.20e-01 0.111 1.36e-01
STAT5A 0.002 9.64e-01 0.022 6.76e-01 -0.008 9.13e-01 0.053 4.76e-01
IL13 -0.007 8.84e-01 0.003 9.6le-01 -0.059 4.22e-01 0.003 9.73e-01.
Tth BCL6 -0.197 5.36e-05 -0.186 2.71e-04 0.19 9.51e-03 0.189 1.11e-02
121 0.146 2.80e-03 0.181 3.91e-04 -0.049 5.1e-01 -0.001 9.8%¢-01
Th17 STAT3 0.075 1.28e-01 0.077 1.33e-01 0.196 5.73e-03 0.234 1.54e-03
IL17A 0.194 6.78e-05 0.21 3.73e-05 -0.071 3.35e-01 -0.056 4.55e-01
Treg FOXP3 0.067 1.75e-01 0.095 6.41e-02 0.024 7.48e-01 0.115 1.24e-01
CCR8 0.067 1.73e-01 0.081 1.14e-01 -0.01 8.92e-01 0.084 2.63e-01
STAT5B -0.032 5.14e-01 -0.022 6.75e-01 0.17 2.06e-02 0.171 2.14e-02
TGRB(TGFB1) -0.161 1.02e-03 -0.142 5.45e-03 0.105 1.54e-01 0.156 3.63¢-02
T cell exhaustion PD-1(PDCD1) 0.007 8.86e-01 0.036 4.81e-01 -0.013 8.61e-01 -0.101 1.7e-01
CTLA4 0.182 2.02e-04 0.219 1.72¢-05 0.075 3.15e-01 -0.028 7.06e-01
LAG3 0.071 1.47e-01 0.086 9.52e-02 0.077 3.04e-01 -0.008 9.11e-01
TIM-3(HAVCR2) 0.016 7.48e-01 0.039 4.52e-01 0.075 3.19e-01 -0.021 7.82e-01
GZMB 0.169 5.76e-04 0.201 8.36e-05 0.02 7.85e-01 -0.07 3.44e-01

STAD, stomach adenocarcinoma; ESCA, esophageal carcinoma; tumor-associated macrophage; Th, T helper cell; Tfh, Follicular helper T cell; Treg, regulatory T cell; Cor, R value of Spearman’s
correlation; None, correlation without adjustment. Purity, correlation adjusted by purity. The bold values stands P<0.05.
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Hp-eradicated

Hp-eradicated

EGC group non-EGC group
(n = 133) (n = 107)

Kyoto gastritis total score 1(3-5) 3(1-4) 0001
GA 1(0-1) ‘ 1(0-1) 039 ‘
™ 2(12) ‘ 2(12) 0410 ‘
DR 1(1-2) ‘ 1(0-1) 0.364 ‘
EF 0(0-0) ‘ 0(0-0) 0204 ‘

GA, gastric atrophy; IM, intestinal metaplasia; DR, diffuse redness; EF, enlarged folds.
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ow expression of KIF23 (i

Pathologic T stage, n (%) 0.756

T1 10 (2.7%) 9 (2.5%)

T2 44 (12%) 36 (9.8%)

T3 84 (22.9%) 84 (22.9%)

T4 47 (12.8%) 53 (14.4%)

Pathologic N stage, n (%) 0.904

NO 58 (16.2%) 53 (14.8%)

N1 48 (13.4%) 49 (13.7%)

N2 35 (9.8%) 40 (11.2%)

N3 37 (10.4%) 37 (10.4%)

Pathologic M stage, n (%) 0.626

Mo 161 (45.4%) 169 (47.6%)

M1 14 (3.9%) 11 (3.1%)

Pathologic stage, n (%) 0.356

Stage 1 28 (8%) 25 (7.1%)

Stage 1T 59 (16.8%) 52 (14.8%)

Stage 111 75 (21.3%) 75 (21.3%)

Stage IV 14 (4%) 24 (6.8%)

Primary therapy outcome, n (%) 0.635

PD 30 (9.5%) 35 (11%)

SD 9 (2.8%) 8 (2.5%)

PR 1(0.3%) 3 (0.9%)

CR 120 (37.9%) 111 (35%)

Gender, n (%) 0.776

Female 65 (17.3%) 69 (18.4%)

Male 122 (32.5%) 119 (31.7%)

Age, n (%) 0.004

<=65 96 (25.9%) 68 (18.3%)

>65 89 (24%) 118 (31.8%)

Histological type, n (%) 0.006

Diffuse Type 42 (11.2%) 21 (5.6%)

Mucinous Type 13 (3.5%) 6 (1.6%)

Not Otherwise Specified 100 (26.7%) 107 (28.6%)

Papillary Type 2 (0.5%) 3 (0.8%)

Signet Ring Type 6 (1.6%) 5 (1.3%)

Tubular Type 24 (6.4%) 45 (12%)

Residual tumor, n (%) 0.777
I RO 154 (46.8%) 144 (43.8%)

R1 7 (2.1%) 8 (2.4%)

R2 7 (2.1%) 9 (2.7%)

H pylori infection, n (%) 0.030

No 61 (37.4%) 84 (51.5%)

Yes 13 (8%) 5(3.1%)

Histologic grade, n (%) 0.129

Gl 5 (1.4%) 5 (1.4%)

G2 59 (16.1%) 78 (21.3%)

G3 118 (32.2%) 101 (27.6%)
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With/without ECG

Multivariate analysis

95%Cl P-value

None/mild GA group 71/89 1
GA Moderate GA group 59/18 1.86 0.84-4.09 0.121
Severe GA group 9/0 - 3 0.999

IM group A 0/12 1
M IM group B 35/34 - - 0.998
IM group C 104/61 £ ] 0.998

None 0/42 1
DR Mild 70/55 - 3 0.997
Severe 69/10 - | ] 0.997

None 58/26 1

Map-like redness

Presence 81/81 121 0.55-2.64 0.632

GA, gastric atrophy; IM, intestinal metaplasia; DR, diffuse redness.
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Hp-eradicated Hp-eradicated

EGC group non-EGC group
133), n (%) (n = 107), n (%)
None/mild GA group 67 (50) 85 (79)
GA Moderate GA group 61 (46) 22 (21) <0.001
Severe GA group 5 (46) 0
IM group A 0 12 (11)
™ IM group B 35 (26) 34 (32) <0.001
IM group C 98 (74) 61 (57)
None 0 42 (39)
DR Mild 68 (51) 55 (51) <0.001
Severe 65 (49) 10 (10)
None 131 (99) 107 (100)
EF 0.504
Presence 2(1) 0
None 78 (59) 81 (76)
Map-like redness 0.005
Presence 55 (41) 26 (24)
None 97 (73) 85 (79)
Depressed erosion 0.24
Presence 36 (27) 22 (21)
None 113 (85) 98 (92)
Xanthoma 0.11
Presence 20 (15) 9(8)
None 114 (86) 82 (77)
Raised erosion 0.071
Presence 19 (14) 25(23)
None 63 (47) 46 (43)
Patchy redness 0.498
Presence 70 (53) 61 (57)
None 131 (99) 105 (99)
Fundic gland polyp 1
Presence 2(1) 2()
None 129 (97) 104 (97)
Multiple white and flat elevated lesions 1
Presence 4(3) 303)

GA, gastric atrophy; IM, intestinal metaplasia; DR, diffuse redness;

, enlarged folds.
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Hp-eradicated Hp-positive

EGC group EGC group
(n = 139), (n = 170),
n (%) n (%)
Low-grade neoplasia 75 (54) 81(48)
High-grade neoplasia 31 (22) 44 (26)
Histological type 0.439
Differentiated-type carcinoma 26 (19) 40 (23)
Undifferentiated-type carcinoma 7 (5) 5(3)
Mucosa 135 (97) 166 (98)
Depth of invasion 1
Submocosa 4 (3) 4(2)
= 132 (95) 168 (99)
Vascular invasion 0.096
+ 7 (5) 2(1)
Median Ki67 index (range) 45 (30-60) 50 (30-60) 0.329
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Hp-eradicated Hp-positive

EGC group EGC group
(n = 139), n (%) (n = 170), n (%)
Upper 13 (9) 5(3)
Tumor location Middle 10 (7) 44 (26) =0.001
Lower 116 (84) 121 (71)
:
‘ Median tumor size (range) (mm) 12 (10-20) 15 (11-20) =0.001
Reddish 73 (53) 104 (61)
Tumor color 0.031
Yellowish 57 (41) 47 (28)
Whitish 9(6) 19 (11)
1la 42 (30) 43 (25)
b 2(2) 3
Tlc 84 (60) 111 (65)
Tlc+Ia 0 1(0.5)
Morphology 0912
Tla+IIc 9(7) 10 (6)
Ta+lp 0(0) 1(0.5)
Is 1(0.7) 1(05)
Ip 1(07) 0
None 115 (83) 170 (100)
Gastritis-like appearance =0.001
Presence 24 (17) 0
Regular 7 (5) 0
MS Irregular 129 (93) 167 (98) 0.008
None 3(2) 302
Regular 6(4) 0
MV Irregular 132 (95) 170 (100) 0.003
None 1(0.7) 0
Distinct 7 (5) 0
Border 0.01
Indistinct 132 (95) 170 (100)

MS, microstructure; MV, microvascular.
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Hp-eradicated

EGC group
(n = 133), n (%)

Hp-positive
EGC group
(n = 158), n (%)

Female 58 (44) 43 (27)
Sex 0.003
Male 75 (56) 115 (73)
Median age (range) (year) 60 (59-61) 61 (59-62) 0.369
111 (83) 144 (91)
Family history of EGC 0.047
+ 22 (17) 14 (9)
100 (75) 96 (61)
Drinking 0.009
+ 33 (25) 62 (39)
93 (70) 84 (53)
Smoking 0.004
+ 40 (30) 74 (47)
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457 Patients with early gastric tumor treated by ESD

241 Hp-negative EGC group

216 Hp-positive EGC group

Excluded
38 Unclear or without eradication
history Excluded

47 EGC was resected within lyear 51 Eradication history
after Hp eradication 7 History of gastric surgery
10 History of gastric surgery

13 Lack of distinct and complete
endoscopic images

133 Patients (139 lesions) in the
Hp-eradication EGC group

158 Patients (170 lesions) in the
Hp- positive EGC group
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GA, gastric atrophy; IM, intestinal metaplasia; DR, diffuse redness; RAC, regular arrangement
of collecting venules; EF, enlarged folds.
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A

The pathology Fifth cycle chemotherapy with Seventh and eighth cycle
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immunohistochemical  Smaller lesions bleomycin chemotherapy with etoposide M hvernconoy
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Hematological

Absolute neutrophil count (ANC)
leucocytes

Thrombocytes

Hemoglobin

Renal: Measured or calculated”
creatinine clearance (CrCl)

Hepatic

Total bilirubin

AST (SGOT) and ALT (SGPT)
Coagulation

International normalized ratio
(INR) OR prothrombin time (PT)
and activated partial thromboplastin
time (aPTT)

> 1500/uL
> 3000/uL
> 100000/uL

> 9.0 g/dL or = 5.6 mmol/L*

2 50 mL/min

< 1.5 x ULN OR direct bilirubin < ULN
for participants with total bilirubin
levels > 1.5 x ULN

<2.5x ULN

< 1.5 x ULN unless participant is
receiving anticoagulant therapy as long
as PT or aPTT is within therapeutic
range of intended use of anticoagulants

ALT (SGPT), alanine aminotransferase (serum glutamic pyruvic transaminase); AST (SGOT),
aspartate aminotransferase (serum glutamic oxaloacetic transaminase); GFR, glomerular

filtration rate; ULN, upper limit of normal.

“Criteria must be met without erythropoietin dependency and without packed red blood cell

(pRBC) transfusion within the past 2 weeks.

"CrCl should be calculated per institutional standard.
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Perioperative chemo-immunotherapy phase (8 weeks pre- and 8 weeks post-surgery):

Pembrolizumab 30 min 1V infusion
200 mg d1, d22, d43
90 min 1V infusion
Trastuzumab 30 min 1V infusion d1
8 mg/kg (loading dose) d22, d43
6 mg/kg
1V infusion
2h 1V infusion
1h 1V infusion
24h 1V infusion d1, d15, d29, d43
FLOT: 1h
Oxaliplatin
Folinic Acid** 85 mg/m?
5-FU**
Docetaxel 200 mg/m*
2600 mg/m? *
85 mg/m*

Post-chemotherapy phase (for up to 33 weeks/11 cycles):

Pembrolizumab 200 mg 30 min 1V infusion d1 of each 3-week cycle
Trastuzumab 6 mg/kg 30 min 1V infusion d1 of each 3-week cycle

*Therapy can also be administered over 2 days with pembrolizumab/trastuzumab on first day and FLOT on following day at time points where combination is planned. Infusion rates of
chemotherapeutical components might be modified according to local standards.

**Folinic acid can be administered according to local standards (product and dosing).

***Dosage in dihydropyrimidine dehydrogenase (DPD) mutation carriers with a CPIC activity score of 1.0-1.5 should be reduced by 50%.
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Tumor assessment
d-28 (+3)

= = = = o until relapse, death
e § Q3M (+ 7d) SE#S Q3M (£ 7d) S, asm(z7d) KR o ond of follow- up

until
| death or
end of
follow up

dl d8 d15 d22 d29 d36 d43 dl d8 d15 d22 d29 d36 d43 d50 d57 d64
pre-operative post-operative post-operative immunotherapy
chemo-immunotherapy chemo-immunotherapy (up to 11 cycles/33 weeks of treatment)
u— Pembrolizumab (200 mg), Q3W d—day w — week
- Trastuzumab (8 mg/kg loading dose d1, 6 mg/kg maintenance dose), Q3W Q2/3W —every 2/3 weeks
m- FLOT (85 mg/m? oxaliplatin, 200 mg/m? folinic acid, 2600 mg/m? 5-FU, 85 mg/m? docetaxel), Q2W Q3M - every 3 months

*Pembrolizumab should preferably always be adminstrated first; on days with antibody and FLOT administration, application must start with the antibodies
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IHC

Degree of inflammation Detection methods
Positive Negative
Positive 4 3
H&E 0.196 0.033
Negative 16 60
Positive 13 1
Methylene Blue 0.706 <0.001
Negative 7 62
Mild chronic gastritis 1
Positive 14 2
W-S§ 0.717 <0.001
Negative 6 61
Positive 20 1
QDs-THC 0.968 <0.001
Negative 0 62
Positive 46 5
H&E 0.356 <0.001
Negative 24 19
Positive 58 2
Methylene Blue ' 0.655 <0.001
Negative 12 22
Moderate chronic gastritis
Positive 62 2
W-S 0.741 <0.001
Negative 8 22
Positive 68 0
QDs-IHC I 0.946 <0.001
Negative 2 24
Positive 35 2
H&E 0.271 0.037
Negative 8 3
Positive 39 2
Methylene Blue 0.431 0.002
Negative 4 3
Severe chronic gastritis T
Positive 40 1
W-§ T 0.621 <0.001
Negative 3 4
Positive 43 0
QDs-THC 1 <0.001
Negative 0 5
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1° endpoint: pCR rate and DFS
2° endpoint: feasibility, toxicity, DFS,
RO resection, OS

Localized FLOT (8 wks)+ FLOT (8 wks)+ Trastuzumab/
esophago-gastric Trastuzumab+ Trastuzumab+ Pembrolizumab
adenocarcinoma Pembrolizumab Pembrolizumab (33 wks)

cT2-4 or any N+ MO (9 wks) [CATLS)
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Detection methods

Positive Negative

Positive 85 10

H&E 0.499 <0.001
Negative 48 82
Positive 110 5

Methylene Blue 0.750 <0.001
Negative 23 87
Positive 116 5

W-§ 0.802 <0.001
Negative 17 87
Positive 131 1

QDs-IHC 0.972 <0.001
Negative 2 91
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Train Set Validation set
ACC

Our mode 0.98

ACC, accuracy; SEN, sensitivity; SPE, specificity.
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Train set

Validation set
(n=68)

P-value

(n=273)
Age(years), (mean+SD) 66.02 + 10.06
Sex, n(%)
male 203(74.36)
female 70(25.64)

Gastric Cancer Staging, n(%)
EGC 97(35.53)

AGC 176(64.47)

65.53 + 10.62

50(73.53)

18(26.47)

27(39.71)

41(60.29)

0.832

0.612

0.357
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True Positive Rate

1.0

0.8

0.6

0.4

0.2

0.0

Recelver operating characteristic example

’ —— Train(AUC = 0.98)
- Test(AUC = 0.96)

T T T g 3
0.0 0.2 0.4 0.6 0.8 1.0
False Positive Rate
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Control

Variables n = 2429

Age, year 53.6 £13.2 65.6 + 10.9 51.7 £ 12.5 < 0.001
Sex, male, n (%) 1227 (43.5) 238 (60.6) 989 (40.7) <0.001
Marital status 0.503
Single/divorced 127 (4.5) 20 (5.1) 107 (4.4)

Married 2542 (90.1) 356 (90.6) 2186 (90)

Others 153 (5.4) 17 (4.3) 136 (5.6)

Weight, kg 67.1 £12.3 68.1 + 11.4 67.0 £ 124 0.101
Smoking status, n (%) 0.002
Non-smoker 1791 (63.5) 265 (67.4) 1526 (62.8)

Current smoker 103 (3.6) 25 (6.4) 78 (3.2)

Ex-smoker 23 (0.8) 3(0.8) 20 (0.8)

NA 905 (32.1) 100 (25.4) 805 (33.1)

Drinking status, n (%) 0.091
Non-drinker 1780 (63.1) 267 (67.9) 1513 (62.3)

Current drinker 132 (47) 8 (4.6) 114 (4.7)

Ex-drinker 15 (0.5) 3(0.8) 12 (0.5)

NA 895 (31.7) 105 (26.7) 790 (32.5)

Family history, n (%)

Colorectal cancer 24 (0.9) 3(0.8) 21 (0.9) 1
Digestive system malignancy 117 (4.1) 15 (3.8) 102 (4.2) 0.724
Lp(a), mg/L 146.0 (79.2, 300.0) 198.0 (100.0, 384.0) 138.0 (77.0, 290.0) < 0.001
HDL, mmol/L 13£0.3 1303 1403 < 0.001
LDL, mmol/L 29+07 28+0.7 2907 0.064
TC, mmol/L 49 +1.0 48 £1.0 50+ 1.0 0.003
TG, mmol/L 1.3 (0.9, 1.9) 1.3 (0.9, 1.7) 1.3 (0.9, 1.9) 0.521
Apo Al, g/L 13£0.3 1203 13+03 < 0.001
Apo B, g/L 1.0+£03 10+02 1.0+03 0.805
TP, g/L 715 +55 69.4 £ 6.0 71.8£53 < 0.001
ALB, g/L 439 +3.8 419 £4.2 44.3 +3.7 < 0.001
ALT, U/L 17.0 (12,0, 25.0) 14.0 (10.5, 18.0) 17.0 (13.0, 26.0) <0.001
GGT, U/L 19.0 (14.0, 28.0) 19.0 (15.0, 29.0) 19.0 (14.0, 28.0) 0.227
ALP, U/L 76.9 £29.7 88.5 + 483 75.0 £25.0 < 0.001
AST, U/L 19.0 (16.0, 24.0) 18.0 (15.0, 21.0) 20.0 (16.4, 24.0) < 0.001
ChE, U/L 8774.0 £ 2005.6 75332 + 18785 8974.8 £ 1953.0 < 0.001
CREA, umol/L 64.2 +20.0 69.7 + 31.6 63.3 +17.3 < 0.001
Urea, mmol/L 48+ 1.5 5118 47+£15 < 0.001
UA, pmol/L 303.0 +93.4 303.7 + 87.8 302.8 + 94.3 0.862
GLU, mmol/L 6.0 £2.0 67 £27 59+18 < 0.001
TBIL, pmol/L 12,6 (9.8, 16.4) 11.8 (8.5, 15.0) 12.7 (10.0, 16.6) < 0.001
DBIL, umol/L 2.7 (2.0, 3.8) 2.8 (2.0,3.8) 2.7 (2.0,3.8) 0.217
$2-MG, mg/L 1.5 (1.3, 1.9) 20 (16, 2.5) 1.5(12, 1.8) <0.001
TBA, pmol/L 2.5 (1.4, 4.4) 3.1(16,5.1) 2.5 (1.4, 4.3) <0.001
Co-morbidities, n (%)

Hypertension 730 (25.9) 151 (38.4) 579 (23.8) < 0.001
Ischemic cerebrovascular disease 338 (12.0) 52(13.2) 286 (11.8) 0.409
CHD 358 (12.7) 51 (13) 307 (12.6) 0.852
HLP 301 (10.7) 18 (4.6) 283 (11.7) <0.001
Liver disease 326 (11.6) 23 (5.9) 303 (12.5) < 0.001
DM 321 (11.4) 71 (18.1) 250 (10.3) <0.001

Data are presented mean + SD, median (quartile 1-quartile 3), or N (%). Bold values indicate statistical significance.
Lp(a), lipoprotein(a); HDL, high-density lipoprotein; LDL, low-density lipoprotein; TC, total cholesterol; TG, triglyceride; Apo A1, apoprotein Al; Apo B, apolipoprotein B; TP, total protein;
ALB, albumin; ALT, alanine aminotransferase; GGT, gamma-glutamyl transferase; ALP, alkaline phosphatase; AST, aspartate aminotransferase; ChE, cholinesterase; CREA, creatinine; UA, uric
acid; GLU, glucose; TBIL, total bilirubin; DBIL, direct bilirubin; B2-MG, B2-microglobulin; TBA, total bile acid; CHD, coronary heart disease; HLP, hyperlipidemia; DM, diabetes mellitus; NA,

not recorded.
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Crude model Model | Model Il Model Il

JAIRE OR (95%Cl)  Pvalue OR (95%Cl) Pvalue OR (95%Cl) Pvalue OR(95%Cl) P value
LP(a), per 100 mg/L | 393/2822 112 (1.07~1.16) <0.001 1.1 (1.05~1.15) <0.001 1.11 (1.06~1.16) <0.001 1.08 (1.03~1.13) 0.002
LP(a) quartile, mg/L

Ql (<79.6) ‘ 64/706 1(Reference) | 1(Reference) [ 1(Reference) | 1(Reference) |

Q2 (79.6-145.0) 88/704 1.43 (1.02~2.01) 0.038 1.42 (0.98~2.08) 0.066 1.48 (1.01~2.17) 0.044 141 (0.95~2.09) 0.09
Q3 (146.0-299.0) 108/699 1.83 (1.32~2.55) <0.001 1.6 (1.11~2.31) 0.012 1.66 (1.14~2.41) 0.008 1.54 (1.04~2.27) 0.025
Q4 (2300.0) 133/713 2.3 (1.67~3.16) <0.001 2.09 (1.46~2.99) <0.001 2.19 (1.52~3.15) <0.001 1.84 (1.25~2.7) 0.002
P for trend <0.001 <0.001 <0.001 0.002

Q, quartile; OR, odds ratio; CI, confidence interval; Lp(a), lipoprotein(a); ALB, albumin; ALT, alanine aminotransferase; B2-MG, B2-microglobulin; HDL, high-density lipoprotein; TC, total
cholesterol; DM, diabetes mellitus; CRC, colorectal cancer.

Crude model: no other covariates were adjusted.

Model I: adjusted for sex and age.

Model 1I: adjusted for Model I + weight, marital status, family history of CRC, drinking status, and smoking status.

Model 11I: adjusted for Model II + ALB, ALT, B2-MG, HDL, TC, hypertension, and DM.
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Esophageal ESD between 2013 and 2021 (n=1809)

leiomyoma (n=206)

gastrointestinal stromal tumors(n=97)

=852 Inflammatory and cyst (n=26)

low-grade intraepithelial neoplasia(n=274)

deep submucosal (>SM1) invasion lesions(n=51)

Combined with early gastric cancer (n=41)
previous ESD(n=108) surgery(n=15)

no endoscopic images or pathology reports(n=36)

Lost to follow up (n=44)

Eligible for the study (n=911)

l

Solitary early Esophageal synchronous multiple esophageal
Cancers(n=824) cancers (n=87)
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Models

Laboratory parameter model

Clinical model

Imaging model

Nomogram (clinical + imaiging)

Laboratory parameter model

Clinical model

External validation cohort

Imaging model

Nomogram (clinical + imaiging)

AUC, area under the curve; Cl, confidence interval.

AUC

0706 (95% CI:
0.607-0.804)

0903 (95% CI:

0.845-0.961)

0978 (95% CIL
0.957-0.997)

0982 (95% CI:

0.959-1.000)

0.647 (95% CI:

0.477-0.812)

0761 (95% CI:

0.608-0.914)

0897 (95% CI:

0.834-0.995)

0921 (95% CIL
0.838-1.000)

Accuracy

0719

0.860

0926

0912

0.698

0791

0.860

0.860

0899

0913

0942

0750

0917

0875

0792
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Parameter Training cohort (Center 1)

PIL CD Logistic
)} (n =52) regression
analysis
p- AU
value
Intestinal wall 17441376, 974(731,
00004 0887
thickness (mm) 25.62) 1235)
Aneurysmal
28(40.6) 409 0000% 0664
dilation (%)
Comb sign (%) 14(203) 45(86.5) 00005 0831
Mild
61(88.4) 37(71.2) 0.020% 0586
enhancement
Moderate
7(10.1) 14(269) 0.020% 0.584
enhancement
Severe
104) 1019) 0840 0502
reinforcement
Layered or
mucosal 10(145) 10(769) 0000¢ 0812
enhancement
Non-enhanced
40244755 39532609 0575 0534
phase CT value
Arterial phase CT
607131244 657451310 0037% 0594
value
Intravenous phase
68411199 | 7402+1271  0018*  0624°

CT value

*p <0.05; #AUC 2 0.6; AUC, area under the curve; PIL, primary intestinal lymphoma; CD,
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Parameter Training cohort (Center 1)

PIL CD Logistic
(n=69) (n =52) regression
analysis
p- AU
value
Hemoglobin
1196421955 | 108732524 001F 0,632
(g/L)
29400 (23100, | 32750 (26425,
Platelet (10°/L) 0013+ 0.628°
344.50) 475.25)
Lymphocyte
absolute value 144(102,194) | 144 (108,201) 0868 0529
o)
Neutrophil cell
absolutevalue | 432(3.18,523) | 499(344,725) | 0019* 0602
(0’71
Eosinophil
absolutevalue 0,06 (0.03,0.15) | 0.07(0.03,015) 0416 0512
o)
Albumin (g/L) 36674525 3418£540 0014F 0616
Creactive 17.14 (653, 2831 (656,
0013 059
protein (mg/L) 3562) 60.12)
“p < 0.05; #AUC 2 0.6; AUC, area under the curve; PIL, primary intestinal lymphoma; CD,

Crohns disease.
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Parameter Training cohort (Center 1)

PIL CD Logistic
(n =69) (n=52) regression
analysis
p- AU
value
Gender (male/ 5072319 30(57.7)22
0091 0574
female) (%) (275 (42.3)
Age of onset
525041908 | 44.96:18.67  0032*  0620°
(year)
Time from onset
12,00 2,25,
to diagnosis 200 (100, 6.00) 0002¢ 0.768"
36.00)
(month)
Abdominal pain
60 (87.0) 45 (86.5) 0946 0502
(%)
Bloating (%) 2739.1) 17(327) 0.467 0591
Bloody stool (%) 8(116) 12230 0.098 0557
Increased
frequency of 5(7.2) 32(615) 0000% 0771
stools (%)
Abdominal mass
17(246) 109) 0007% 0614
(%)
Tenesmus (%) 4638) 6(115) 0.265 0529
Weight loss (%) 25(36.2) 30(57.7) 0020% 0607

*p <0.05; #AUC 2 0.6; AUC, area under the curve; PIL, primary intestinal lymphoma; CD,
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Neoadjuvant therapy
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Characteristics

Age

Pathologic stage

Survival Time

OS status

Training Group (N=295)

Validation Group (N=295)

\[0X % \[0X %
Female 135 45.76% 134 45.42%
Male 160 54.24% 161 54.58%
<67 (Median) 147 49.83% 149 50.51%
>67 (Median) 148 50.17% 146 49.49%
1 50 16.95% 53 17.97%
1 107 36.27% 106 35.93%
it 86 29.15% 84 28.47%
v 43 14.58% 42 14.24%
Unknown 9 3.05% 10 3.39%
T1 10 3.39% 11 3.73%
T2 50 16.95% 53 17.97%
T3 208 70.51% 194 65.76%
T4 27 9.15% 36 12.20%
Unknown 0 0.00% 1 0.34%
NO 171 57.97% 166 56.27%
N1 77 26.10% 68 23.05%
N2 47 15.93% 61 20.68%
MO 218 73.90% 221 74.92%
M1 43 14.58% 41 13.90%
Mx 29 9.83% 29 9.83%
Unknown 5 1.69% 4 1.36%
Long (>5 years) 25 8.47% 23 7.80%
Short (<5 years) 270 91.53% 272 92.20%
Dead 54 18.31% 68 23.05%
Alive 241 81.69% 227 76.95%
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cycle of WBC Neutrophil LYMPH MONO MONO?% RBC HB

therapy (10A9/L) (10A9/L) 0A9/L) (10A9/L) (VA) (1079/L) (g/L)
Pre Post Post Pre Pre Post Pre Post Pre Post Pre Post
1 911 653 7.6 571 127 | 066 | 061 0.1 67 15 298 | 347 69 94 239 181
2 653 342 179 278 | 143 215 | 017 009 49 17 372 358 | 106 102 184 307
3 447 1018 194 63 195 351 044 » 031 99 3 381 385 | 118 122 198 251
4 | 318 7.09  0.88 309 | 176 | 362 | 045 027 141 3.8 375 | 397 | 122 130 116 183
5 3.65 7.67 1.29 3.87 191 34 0.34 035 93 4.6 as3 4 p L 132 119 185
6 471 7.38 229 4.37 1.67 242 0.53 0.49 & B 6.6 3.46 347 112 113 78 264
7 741 507 | 576 383 | 116 | 102 | 041 016 56 32 322 | 31 104 100 86 210
8 5.08 38 3.83 6.47 0.58 0.48 0.62 022 123 31 3.02 252 95 81 115 122

Pre, pre-treatment; Post, post-treatment; WBC, white blood cell count; Neutrophil, neutrophil count; Lymph, lymphocyte count; Mono, monocyte count; Mono%, percentage of monocyte; RBC,
red blood cell count; HB, hemoglobin; PLT, platelet count.
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Disability rate (95% Cl)

5 Years 9 Years Median year (95% Cl) aHR* (95% Cl) p-value'
Colorectal cancer 027 (0.2-0.28) 037 (0.36-0.38) 0.54 (0.53-0.56) ‘ 7.92 (7.58-8.33) 1.07 (1.02-1.13)
Non-cancer 0.21 (0.20-0.22) 0.32 (0.31-0.33) 0.48 (0.46-0.49) ‘ >9 years’ <0.01

“aHR: Adjusted hazard ratio was estimated by adjusting age, sex, race, income, education, and baseline comorbidity.
‘fLog-rank test p-value.

# The median time to develop disability status was longer than the 9 years of study follow-up due to the fact that only 48% of non-cancer subjects developed poor disability status by the end of
extracted follow-up time.
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No. (%)

Colorectal

cancer Non-cancer
group (N group
= 13,225) (N = 13,225)

Variable

p-value*

Age at index date, years

Mean (SD) 75.6 (6.92) 75.6 (6.92) 1.000
<70 3700 (27.98%) 3700 (27.98%) 1.000
71-75 3327 (25.16%) 3327 (25.16%)

76-80 2889 (21.84%) 2889 (21.84%)
>80 3309 (25.02%) 3309 (25.02%)

Sex 1.000
Male 6429 (48.61%) 6429 (48.61%)

Female 6796 (51.39%) 6796 (51.39%)

ermicity B
Hispanic 432 (3.27%) 682 (5.16%)

White 11529 (87.18%) 11293 (85.39%)
Black 964 (7.29%) 846 (6.40%)
Other 285 (2.16%) 383 (2.90%)
Unknown 15 (0.11%) 21 (0.16%)
7 Income® 7 <0.001
Q1 (low) ‘ 3335 (26.62%) 3394 (26.53%)
Q2 3109 (24.81%) 2915 (22.78%)
Q3 2992 (23.88%) 2995 (23.41%)
Q4 (high) 3093 (24.69%) 3491 (27.28%)

Education® <0.001
Q1 (low) ‘ 3767 (30.03%) 3639 (28.37%)

Q2 3347 (26.68%) 3055 (23.82%)
Q3 2613 (20.83%) 2741 (21.37%)
Q4 (high) 2817 (22.46%) 3390 (26.43%)

Charlson

comorbidity

index
Mean (SD) 0.8 (1.23) 0.3 (0.84) <0.001
No 7153 (54.09%) 11046 (83.52%) <0.001
At least 1 6072 (45.91%) 2179 (16.48%)

¥ Medicare race.

Quartile was based on the distribution of all covered zip codes. There were some patients
without data.

¥ Chi-square test was applied for categorical variable, and t-test was applied for
continuous variable.
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Category

Colorectal cancer

027 (0.27-0.28)

Disability Rate (95% CI)

5 years

0.37 (0.36-0.38)

054 (0.53-0.56)

Age at diagnosis, years <0.001
<70 0.15 (0.14-0.17) 0.22 (0.21-0.24) 0.36 (0.33-0.39)
71-75 021 (0.19-0.22) 0.30 (0.28-0.32) 0.47 (0.43-0.50)
76-80 030 (0.28-0.32) 0.40 (0.38-0.42) 0.63 (0.59-0.66)
>80 046 (0.44-0.47) 0.59 (0.57-0.61) 0.78 (0.75-0.81)
Sex ‘ <0.001
Male 022 (0.21-0.23) 0.30 (0.29-0.32) 0.46 (0.44-0.49)
Female 033 (0.32-0.34) 0.43 (0.42-0.45) 0.61 (0.59-0.63)
Race/ethnicity* ‘ <0.001
Hispanic 034 (0.32-0.37) 0.45 (0.42-0.47) 0.61 (0.56-0.65)
White 0.26 (0.25-0.27) 0.35 (0.34-0.36) 0.53 (0.51-0.55)
Black 033 (0.30-0.37) 0.43 (0.39-0.47) 0.60 (0.53-0.66)
Other 029 (0.23-0.34) 0.33 (0.27-0.40) 0.54 (0.43-0.66)
Histologic stage® <0.001
In situ 021 (0.17-0.25) 0.28 (0.24-0.33) 0.45 (0.38-0.53)
Localized 023 (0.22-0.24) 0.33 (0.31-0.34) 0.51 (0.49-0.53)
Regional 030 (0.29-0.32) 0.40 (0.39-0.42) 0.57 (0.54-0.60)
Distant 0.40 (0.37-0.43) 0.54 (0.49-0.58) 0.68 (0.61-0.75)
AJCC stage (6th edition)’ <0.001
Stage 0 021 (0.18-0.24) 0.30 (0.26-0.33) 0.46 (0.41-0.51)
Stage I 021 (0.19-0.22) 0.30 (0.28-0.32) 0.49 (0.46-0.52)
Stage 11 028 (0.26-0.30) 0.38 (0.36-0.40) 0.56 (0.53-0.59)
Stage 111 031 (0.29-0.32) 0.40 (0.38-0.43) 0.57 (0.53-0.60)
Stage IV 040 (0.36-0.43) 0.56 (0.51-0.61) 0.67 (0.59-0.74)
Charlson <0.001
comorbidity index
No 021 (0.20-0.22) 0.30 (0.29-0.31) 0.46 (0.44-0.48)
At least 1 035 (0.33-0.36) 0.46 (0.45-0.48) 0.66 (0.63-0.68)
Surgery <0.001
No 037 (0.34-0.40) 0.47 (0.44-0.51) 0.58 (0.53-0.63)
Yes 027 (0.26-0.27) 0.36 (0.35-0.37) 0.54 (0.52-0.56)
Radiation 0.364
No 027 (0.26-0.28) 0.37 (0.36-0.38) 0.54 (0.53-0.56)
Yes 028 (0.26-0.31) 0.39 (0.36-0.41) 0.54 (0.50-0.58)
Chemotherapy 0.001
No 028 (0.27-0.29) 0.38 (0.37-0.39) 0.56 (0.54-0.58)
Yes 0.26 (0.25-0.28) 0.35 (0.33-0.37) 0.51 (0.48-0.54)

* Origin recode NHIA was applied to define the Hispanic group.
¢ Patients with un-staged were not included.





OPS/images/fonc.2023.1201297/fonc-13-1201297-g005.jpg
pralue Hazard ratio
P 0014 1173(1.03-1332)
cste 0003 1.205(1.085-1.364)
coBS <0001 1320(113-1532)
ELANE 0016 1267(1045-15%)
APOCI 00 118701017-1316)
uPo 0027 1.350(1.0351.760)
0.0 05 10 15
Hazard ratio
Risk S Hign risk 2 Low risk
1.00
075
8
g
2
a 0.50
©
g
g 025
@ p<0.001
0.00
0 1 2 3 4 5 6 7 8 9 10
Time(years)
gHonrsk]1es 105 35 17 8 6 2 1 1 1 1
o Lowrisk{186 122 65 30 15 8 5 2 2 0
5 1 5 3 4 5 & 7 8 & 1
Time(years)
2.
Risk
o
Z o o high
g
2 o ow
20,

I Likelinood Deviance.

P

135

130

125

120

00

6666666 65655655555 21 6 6 5 s 5 T e Highrisk
- e Lowrisk
i 54 5 -
i 3
| -
H H 5
H e 39 o 100 200
i Patients (ncreasing sk soce)
i S 2 e Deag .
i o Alve
3 H - .
T T T T T ¥ T T T T T L | l o
El - = - Y El - = - K . .
Loat) Log Lambda 1 -

0.8 1.0

0.6

0.4

0.2

—— AUC(1 years): 0.763
. ~—— AUC(3 years): 0.746
* —— AUC(5 years): 0.783
T T T T
0.4 06 0.8

0.0

1.0

1-Specificity

g
7]
o
o
o
=
@
@
2
o

0.0 0.2

0.4

06 08 1.0

Nomogram-predicted OS (%)

T
Xy
o 200

Patients (increasing risk socre)

® high ® low

3 o
-4 S
4
PC1
Points.
610 20 3 B TR TET 70 8 % 100
Grade i
o 26
Gender
!_'_lns
! g g §
™
02 07 05
g
riske !
5 .
E
Ager :( ~ i;r/\; ~
Total points
Eoa 350 750 E=—)
x 0.39,
Pf(luﬂme>5b7 00750002

Pr( tutime > 3

0.545,
07 Yo5 03 015 006 00150002

X 0,828,
Pr futime > 1d g7——g5—; A - i S— T

A TON PR






OPS/images/fonc.2023.1282042/fonc-13-1282042-g007.jpg
Points

Age

Tumor_maximum_diameter

Lymphocyte

CEA

Gender

Nerve_or_vascular_invasion

TNMstage

Gastrectomy

Total Points

Pr(Result=Survival)

25 30 35 40 45 S0 S5 60 65 70 75 80 8 90

048 14 2

4 35 3 25 2 1.5 1 05

e e A N B S S e ey
0 20 40 60 80 120 160 200

Male
‘_J
Female
Yes
—mm
No

] v
(—l—'—l

Total
'_—l
Partial

0 20 40 60 80 100 120 140 160 180 200 220

0.1 0.5 0.9





OPS/images/fonc.2023.1201297/fonc-13-1201297-g006.jpg
Risk score

Survival time (years)

11

08 09 10

07

® High risk
Low Risk

Patients (increasing risk socre)

PC3

Risk == High risk == Low risk

p=0.007

1.00
Z o
H
©
Qa
[
a 0.50
©
=3
=
(?J 0.25
0.00
0
j High risk
14
0

243 167 118 80 48 1
Low risk{ 190 148 111 87 39 2

1

® high ® low

2 3
Time(years)

2 3
Time(years)

)

5

Sensitivity

tSNE2

0.8 1.0

0.6

~—— AUC at 1 years: 0.584
—— AUC at 3 years: 0.632
—— AUC at 5 years: 0.741

0.4 0.6

1-Specificity

204

0.8 1.0

Risk
® high

o low





OPS/images/fonc.2023.1201297/fonc-13-1201297-g007.jpg
Age

iskScore.

iskScore.

pralue

<0001

0123

0099

0007

0001

pralve

<0001

<0001

<0001

0108

Hazard ato :

h

i
1.035(1.016-1.085) .

1

\
121109501 544) -

h

|
1.755(0.899-3.426) [

|

|
12001 055-1.490) -

\

|

|

5.946(2.039-17.337)

2 4 8 16 32

Hazard ratio
Hazardrato [
'
'
'
1.022(1.006-1.034) "
'
'
'
1,586(1.252-2.035) [y
'
'
1.54401.515-1.813) !
2281(0835-6.200) [ —
S S e —]
05 1 - 4 8

Hazard ratio

Age

Gender

Grace

riskScore

Age

Gender

riskScore.

pralve

0.008

0086

0115

0042

0030

<0001

<0.001

pralve

0002

o141

<0.001

<0.001

0013

Hazard ratio

1.025(1.007-1.043)

1.446(0.991-2.112)

1315(0.935-1850)

1257(1.008-1.562)

1.936(1.067-3.514)

1331(1137-1558)

9.432(3.495-25 450)

Hazard ratio

1.020(1007-1032)

1.256(0.928-1700)

1740(1378-2.198)

1676(1.429-1.967)

3220(1276-8.172)

2 4 8 18 3
Hazard ratio

¢
-

HH

—t
05 - 4 16

Hazard ratio

il H\l'\,

[T

AFP F

-
Grade
3
csTe
1
Gender
1
0
ceBs
low
ign
ELANE





OPS/images/fonc.2023.1201297/fonc-13-1201297-g008.jpg
carbon-nitrogen ligase activity, with glutamine as amido-N-donor
hydrolase activity, acting on carbon-nitrogen (but not pepide) bonds, in linear amidines:
organic acid binding

oxidoreductase activiy, acting on the CH-NH group of donors, NAD or NADP as acceptor

e °
e S e S
D Description
Proximal tubule bicarbonate reclamation - ~ hsa00250 Alanine, aspartate and glutamate metabolism
Ferroptosis - / hsa00220 Arginine biosynthesis
IS hsa00330 Arginine and proline metabolism
Nitrogen metabolism - 8 o ) Lz
qualue 3 hsa01230 Biosynthesis of amino acids
: 3
GABAergic synapse _ 2 \ 0 hsa04964  Proximal tubule bicarbonate reclamation
001 .
T——— . iz —
o2 058 ¢ hsa00910 Nitrogen metabolism
———— o s :
008 & hsa04727 GABAergic synapse
Glutamatergic synapse - ® % oos® hsa00270 Cysteine and methionine metabolism
“
Carbon metabolism o hsa01240 Biosynthesis of cofactors
2poes, ¥
Pyrimidine metabolism -
2-Oxocarboxylic acid metabolism
Histidine metabolism{ - -score ioge
Butanoate metabolism T ¢ covvesusted @ upreguiated
docreasing increasing
Nucleotide metabolism | -
[ 5 10 15
glutamine family amino acid metabolic process | EEG_—_—
alpha-amino acid metabolic process- [ NG
cellular amino acid metabolic process | [ NG
glutamate metaboic process- N
glutamine metabolic process{ [N o
glutamine family amino acid catabolic process{ [ >
glutamine family amino acid biosynthetic process-| [l
cellular amino acid biosynthetic process { [N
dicarboxylic acid metabolic process | [ 90@ D Description
2
alpha-amino acid biosynthetic process-| [ § o GO:0009064  glutamine family amino acid metabolic process
mitochondrial matrix: - o 8 G0:1901605 alpha-amino acid metabolic process
neuron projection terminus: l ‘ﬁ ‘ g GO0:0006520 cellular amino acid metabolic process
peroxisomal matric- | e 2 ( ) g G0:0006536 glutamate metabolic process
20
microbody lumen- | 8 \ / = G0:0006541 glutamine metabolic process
00s
photoreceptor inner segment{ | 3 o GO0:0009065  glutamine family amino acid catabolic process.
miochondralimer membrane l o015 G0:0009084  glutamine family amino acid biosynthetic process
caveola
Gasoibierdi i " l 020 GO0:0008652 cellular amino acid biosynthetic process
asolateral plasma membrane
G0:0043648 dicarboxylic acid metabolic process
autolysosome | |
basal plasma membrane- [| G0:1901607 alpha-amino acid biosynthetic process
amino acid binding | [l
ligase activiy, forming carbon-nitrogen bonds{ [l
carboxylic acid binding { [l logFC 2z-score
tigase sctivty{ [ © downreguiated @ upreguiated (N
hydrolase activity, acting on carbon-nitrogen (but not peptice) bonds { [l o decreasing increasing

hydrolase activity, acting on carbon-nitrogen (but not peptide) bonds, in inear amides

=
N,
3
&





OPS/images/fonc.2023.1201297/fonc-13-1201297-g001.jpg
Age

Survival

Clinical Correlatioon Tumor and normal Clinical correlation analysis

Biotype

1Id Translation

Glutamine Metabolism Genes
GInMgs

Mutation Rates

Differential Expressions SNP Analysis

CNV Analysis

The development of a risk signature in the TCGA cohort

Model
The risk model was validated in the GEO cohort

Gene Expression

Stomach Adenocarcinoma

Univariate Analysis
Risk Assessment Independent Prognostic Value

Mul te An

ROC

Model Accuracy Verification PCA

RiskPlot
GO Analysis
Functional Enrichment Analyses

KEGG Analysis

GSEA Analysis

ssGSEA Analysis

Immune Cell Infiltration
Immune function scores

Immune Function

Immune Checkpoint

Tumor Microenvironment (TME)

Genetic modification





OPS/images/fonc.2023.1201297/fonc-13-1201297-g002.jpg
==~y

PR
=

D
3

i

Uy

=
=

== = —— — ==&
——.= —

=

N\«}«. :

Dh
\.~&v¢.~r xv. [ 4>

= =
—_— = =
e

== = e e = - —
= =

, ——=

9 - = 2

ssssss
SSSSSS
AAAAA

3

%%%%%%%%

]






OPS/images/fonc.2023.1201297/fonc-13-1201297-g003.jpg
<0001 - p=0021 p=0.004 . p=0.048

— i=
; 2a
- - - g -
uuuuuuuu ey - — —
o
P00 p=0.002 36430-0. 0001

LRk

| o R
i

1Tl = = 1
‘ ‘lwl i( i (w‘ “\‘ | “ o ZT

“} (i
\i\ |
L AR SRR
=702) ey | g o] fose

m

\HM






OPS/images/fonc.2023.1201297/fonc-13-1201297-g004.jpg
f————a =
— E =

e e S

T

555555
o]

Number at risk
6






OPS/images/fonc.2023.1211947/table2.jpg
A Ab Payload Linker R Approved Comp
Trastuzumab
. Non-cleavable
Emtansine Trastuzumab DM1 3 35 HER-2 Genentech 2013
SMCC linker
(T-DM1)
Trastuzumab
Cleavabl Daiichi
Deruxtecan (DS- Trastuzumab Dxd cava .e 7-8 HER-2 aticht 2021
GGFG linker Sankyo
8201a)
Disitamab Clasvable
Vedotin Aidixi MMAE N 4 HER-2 RemeGen 2021
ve-PABC linker
(RC48)
Trastuzumab Clasvabl
Duocarmazine Trastuzumab Seco-DUBA lini“: eve 27 HER2 Byondis 2017
(SYD985)
Anti-HER2 mAb Non-cleavable
ARX-788 MMAF 1.9: HER-2 Amb, 2021
(ARX269) linker conjugated to pAcF morx
Al66 Anti-HER2 mAb Duostatin-5 E:f:ble e N/A | HER2 Klus 2021
. Cleavable vc .
MRG002 Anti-HER2 mAb MMAE linker 3.8 HER-2 Miracogen 2020
i
Cleavable
Trastt b biobette
ALT-P7 (l_‘[ij[;)z"'"a lobetier MMAE cysteine-containing peptide 2 HER-2 Alteogen 2020
linker
GQ1001 Trastuzumab DM1 N/A N/A HER-2 GeneQuantum 2022
Toll-like
SBT6050 Anti-HER2 mAb receptor 8 N/A N/A HER-2 Silverback 2020
agonist
PF-06804103 Trastuzumab-derived Ab Aur-0101 Valine-citrulline linker 4 HER-2 Pfizer 2020
Gemtuzumab . .
Ozogamicin Gemtuzumab gzlc_'gk":““‘“_“{ zc‘d s 23 CD33 Pfizer 2017
(MYLOTARG) alicheamicin leavable linker
Brentuximab Vedotin Enzyme
B i MMAE 4 D: 2011
(ADCETRIS) rentudmab Cleavable linker 2 Seagen
Inotuzumab
O: icil Acid
Ozogamicin Inotuzumab czl(.)g}z:nncu?/' lcx ble link 6 CD22 Pfizer 2017
(BESPONSA) alicheam-icin cleavable linker
Polatuzumab Vedotin Enzyme
Pol. MMAE .5 D79 b Roche 201
(POLIVY) olatuzumab Cleavable linker ? eb79 oche ’
Enfortumab Vedoti: Seattl
(:I‘; C]'E‘\':‘)a M Enfortumab MMAE Cleavable linker 38 Nectind e 2019
. Non-cleavable .
ABT-414 Anti-EGFR mAb MMAF . 4 EGFR AbbVie 2020
mc linker
Non-cleavable
MRG003 Anti-EGFR mAb MMAE on-c eavable N/A  EGFR Miracogen 2020
m linker
Sutro
Mi231 Anti-EGFR mAb Hemiasterlin N/A N/A EGFR EMD 2021
Serono
Sacituzumab
Govitecan Sacituzumab Govitecan Cleavable linker 7.6 Trop2 Immunomedics 2020
(TRODELVY)
Sacituzumab
Govitecan Sacituzumab IMMU-132 N/A N/A Trop 2 Immunomedics 2022
(IMMU-132)
SKB246 Pembrolizumab MMAE Cleavable linker 7.4 Trop 2 Kelun-Biotech 2022
Acid Daiichi
DS-1062 Datopotamab DX-8951f cleavablbiiiger 4 Trop 2 Sankyo 2020
SYSA1801 Anti- Claudin 18.2 mAb MMAE Cleavable linker 2 Claudin 18.2 CSPC 2021
CMG901 Anti- Claudin 18.2 mAb MMAE Cleavable linker 7.4 Claudin 18.2 Keymed 2020
RC118 Anti- Claudin 182 mAb | MMAE Cleavable linker N/A  Claudin 18.2 E:mge" €
SKB315 Anti- Claudin 18.2 mAb MMAE Cleavable linker N/A Claudin 18.2 | Kelun-Biotech 2021
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P OR 95%Cl

Cycle 0.000
1/2-3/4 2.243 0.000 9.422 4.978-17.838
23/4 3.690 0.000 40.041 19.26-83.226
Pathology 0.624 0.047 1.867 1.008-3.460
Group 1.009 0.002 2.744 1.458-5.163
Depth 0.947
LPM -0.181 0.626 0.835 0.404-1.725
MM -0.183 0.621 0.833 0.403-1.720
SM1 -0.015 0.979 0.986 0.329-2.957
Long 0.044 0.000 1.045 1.028-1.062
Diameter

Cycle, the ratio of the esophageal circumference; LPM, lamina propria mucosa; MM, muscularis mucosa; SM1, submucosa<200um.
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No. (%)

Variable Colorectal cancer

Age at diagnosis, years

Mean (SD) 75.6 (6.94)
<70 3702 (27.98%)
71-75 3327 (25.15%)
76-80 2889 (21.84%)
>80 3311 (25.03%)
Sex

Male 6433 (48.63%)
Female 6796 (51.37%)

Origin and race/ethnicity*

‘ Hispanic 1891 (14.29%)
‘ White 10170 (76.88%)
‘ Black 897 (6.78%)
‘ Other 271 (2.05%)
Income®
QI (< $39,350 per year) 3335 (26.61%)
Q2 ($39,350 - $47,398 per year) 3109 (24.81%)
Q3 ($47,399 - $60,680 per year) 2994 (23.89%)
Q4 (>$60,680 per year) 3095 (24.69%)

Education (percent of people without high school diploma)®

Q1 (=23.2%) 3768 (30.03%)
Q2 (= 15.7%, < 23.2%) 3347 (26.67%)
Q3 (2 9.3%, < 15.7%) 2614 (20.83%)
Q4 (< 9.3%) 2819 (22.47%)

Charlson comorbidity index

Mean (SD) 0.8 (1.23)
No 7153 (54.07%)
At least 1 6076 (45.93%)

Cancer histologic stage

In situ 506 (3.82%)
Localized 6097 (46.09%)
Regional 4316 (32.63%)
Distant 1342 (10.14%)
Unstaged 968 (7.32%)
AJCC Stage 6th

Stage 0 883 (6.67%)
Stage I 3132 (23.68%)
Stage IT 3294 (24.90%)
Stage 111 2921 (22.08%)
Stage IV 1208 (9.13%)
Unstaged 1791 (13.54%)
Surgery

No 1314 (9.93%)
Yes 11915 (90.07%)
Radiation

No 11382 (86.04%)
Yes 1847 (13.96%)
Chemotherapy

No 9041 (68.34%)
Yes 4188 (31.66%)

* Origin recode NHIA was applied to define Hispanic group.
*Quartile was based on distribution of all covered zip code. There were some patients
without data.
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Main les Accessory le:
Macroscopic type Elevated Flat Depressed 0.632 0.000
Elevated 3 (60.0) 2 (40.0) 0 (0.0)
Flat 1(1.25) 78 (97.5) 1(1.25)
Depressed 0(0.0) 1 (50.0) 1 (50.0)
Location Upper third Middle third Lower third 0.325 0.037
Upper third 3(20.0) 9 (60.0) 3(20.0)
Middle third 8(30.8) 9 (34.6) 9 (34.6)
Lower third 4 (8.7) 17 (37.0) 25 (54.3)
Histopathologic type HGN EEC 0299 0.003
HGN 28 (90.3) 3(9.7)
EEC 34 (60.7) 22(39.3)
Invasion Depth EP LPM MM SM 0.562 0.000
EP 53 (100.0) 0(0.0) 0(0.0) 0 (0.0)
LPM 12 (75.0) 4(25.0) 0 (0.0) 0 (0.0)
MM 10 (71.4) 0(0.0) 4 (28.6) 0 (0.0)
SM 4 (100.0) 0(0.0) 0(0.0) 0(0.0)

HGD, high-grade dysplasia; EEC, early esophageal cancer; EP, epithelium; LPM, lamina propria mucosa; MM, muscularis mucosa; SM1, submucosa<200um.
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Selection Criteria No. of
Eligible
Subjects

Step 1 Primary diagnosis as colorectal 116962
cancer patients

Step 2 Only one primary CRC, or only CRC within 101233
5 years

Step 3 Diagnosed during 2005-2013 (Time of 44508
diagnosis between 01/2005 and 12/2013)

Step 4 Exclude source of TCR reporting is autopsy 43278
or death certificate

Step 5 Exclude subjects with the original reason for 34681
Medicare entitlement as disability

Step 6 Exclude subjects with a current reason for 34678
Medicare entitlement as disability

Step 7 12 months of continuous Medicare 20258
enrollment (part A and B, no HMO)
before diagnosis

Step 8 12 months of continuous Medicare 14508
enrollment (part A and B, no HMO)
after diagnosis

Step 9 Exclude subjects with algorithm-defined 13229

disability in the year prior to cancer diagnosis
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Main lesio

Accessory lesi

P value

Number of lesions 87 87
Long diameter (mm), M (P25, P75) 35 (27,43) 25 (20,35) 0.001
Sample size (mm?) 800 (506,1260) 400 (275,700) 0.000
Location 0.179
Upper third 15(17.2) 15 (17.2)
Middle third 25 (28.7) 36 (41.4)
Lower third 47 (54.0) 36 (41.4)
Macroscopic type 1.000
Elevated 5(5.7) 4 (4.6)
Flat 80 (92.0) 81(93.1)
Depressed 2:(2:3) 2(2.3)
Histopathologic type 0.000%
HGN 29(333) 63 (72.4)
Esophageal Cancer 58 (66.7) 24 (27.6)
Depth of invasion 0.010
EP/LPM 70 (80.5) 82(94.3)
MM 13 (14.9) 5(5.7)
SM1 4 (4.6) 0(0.0)
Indications for ESD 0.071
Absolute 72 (82.8) 81 (93.1)
Relative 13 (14.9) 6(6.9)

HGD, high-grade dysplasia; EP, epithelium; LPM, lamina propria mucosa; MM, muscularis mucosa; SM1, submucosa<200um.
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Age 1.36

71-75 vs <=70 I 1.94

76-80 vs <=70 —— 3.50

>80 vs <=70 ———
Gender 1.50

Female vs Male e
Race 1.34

Hispanic vs White

Black vs Whit —e—
Income 1.21

Q2vs Q1 e

Q3vs Q1 —o-H

Q4 vs Q1 —e—
Education

Q2vs Q1
Q3vs Q1 }—ﬁ‘_(
Q4 vs Q1 0.87

Comorbidity 1.42
With 1 vs without any —— 2.18
With > 1 vs without any ——
Stage
Localized vs in Situ i
Regional vs in Situ —— 226
Distant vs in Situ 143 —_
Treatment
Surgery e 121
Radiation ——
Chemotherapy —e—I

1 2 3 4
Hazard Ratio (95% Confidence Interval)
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B 7 OR 95% Cl

Drinking 0.435 0.069 1.546 0.966-2.474
Pathology 0.567 0.019 1.763 1.096-2.835
Location 0.002
Middle -1.215 0.001 0.297 0.146-0.601
Lower -0.542 0.112 0.582 0.298-1.134
Cycle 0.001
1/2-3/4 1.096 0.002 2.993 1.483-6.040
23/4 0.950 0.004 2.587 1.344-4.980

Middle, the middle segment of esophagus; Lower, the lower segment of esophagus; Cycle, the ratio of the esophageal circumference.
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Number of patients 824 87
Duration of ESD (min) 60 (45, 90) 90 (60,120) 0.000
En bloc resection 804 (97.6) 82 (93.1) 0.041
Complete resection 742 (90.0) 72 (82.8) 0.036
Curative resection 731 (88.7) 70 (80.5) 0.025
Average number of follow-up months 32 (20,45) 41 (24,65) <0.001
Adverse events
Bleeding 36 (4.4) 9(10.3) 0.029
Micro-perforation 9(1.1) 1(1.1) 1
Stricture 130 (15.8) 33 (37.9) 0.000
Local recurrence 5(1.8) 9(10.3) 0.000
Additional treatment
None 775 (93.8) 79 (90.8) 0.356
Yes 51(6.2) 8(9.2)
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Univariate analysis Multivariate analysis

Parameters
95%Cl P value 95%Cl P value
Gender 1.277 0.837-1.948 0.257
Age 1.673 1.117-2.505 0.013 1.609 1.036-2.499 0.034
FIB 1.083 0.734-1.597 0.688
SIRI 1.756 1.095-2.815 0019 1.965 1.104-3.499 0022
PNI 0.449 0.278-0.727 ‘ 0.001 0.092
il L15 0.691-1.913 0592
NLR 1.095 0.705-1.7 0.687
LNR 38 2.393-6.034 <0.001 353 2.22-5.613 <0.001
Tumor size 1317 0.859-2.018 0206

Tumor location

proximal stomach 1
distal stomach 0.839 0.526-1.338 0.461
full stomach 1.63 0.909-2.922 0.101
Histology 0.791 0.504-1.243 0.309
TNM stage ‘
| 1; |
)i 3.152 1.123-8.844 0.029 0.107
il 5.604 2.271-13.831 | <0.001 0.742
Chemotherapy" 1.547 0.99-2.417 | 0.055 0.061

The reference of parameters was female, age<60 years, FIB<3.585, PLR<163.8, SIRI<0.665, PN1<40.06, SI1<456.3, NLR<2.08, LNR<0.085, tumor size<5 cm, undifferentiated and without adjuvant
chemotherapy, respectively. 'In the univariate analysis considering only TNM stage II-111, the HR for adjuvant chemotherapy was 0.375 (95% CI: 0.24-0.587, P<0.001).
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Main lesion of Synchronous (%)

Number of lesions 824 87

Long diameter (cm), M (P25, P75) 3.5 (2.5,4.3) 2.5(203.5) 0.691

Location 0.000
Upper third 68 (8.3) 15 (17.2)
Middle third 412 (50.0) 26 (29.9)
Lower third 344 (41.7) 46 (52.9)

Macroscopic type 0.764
Elevated 34 (4.1) 5(5.7)
Flat 768 (93.2) 80 (92.0)
Depressed 22 (2.7) 2(23)

| Histopathologic type 0.001

HGN 444 (53.9) 31 (35.6)
Esophageal Cancer 380 (46.1) 56 (64.4)

Lymphovascular invasion 0.344
Absent 812 (98.5) 84 (96.6)
Present 12 (15) 3(34)

Depth of invasion 0974
EP/LPM 656 (79.6) 69 (79.3)
MM 132 (16.0) 14 (16.1)
SM1 36 (4.4) 4 (4.6)

Indications for ESD 0.380
Absolute 631 (76.6) 65 (74.7)
Relative 181 (22.0) 19 (21.8)

Lifting sign 0221
Present 808 (98.1) 83 (95.4)
Obscure 16 (1.9) 4 (4.6)

Circumferential rate of lesions 0.0001
<1/2 722 (87.6) 60 (69.0)
1/2-3/4 41 (5.0) 13 (14.9)
23/4 61 (7.4) 14 (16.1)

HGD, high-grade dysplasia; EP, epithelium; LPM, lamina propria mucosa; MM, muscularis mucosa; SM1, submucosa<200um.
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Univariate analysis Multivariate analysis

Parameters
95%Cl P value 95%Cl P value
Gender 1.189 0.81-1.746 0.378
[ Age 1.681 1.231-2.295 [ 0.001
FIB 2.141 1.581-2.899 <0.001 1592 1.13-2.244 0.008
SIRT 1.381 1.022-1.867 0.036
PNI 0523 0373-0.733 <0.001
Nit 1314 0.937-1843 0.113
NLR 1429 1.047-1.949 0.024
LNR 5015 3.452-7.285 [ <0.001 2.189 1.388-3.45 0.001
Tumor size 2.179 1.56-3.043 <0.001

Tumor location

proximal stomach 1
distal stomach 0.624 | 0.438-0.89 | 0.009
full stomach 1.454 0.961-2.201 [ 0.076
Histology 0.894 0.647-1.237 0.499
TNM stage
i 1 1
i 1.692 0.777-3.683 ‘ 0.185 2.624 1.014-6.789 0.047
it} 7.848 4.608-13.369 <0.001 10.398 4.287-25.223 <0.001
Chemolherapy' 2992 2.078-4.307 I <0.001 0.402 0.238-0.677 V 0.001

The reference of parameters was female, age<60 years, FIB<3.585, PLR<163.8, SIRI<0.665, PN1<40.06, S11<456.3, NLR<2.08, LNR<0.085, tumor size<5 cm, undifferentiated and without adjuvant
chemotherapy, respectively. 'In the univariate analysis considering only TNM stage II-1II, the HR for adjuvant chemotherapy was 0.149 (95% CI: 0.104-0213, P<0.001).
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Synchronous (%) P value

Number of patients 824 (61,70) 0.242

Gender 0.172
Male 587 (71.2) 68 (78.2)
Female 237 (28.8) 19 (21.8)

Smoking 0.069
Yes 288 (35.0) 39 (44.8)
No 536 (65.0) 48 (55.2)

Drinking 0.025
Yes 245 (29.7) 36 (41.4)
No 579 (70.3) 51 (58.6)

chronic medical history ‘ 0.822
Yes 359 (43.6) 39 (44.8)
No 465 (56.4) 48 (55.2)

Family history of cancer 0.147
Yes 82 (10.0) 13 (14.9)
No | 742 (90.0) 74 (85.1)

Solitary, solitary early Esophageal cancer; Synchronous, synchronous multiple primary early esophageal cancer.
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Univariate analysis Multivariate analysis

Parameters
95%Cl P value 95%Cl P value

Gender 1177 0.896-1.545 0.241

Age 1.624 1.283-2.056 <0.001 1.449 1.12-1876 0.005
FIB ‘ 1723 1.369-2.167 | <0.001 0.06
PLR ‘ 1461 1.153-1.851 0.002 1396 1.072-1.818 0013
SIRI 1.503 1.186-1.905 0.001 | 0.185
PNI 0.514 0.396-0.668 <0.001 0.198
SII 1.499 1.193-1.883 0.001 0.525
NLR 1478 1.177-1.857 0.001 0.197
LNR 4358 3314-573 <0.001 2696 1.931-3.763 <0.001
Tumor size 1.901 1.481-2.439 I <0.001 i 0.112

Tumor location

proximal stomach 1

distal stomach 0.689 0.526-0.903 0.007 0.362

full stomach 1.447 1.043-2.005 0.027 0.069
Histology 0.855 0.665-1.099 0.221
TNM stage

& 1 1

) 2.159 1.24-3.761 ‘ 0.007 2752 1.431-5.292 0.002

it 6.728 4.42-10.24 <0.001 5.655 3.047-10.497 <0.001
Chemolherapy‘ 242 1.848-3.171 <0.001 0.499 0.351-0.711 <0.001

The reference of parameters was female, age<60 years, FIB<3.585, PLR<163.8, SIRI<0.665, PNI<40.06, SII<456.3, NLR<2.08, LNR<0.085, tumor size<5 cm, undifferentiated and without adjuvant
chemotherapy, respectively. 'In the univariate analysis considering only TNM stage II-111, the HR for adjuvant chemotherapy was 0.238 (95% CI: 0.181-0.312, P<0.001).
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Univariate analysis Multivariate analysis

Parameters
95%Cl P value 95%Cl P value

Gender 1.147 0.865-1.52 0.34

Age 1.678 1.311-2.148 <0.001 ‘ 1424 1.082-1.873 0.012
FIB 1.752 1.381-2.224 ‘ <0.001 1322 1.008-1.734 0.044
PLR 1513 1.184-1.933 ‘ 0.001 ‘ 1413 1.069-1.866 0015
SIRI 1.575 1.23-2.018 <0.001 0176
PNI 0.489 0.371-0.644 <0.001 0.121
Nis 1.462 1.153-1.853 0.002 0.959
NLR 1.466 1.157-1.859 0.002 0.451
LNR 4534 3.393-6.059 <0.001 277 1.95-3.934 <0.001
Tumor size 1.96 151-2.543 [ <0.001 0154

Tumor location

proximal stomach 1

distal stomach 0.695 0.524-0.921 0.011 0.482

full stomach 1.488 1.061-2.085 0.021 0.065
Histology 0.84 0.646-1.092 0.192
TNM stage

1 1 1

s 2.387 1.319-4.321 0.004 | 3.002 1.477-6.101 0.002

it 7.404 4.684-11.703 <0.001 ‘ 6.125 3.125-12.005 <0.001
Chemotherapyl 2.439 1.84-3.234 <0.001 0.476 0.33-0.686 <0.001

HR, hazard ratio; CI, confidence interval. FIB, fibrinogen; PLR, platelet-lymphocyte ratio; SIRI, systemic inflammation response index; PNI, prognostic nutritional index; SII, systemic immune-
inflammation index; NLR, neutrophil-lymphocyte ratio; LNR, lymph node ratio; TNM, tumor node metastasis. The reference of parameters was female, age<60 years, FIB<3.585, PLR<163.8,
SIRI<0.665, PNI<40.06, S11<456.3, NLR<2.08, LNR<0.085, tumor size<5 cm, undifferentiated and without adjuvant chemotherapy, respectively. ' Adjuvant chemotherapy appeared to be a risk
factor in univariate analysis because patients with TNM stage I were included in COX regression. In fact, in the univariate analysis considering only TNM stage II-IIl, the HR for adjuvant
chemotherapy was 0.222 (95% CI: 0.168-0.292, P<0.001).
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Al Low PLR High PLR

Characteristics P value
(N=730) (N=509) (N=221)

Gender, female 178(24.4) 106(20.8) 72(32.6) 0.001
Age, 260 years 398(54.5) 276(54.2) 122(55.2) 0.807
FIB, 23.585 g/l 245(33.6) 139(27.3) 106(48) <0.001
SIRI, >0.665 403(55.2) 249(48.9) 154(69.7) <0.001
PNI, 240.06 460(63) 312(61.3) 148(67) 0.145
SII, 2456.3 298(40.8) 120(23.6) 178(80.5) <0.001
NLR, 22.08 322(44.1) 160(31.4) 162(73.3) <0.001
INR, 20.085 292(40) 201(39.5) 91(41.2) 0387
Tumor size, 25 cm 238(32.6) 138(27.1) 100(45.2) <0.001
Histology 0218

differentiated 218(29.9) 159(31.2) 59(26.7)

undifferentiated 512(70.1) 350(68.8) 162(73.3)
Tumor location I 0.692

proximal stomach 179(24.5) 123(24.2) 56(25.3)

distal stomach 429(58.8) 297(58.3) 132(59.7)

total stomach 122(16.7) 89(17.5) 33(14.9)
T stage <0.001

it 170(23.3) 138(27.1) 32(14.5)

T2 61(8.4) 1 49(9.6) 12(5.4)

T3 77(10.5) 53(10.4) 24(10.9)

T4 422(57.8) 269(52.8) 153(69.2)
N stage 0.38

NO 327(44.8) 237(46.6) 90(40.7)

N1 116(15.9) 82(16.1) 34(15.4)

N2 123(16.8) 83(16.3) ‘ 40(18.1)

N3 164(22.5) 107(21) 57(25.8)
TNM stage <0001

1 199(27.3) 162(31.8) 37(16.7)

i 101(13.8) 69(13.6) I 32(14.5)

1 430(58.9) 278(54.6) 152(68.8)
Chemotherapy 0.043

yes 445(61) 298(58.5) 147(66.5)

no 285(39) 211(41.5) 74(33.5)
08, month 41(27-63.25) 41(31-65) 40(19-58.5) 0019
DFS, month 41(25-63) 41(28-65) 40(19-58) 0.025

Data are presented as quantity and percentage or median and interquartile range in parentheses. FIB, fibrinogen; PLR, platelet lymphocyte ratio; SIRI, systemic inflammation response index; PNI,
prognostic nutritional index; SII, systemic immune-inflammation index; NLR, neutrophil-lymphocyte ratio; LNR, lymph node ratio. TNM, tumor node metastasis; OS, overall survival; DFS,
disease-free survival. Chemotherapy, refers to adjuvant chemotherapy. The cut-off value of PLR was 163.8 obtained from ROC curve.
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LNMR (n=168) NML-GCP (n=167)

Clinical characteristic

>30% (%) <30% (%) p value® b >50% (%) <50% (%)  p value®
Sex 0.017 0.792
Male 120 30 (25) 90 (75) 120 64 (53.33) 56 (46.67)
Female 48 21 (43.75) 27 (56.25) 47 24 (51.06) 23 (48.94)
Age (years) 0.924 0.720
<60 » 80 24 (30) 56 (70) 80 41 (51.25) 39 (48.75)
>60 88 27 (30.68) 61 (69.32) 87 47 (54.02) 40 (45.98)
Tumor long diameter (cm) <0.0001 0.273
<45 92 15 (163) 77 (83.7) 92 52 (56.52) 40 (43.48)
>45 76 36 (47.37) 40 (52.63) 75 36 (48) 39 (52)
Tumor differentiation 0.009 0.107
Well-differentiated 10 2(20) 8 (80) 10 6 (60) 4 (40)
Moderately differentiated 48 7 (14.58) 41 (85.42) 48 31 (64.58) 17 (35.42)
Poorly differentiated 110 42 (38.18) 68 (61.82) 109 51 (46.79) 58 (53.21)
Tumor location 0.286 0.829
Upper third (U) 25 5(20) 20 (80) 25 12 (48) 13 (52)
Middle third (M) 39 14 (35.90) 25 (64.10) 39 19 (48.72) 20 (51.28)
Lower third (L) 94 27 (28.72) 67 (71.28) 93 52 (55.91) 41 (44.09)
Others (U/M, M/L) 10 5(50) 5 (50) 10 5(50) 5(50)
Surgical method 0.163 0.045
Total gastrectomy 45 16 (35.56) 29 (64.44) 45 17 (37.78) 28 (62.22)
Proximal gastrectomy 7 0(0) 7 (100) 7 3 (42.86) 4 (57.14)
Distal gastrectomy 116 35 (30.17) 81 (69.83) 115 68 (59.13) 47 (40.87)
Extent of lymph node dissection 0.279 0.580
DO 151 44 (29.14) 107 (70.86) 150 79 (52.67) 71 (47.33)
D1 5 1(20) 4 (80) 5 2 (40) 3 (60)
Dl+ 11 5 (45.45) 6 (54.55) 11 7 (63.64) 4 (36.36)
D2 1 1(100) 0(0) 1 0(0) 1 (100)
TNM stage <0.0001 0.046
1 35 0(0) 35 (100) 35 22 (62.86) 13 (37.14)
i v 39 0(0) 39 (100) 39 26 (66.67) 13 (33.33)
il 87 48 (55.17) 39(44.83) 86 37 (43.02) 49 (56.98)
v 7 3 (42.86) 4 (57.14) 7 3 (42.86) 4 (57.14)
Depth of tumor invasion <0.0001 0.002
T1 25 1(4) 24 (96) 25 14 (56) 11 (44)
T2 28 1(357) 27 (96.43) 28 23 (82.14) 5(17.86)
T3 | 15 6 (40) 9 (60) I 15 9 (60) I 6 (40)
T4 100 43 (43) 57 (57) 99 42 (42.42) 57 (57.58)
Prognosis <0.0001 <0.0001 ‘
Alive [ 97 13 (13.4) 84 (86.6) 97 63 (64.95) 34 (35.05) ‘
Dead 40 20 (50) 20 (50) 39 12 (30.77) 27 (69.23)
Recurrence and distant metastasis <0.0001 0.046
No 101 14 (13.86) 87 (86.14) 100 59 (59) 41 (41)
Yes 67 37 (55.22) 30 (44.78) 67 29 (43.28) 38 (56.72)
Lymph node metastasis 0.609
) 54 30 (55.56) 24 (44.44)
) 113 58 (51.33) 55 (48.67)

LNMR, the lymph node metastasis rate; NML-GCP, the proportion of lymph nodes containing germinal centers (23) in non-metastatic lymph nodes; No., number of cases. * Bold values indicate
significance, p<0.05.
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Clinical characteristic No. rade 1 rade 2 Grade 3 p value
Sex 0.176
Male 120 54 (45) 46 (38.33) 20 (16.67)

Female 48 17 (35.42) 17 (35.42) 14 (29.17)

Age (years) 0.595
<60 80 35 (43.75) 27 (33.75) 18 (22.5)

>60 88 36 (40.91) 36 (40.91) 16 (18.18)

Tumor long diameter (cm) 0.001
<45 92 46 (50) 37 (40.22) 9(9.78)

>45 76 25 (32.89) 26 (34.21) 25 (32.89)

Tumor differentiation 0.002
Well-differentiated 10 4 (40) 6 (60) 0(0)

Moderately differentiated 48 26 (54.17) 20 (41.67) 2 (4.17)

Poorly differentiated 110 41 (37.27) 37 (33.64) 32 (29.09)

Tumor location 0.051
Upper third (U) 25 11 (44) 10 (40) 4(16)

Middle third (M) 39 16 (41.03) 12 (30.77) 11 (2821)

Lower third (L) 94 39 (41.49) 41 (43.62) 14 (14.89)

Others (U/M, M/L) 10 5 (50) 0(0) 5 (50)

Surgical method 0.091
Total gastrectomy 45 16 (35.56) 14 (31.11) 15 (33.33)

Proximal gastrectomy 7 3 (42.86) 4 (57.14) 0(0)

Distal gastrectomy 116 52 (44.83) 45 (38.79) 9 (16.38)

Extent of lymph node dissection 0.637
Do 151 65 (43.05) 56 (37.09) 30 (19.87)

D1 5 2 (40) 2 (40) 1(20)

D1+ 11 4 (36.36) 5 (45.45) 2 (18.18)

D2 1 0(0) 0(0) 1 (100)

TNM stage <0.0001
1 35 22 (62.86) 13 (37.14) 0(0)

11 39 26 (66.67) 13 (3333) 0(0)

i} 87 20 (22.99) 36 (41.38) 31 (35.63)

% 7 3 (42.86) 1(14.29) 3 (42.86)

Depth of tumor invasion <0.0001
Tl 25 13 (52) 12 (48) 0(0)

T2 28 22 (78.57) 6(21.43) 0(0)

T3 15 8 (53.33) 2(1333) 5(3333)

T4 100 28 (28) 43 (43) 29 (29)

Prognosis <0.0001
Alive 97 56 (57.73) 35 (36.08) 6 (6.19)

Dead 40 7 (17.5) 18 (45) 15 (37.5)

Recurrence and distant metastasis <0.0001
No 101 53 (52.48) 40 (39.6) 8 (7.92)

Yes 67 18 (26.87) 23 (34.33) 26 (38.81)

Lymph node metastasis <0.0001
) 54 30 (55.56) 24 (44.44) 0(0)

(+) 114 41 (35.96) 39 (34.21) 34 (29.82)

No., number of cases. * Bold values indicate significance, p<0.05.
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Lymph node status

2 150 Score 0 Score 1
£% LNMR Low (€30%)  High (>30%)
gﬁmo NML-GCP High (>50%) Low (£50%), and without NML
(=2}
55
5 50 Grading system: LNMR+NML-GCP
o
€ % Grade 1 Score 0
2t <Grade 2 Score 1
8 o Grade 3 Score 2
%a’i\o <50 50-90 =290 Abbreviations:
«\e\?‘éee Metastatic tumor deposits LNMR, the lymph node metastasis rate;
o ‘\(\0 in lymph nodes (%) NML, non-metastatic lymph nodes;
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Reduction in white blood cell count 6 1 2
Thrombocytopenia 2 3 0
Vomiting 27 5 1

Fever 3 2 2
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Classification Before After After the  After the

treatment  the first second third
course course course
n 58 58 22 6
T1 0 ‘ 10 4 0
T2 0 13 6 0
T3 9 16 6 4
T4 49 19 1 6 2

TAIC, transarterial infusion chemotherapy.
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Pre-TAIC 0 27 ‘ 31

Post-TAIC 26 25

TAIC, transarterial infusion chemotherapy.
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Sex n (%)
Male 32 (55.2%)
Female 26 (44.8%)
Age (years)

275 9 (15.6%)

<75 49 (84.4%)
Location of esophageal cancer

Upper-segment lesions 21 (36.2%)

Middle-segment lesions 16 (27.6%)

Lower-segment lesions 3 (5.2%)
Anastomotic region tumor recurrence 18 (31.0%)
Narrow position ‘

Main airway 33 (56.9%)

Carina 5 (8.6%)

Left main branch 17 (29.3%)

Right main bronchial ‘ 3 (5.2%)
Was there associated lung collapse?

Yes 4 (6.9%)

No 54 (93.1%)
Complications
Esophagotracheal fistula 20 (34.5%)

Esophagomediastinal fistula 2(3.4%)

Esophagogastric anastomotic fistula 1(1.7%)
Comorbidities

Hypertension 11 (19.0%)

Diabetes mellitus

8 (13.8%)
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Variables

pTNM stage(0/ I/ Il vs M/N) ———}—

—_

LNM(Negtive/Positive)

DTI(T 5.4 vs Toy)

LVI(Negtive/Positive)

PNI(Negtive/Positive)
TMD(<5cm vs =5cm )
BWL(< 2.4% vs>2.4% )

BMI(kg/m?)

TLC(10°L)

TP(g/L)

PAB(mg/L)

ALB(g/L)

HB(g/L)
hs-CRP(<1mg/L vs =1mg/L)

age(<70y vs =70y)

—

et

H- 4

06 08

0.98

Odds ratio (95%Cl)

Odds ratio (95%ClI)

0.861(0.490,1.512)
1.281(0.735,2.235)
1.559(0.885,2.745)
0.901(0.559,1.445)
1.499(0.952,2.361)
1.700(1.083,2.667)
3.630(2.334,5.644)
0.711(0.656,0.770)
1.179(0.900,1.544)
0.987(0.942,1.034)
1.000(0.996,1.004)
0.915(0.852,0.983)
0.999(0.990,1.007)
1.814(1.174,2.803)
4.313(1.860,9.998)

P Value

0.603
0.383
0.124
0.671
0.080
0.021
<0.001
<0.001
0.232
0.581
0.961
0.016
0.767
0.007
0.001
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Variables The developing dataset (n=431) The test dataset (n=124)

Difficulty Non-difficulty P-value Difficulty Non-difficulty ~ P-value
(n=79) (n=352) (n=18) (n=106)

Gender, n (%) 0.118 0.485
Male 42 (53.2) 153 (43.5) 8 (44.4) 38 (35.8)

Female 37 (46.8) 199 (56.5) 10 (55.6) 68 (64.2)

Age, yesrs, n (%) 0.164 0.093
<60 34 (43.0) 182 (51.7) 12 (66.7) 48 (45.3)
> 60 45 (57.0) 170 (48.3) 6(333) 58 (54.7)

Primary symptom, n (%) 0.501 0.028*
Asymptomatic 16 (20.3) 73 (20.7) 4(222) 26 (24.5)

Abdominal discomfort 60 (75.9) 273 (77.6) 12 (66.7) 80 (75.5)
Hemorrhage 3(3.8) 6 (1.7) 2 (11.1) 0

Smoking, n (%) 0.828 0.775
Yes 25 (31.6) 107 (30.4) 5(27.8) 33 (31.1)

No 54 (68.4) 245 (69.6) 13 (722) 73 (68.9)

History of drinking, n (%) 0.836 0.969
Yes 16 (20.3) 75 (21.3) 4(222) 24 (22.6)

No 63 (79.7) 277 (78.7) 14 (77.8) 82 (77.4)

Hypertension, n (%) 0.649 0916
Yes 27 (34.2) 111 (31.5) 6(333) 34 (32.1)

No 52 (65.8) 241 (68.5) 12 (67.7) 72 (67.9)

Coronary disease, n (%) 0.168 0.824
Yes 21 (26.6) 69 (19.6) 3(16.7) 20 (18.9)

No 58 (73.4) 283 (80.4) 15 (83.3) 86 (81.1)

Diabetes, n (%) 0.096 0.768
Yes 26 (329) 84 (23.9) 4(222) 27 (25.5)

No 53 (67.1) 268 (76.1) 14 (77.8) 79 (74.5)

ASA score, n (%) 0.693* 1.000*
1 64 (81.0) 292 (83.0) 16 (88.9) 90 (84.9)

i 15 (19.0) 59 (16.8) 2(1L1) 16 (15.1)
1 0 1(0.3) 0 0

BMI, kg/m* n (%) 0.143 0.368
<185 19 (24.1) 57 (16.2) 6(33.3) 20 (18.9)
18.5-23.9 39 (49.4) 169 (48.0) 8 (44.4) 54 (50.9)
>240 21 (26.6) 126 (35.8) 4(222) 32 (30.2)

Location 1, n (%) <0.001 0.115 ‘
Upper 71 (89.9) 235 (66.8) 14 (77.8) 60 (56.6) ‘
Middle 5(6.3) 79 (22.4) 2(11.1) 38 (35.8) ‘
Lower 3(38) 38 (10.8) 2 (1L.1) 8(7.5) ‘

Location 2, n (%) 0.843 1.000 ‘
Lesser curvature 30 (38.0) 118 (33.5) 5(27.8) 27 (25.5)

Greater curvature 5(6.3) 30 (8.5) 2 (1L1) 11 (10.4)
Anterior 30 (38.0) 141 (40.1) 7 (38.9) 44 (41.5)
Posterior 14 (17.7) 63 (17.9) 4(222) 24 (22.6)

Shape, n (%) <0.001 0.693
Regular 59 (74.7) 324 (92.0) 15 (83.3) 92 (86.8)

Irregular 20 (25.3) 28 (8.0) 3(16.7) 14 (13.2)

Invasion depth, n (%) <0.001 0.001
MP (within) 52 (65.8) 313 (88.9) 10 (55.6) 92 (86.8)

MP-ex 27 (34.2) 39 (11.1) 8 (44.4) 14 (13.2)

Boundary, n (%) 0.037 0.707
Clear 64 (81.0) 315 (89.5) 14 (77.8) 78 (73.6)

Unclear 15 (19.0) 37 (10.5) 4(222) 28 (26.4)

Size, cm, n (%) <0.001 <0.001
>30 36 (45.6) 29 (8.2) 6(333) 4(38)
2.0-3.0 25 (31.6) 90 (25.6) 8 (44.4) 16 (15.1)
<20 18 (22.8) 233 (66.2) 4(222) 86 (81.1)

Experience, cases, n (%) <0.001 0.005
<50 46 (58.2) 97 (27.6) 12 (66.7) 34 (32.1)
>50 33 (41.8) 255 (72.4) 6(333) 72 (67.9)

Endoscopic tecnique, n (%) 0.068* 0.266%
ESD 30 (38.0) 182 (51.7) 6(33.3) 56 (52.8)

EFTR 48 (60.8) 164 (46.6) 12 (66.7) 48 (45.3)
STER 1(13) 6(L7) 0 2(19)

Modified NTH risk criteria, n (%) <0.001* <0.001*
Very low 30 (38.0) 271 (77.0) 2 (11.1) 84 (79.2) i
Low 25 (31.6) 63 (17.9) 8 (44.4) 16 (15.1)

Intermediate 19 (24.1) 17 (4.8) 8 (44.4) 4(3.8)
High 5(6.3) 1(03) 0 2(19)

Operative time, min, median (IQR) 105.0 (95.0,124.0) 52.0 (41.0,64.0) <0.001 95.0 (90.0,102.5) 60.0 (50.0,72.0) <0.001

Conversion, n (%) 14 (17.7) 0 <0.001* 0 0 NA

Severe intraoperative bleeding, n (%) 14 (17.7) 0 <0.001* 4(222) 0 <0.001

Postoperative hospitalization, days, 6.0 (5.0,8.0) 6.0 (5.0,6.0) <0.001 7.0 (6.0,8.3) 5.0 (4.0,6.0) <0.001

Postoperative fasting, days, 3.0 (3.0,5.0) 3.0 (2.0,3.0) <0.001 3.0 (2.8,5.3) 2.0 (2.0,3.0) <0.001

\
|
median (IQR) ‘
|
\

median (IQR)

RO resection, n (%) 55 (69.6) 339 (96.3) <0.001 [ 12 (66/7) 96 (90.6) [ 0.005

Postoperative complications, n (%) 21 (26.6) 37 (10.5) <0.001 10 (55.6) 6(5.7) <0.001
ASA, American Society of Anesthesiologists; BMI, body mass index; MP, muscularis propria; MP-ex, MP with exophytic growth; ESD, endoscopic submucosal dissection; EFTR, endoscopic

full-thickness resection; STER, submucosal tunnel endoscopic resection; NIH, National Institute of Health; IQR, interquartile ranges; *Fisher’s exact test; “NA” means no statistical analysis
was performed.
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13% Accuracy PPV NPV LR+

AutoML
GBM 0.894 0917 0.937 0935 0.611 0.990 14.536 0.089
DL 0.881 0.769 0.882 0.870 0435 0.970 6.509 0.262
DRF 0.858 1.000 0.847 0.854 0217 1.000 6.556 0
I GLM 0.854 0.900 0.876 0.878 0.391 0.990 7.264 0.114

Logistic regression analysis
LASSO 0.835 0.739 0.930 0.894 0.708 0.939 10.559 0.281

ER, endoscopic resection; gGIST, gastric gastrointestinal stromal tumor; AutoML, automated machine learning; PPV, positive predictive value; NPV, negative predictive value; LR+, positive
likelihood ration; LR-, negative likelihood ration; AUC, areas under the receiver operating characteristic curves; GBM, gradient boost machine; DL, deep neural net; DRF, default random forest;
GLM, generalized linear model; LASSO, least absolute shrinkage and selection operator.
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1. 31 patients with multiple lesions in the stomach
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Logistic regression analysis Automated machine learning with
with LASSO model DL, GBM, GLM, DRF algorithms

Develop the models

. Test the models
Five models





OPS/images/fonc.2023.1190987/fonc-13-1190987-g002.jpg
Points

Size

Invasion depth

CUSUM

Location1

Total Points

Linear Predictor

Risk

0 40 50 60 70 80 90 100

2.0-3.0cm
r—l—‘
< 2.0cm = 3.0 cm

MP-ex

1
T
MP (within)

< 50 cases
'—I
= 50 cases
Middle

l—‘—|
Lower Upper
—— 77— — 7
0 50 100 150 200 250 300

T 1
0.2 03 04 05 0. 07 08 09 0.95 0.99





OPS/images/fonc.2023.1190987/fonc-13-1190987-g003.jpg
Size
CUSUM
Depth
Location2
Shape
BMI
Location1
Symptom
Drinking

Sex

Variable Importance: GBM

0.0

0i2:

04 -

06 -

0.8

10 -~





OPS/images/fonc.2023.1219106/table1.jpg
Parameters Training co

Gender 0.97
Male 105(95.4%) 22(95.7%) . ‘
Female 5(4.6%) 1(4.3%)

‘ Age 0.42
Median(range) 59 61
‘ BMI » » 0.14
Median(range) 21.10 2145
Smoking index 0.55
‘ Median(range) 400 400
Drinking index 7 7 0.13
Median(range) 2750 5000
‘ Pathological type 0.90
WDSCC 35(31.8%) | 9(39.1%)
MDSCC 54(49.1%) 8(34.9%)
PDSCC 16(14.6%) 5(21.7%)
Others 5(4.5%) 1(4.3%)
Clinical stages 0.01
VB 29(26.4%) 4(17.4%)
IVA 61(55.5%) 7(30.4%)
111 20(18.1%) 12(52.2%)
Lesion length v 0.47
‘ <5em ) 67(60.9%) 16(69.6%)
5-10cm 39(35.5%) 6(26.1%)
>10cm 4(3.6%) 1(4.3%)
‘ Clinical T stage » » 0.90
Tl 5(4.5%) 0(0.0%)
T2 37(33.6%) 9(39.1%)
T3 33(30.0%) 11(47.8%)
T4a 17(15.5%) 2(8.7%)
T4b 18(16.4%) 1(4.3%)

Clinical N stage 0.42
No 10(9.1%) 3(13.0%)

N1 43(39.1%) 11(47.8%)
N2 48(43.6%) 6(26.1%)
N3 9(8.2%) 3(13.0%)

Clinical M stage 0.41
MO 82(74.5%) 19(82.6%)

M1 28(25.5%) 4(17.4%)
0s 0.07

Median(days) 561 421
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Phase Patients (n) ORR,% mPFS, mOS, months

(95% Cl) months (95% Cl)
(95% Cl)
KSCC/HGCSG/CCOG/CCOG/PerSeUS I 42 T-Mab 82.1 7.0 27.6 (30)
1501B (95% CI70.0 (95% CI 55-14.1) | (95% CI 15.6-NR)
-90.0)
GATSBY i 415 T-DM1 206 2.7 7.9 (31)

(95%CI 15.3-25.8) (95%CI 1.61-2.79) (95%CI 6.7-7.9)

PTX 196 29 8.6
(95%CI 13.7-25.5) | (95%Cl 2.76-4.01) | (95% CI 7.1-11.2)

NCT02564900 I 54 T-DXd 37 111 29.4 (32)
(95%ClI 24.3-51.3) (95% CI 7.6-NR) (95% CI 12.9-
29.4)
DESTINY-Gastric01 I 187 DS-8201 513 5.6 12.5 (33)
(95% CI 41.9-60.5) (95% CI 4.3-6.9) (95% CI10.3-
15.2)
Chemotherapy 143 3.5 8.4

(95% CI6.4-26.2) (95% CI 2.0-4.3) (95% CI 6.4-10.4)

DESTINY-Gastric02 i 79 DS-8201 38 56 121 (34)
(95% CI 27.3-49.6) | (95% Cl4.2-83)  (95% CI 9.4-15.4)

NCT02881190 1 57 RC48 236 = 126 (35)
(95% CI 18.3-28.9) (95% CI 9.8-15.6)
RC48-C008 i 125 RC48-ADC 18.1 38 7.6 (36)

(95%ClI 11.8-25.9) (95% CI 2.7-4.0) (95% CI 6.6-9.2)

CTR20190639 1 30 ARX788 379 10.7 4.1 (37)
(95% CI 20.7-57.7) (95% CI: 4.8-NR) (95% CI 1.4-6.4)

NCT04868344 1 39 MRG003 75 28 118 (38)
(95%CI 50.9-91.3) (95%CI 1.2-4.1) (95%CI 3.4-11.8)






OPS/images/fonc.2023.1189500/table1.jpg
Age

Gender

Clinical

presentation

Diagnosis

Management

Survival

Varvarigos, N et al.,
2001 (11)

Funk, L et al., 2003
(12)

Wiedmann, A et al.,
2005 (13)

Baba, Yoshifumi et al.,
2007 (14)

Kusaba, Hitoshi et al.,
2008 (15)

Zhang, Bi-li et al.,
2010 (16)

79

78

50

53

59

56

progressive dyspnea,
cough, and edema of
both legs

palpitation,
tachycardia and
progressive dyspnea

dysphagia, dyspnea,
tachycardia, and
hypotension

lower
abdominal mass

dyspnea, anterior
chest oppression, and
hypotension

dyspnea, anterior
chest oppression, and
hypotension

gastric cancer;
heart failure.

gastric cancer

esophageal carcinoma with
lung and liver metastases

bilateral ovarian tumor;
Krukenberg tumor and
pericardial metastasis

gastric cancer

gastric cancer;cardiac
tamponade

Pericardiocentesis; chemotherapeutic sessions
with platine, 5-fluorouracil (5-FU), and
mitomycin and surgical operation (total
gastrectomy)

pericardial drainage; patient suffered stroke and
the chemotherapy could not be initiated.

antibiotics, repeated pleurocentesis and
pericardial drainage

total gastrectomy with radical lymph node
dissection and bilateral ovarian resection;
Adjuvant chemotherapy with irinotecan (CPT-
11) and low-dose cisplatin (CDDP)

pericardiocentesis followed by systemic
chemotherapy consisting of TS-1 and cisplatin
(CDDP)

percutaneous pericardiocentesis followed by
systemic chemotherapy (oxaliplatin and
sequential 5-fluorouracil plus leucovorin).

>18
months

2 months

3 months

13
months

>5
months

>6months
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Training set Validation set

Overall Survival Death Overall Survival Death
N=295 N=202 N=93 N=109 N=84 N=25
Age 59.70+11.70 58.13+11.89 | 63.12£10.55 <0001 60.88£1029  60.96+1041 | 60.60+10.07 0.876
Gender: 0.134 0.114
Male 213 (72.20%) 0 (69.31%) | 73 (78.49%) 77 (7064%) 63 (75.00%) 14 (56.00%)
Female 82 (27.80%) 62 (30.69%) | 20 (21.51%) 32(2936%) | 21(25.00%) 11 (44.00%)
Tumor maximum diameter (cm) 4.93+3.09 4.402.91 6.06:3.19 <0.001 4.12£2.55 3.61£2.17 5.84:3.01 0.002
TMN stage: <0.001 <0.001
1 80 (27.12%) 75 (37.13%) 5 (5.38%) 41 (3761%) 38 (4524%) | 3 (12.00%)
it 63 (21.36%) 45 (22.28%) 18 (19.35%) 23 (21.10%) 21 (25.00%) 2 (8.00%)
I 146 (49.49%) | 81 (40.10%) 65 (69.89%) 41 (3761%) 24 (2857%) | 17 (68.00%)
v 6 (2.03%) 1(0.50%) s (5.38%) 4(3.67%) 1(1.19%) 3 (12.00%)
Lymph node metastasis: <0.001 0.020
No 105 (35.59%) | 87 (43.07%) 18 (19.35%) 46 (4220%) 41 (4881%) | 5 (20.00%)
Yes 190 (6441%) | 115(56.93%) 75 (80.65%) 63 (57.80%) 43 (5L.19%) 20 (80.00%)
Nerve or vascular invasion: w0 | 0.026
No 111 (37.63%) | 98 (48.51%) 13 (13.98%) 45 (4128%) 40 (47.62%) | 5 (20.00%)
Yes 184 (6237%) | 104 (51.49%) 80 (86.02%) 64 (58729%) 44 (5238%) | 20 (80.00%)
Degree of differentiation: 0.355 0.106
Low 140 (47.46%) | 92 (45.54%) 48 (51.61%) 79 (7248%) 57 (67.86%) | 22 (88.00%)
Moderate 142 (48.14%) | 99 (49.01%) s (46.24%) 2 (1835%)  17(2024%) | 3 (12.00%)
High s (4.41%) 11 (5.45%) 2 (2.15%) I (9.17%) 10 (11.90%) 0 (0.00%)
Tumor site: 0.650 0.052
Cardia 103 (34.92%) | 67 (33.17%) 36 (38.71%) 19 (17.43%) | 12 (1429%) | 7 (28.00%)
Gastric antrum 145 (49.15%) | 102 (50.50%) 43 (46.24%) 53 (48.62%) 39 (4643%) 14 (56.00%)
Gastric body 47 (15.93%) 33 (16.34%) 14 (15.05%) 37(3394%) 33 (3929%) | 4 (16.00%)
Gastrectomy: 0.008 0.182
Partial 209 (71.09%) s (76.12%) | 56 (60.22%) I (7248%) 64 (76.19%) 15 (60.00%)
Total 85 (28.91%) 48 (23.88%) | 37 (39.78%) 30 (2752%) 20 (23.81%) 10 (40.00%)
Neutrophil count 3.80+1.50 3.79+1.54 3.82+143 0.882 3.191.07 322+1.08 3.07+1.03 0.527
Lymphocyte count 1.76+0.54 1.82+0.55 163048 0.004 1.68+0.77 1.71+0.82 1.57+0.55 0.324
Monocyte count 039:0.15 03820.15 040+0.17 0.445 042020 043+022 039+0.11 0211

CEA 8.74+23.57 6.46+17.15 13.70£33.12 0.049 5.98+10.93 4.50+5.12 10.96+20.34 0.128
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Accuracy Sensitivity Specificity
(Recall Rates)
LR 0.734 0.697 0.680 0.702
DT 0.708 0.733 0.560 0.786
RF 0.746 0.670 0.760 0.643
GBM 0.707 0716 0.480 0.786
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Accuracy Sensitivity Specificity

(Recall Rates)

LR 0.795 0.712 0.763 0.688
DT 0.759 0.739 0.591 0.807
RF 0.873373 0.783 0.882 0.738

GBM 0.863 0.800 0.720 0.837
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eatures HR (95%Cl) p-value
Gender 227 (0.56-9.26) 0.25
Age 1.00 (0.98-0.99) 0.71
BMI 1.00(1.00-1.00) 0.96
Smoking index 1.00(0.99-1.00) 0.06
Drinking index 1.00(1.00-1.00) 0.13
Pathological types 0.79(0.60-1.03) 0.08
Clinical stages 1.388(0.96-2.01) 0.08
Lesion length 0.97(0.65-1.46) 0.88
T 0.94(0.77-1.15) 0.54
oN 0.85(0.62-1.12) 0.31
M 1.65(0.99-2.76) 0.06






OPS/images/fonc.2023.1211947/fonc-13-1211947-g001.jpg
ADC binds to antigen

Target cell

Nucleus

DNA intercalation %‘;Z
Antigen Payload X

Endoplasmic reticulu
Endosome Yy

Degradation l Microtubule
disruption

Release of payload and

Lysosome drug action

-~ Degradation of ADCs in

Over expression of drug :
ysosomes

efflux transporters





OPS/images/fonc.2023.1211947/fonc-13-1211947-g002.jpg
Trastuzumab ) Ligand R <’;\(zwzs S
Margetuximab \\ SARS66658 MRGO03 T-DM1 \ ytotoxic payloa
~ DS-8201 2 N 2
Pertuzumab \( )ﬁ RC48 mntibody drug
o -R-‘*-------... ______________________________ conjugate

(= Tammemron o ||| s e

I

- e P\ T - v e - e w - - - - - - v e > e e e e e o \P e e w e e - - -

Cell membrane )
Cytoplasmic
domain

Neratinib
Pyrotinib
Lapatinib

Extended conformation
on ligand binding

Lysosome

DNA damage  Cell proliferation
MR Apoptosis inhibition






OPS/images/fonc.2023.1211947/fonc-13-1211947-g003.jpg
H
ARX788
H
7 N\/O
NS Wﬂ I NATN O
@) © H ©
U3-1402
N

Q
A e 3
SO//Q_Q/\/\/\N/YN\/”\Nﬁ
g O HC 4\

H /\’\/0\7
&
R
= N
N~
DS-8201 F N o






OPS/images/fonc.2023.1173532/table1.jpg
Aggregate (n=628)

Age(y) = 52.0 (45.0,60.0) 60.0 (51.0,67.0) 33363.0 <0.001
Gende r(n)
Male 400 180 220 3.012 0.083
Female 228 119 109
Grade (n)
Well/moderate 153 72 81 0.025 0.875
Poor/undifferentiated 475 ' 227 248 '
TMD(n)
[ <5cm 424 230 194 23.029 <0.001
=5cm 204 69 135 |
PNI(n)
No 377 » 197 180 8.153 0.004
Yes 251 102 149
LVI(n)
No 384 204 180 12.045 0.001
Yes 244 95 149
DTI(n)
To/Ty 146 95 51 29.893 <0.001
T, 96 49 47 ]
Ts 183 65 118
Ty 203 90 113
LNM(n)
No 214 125 89 15.487 0.001
N, 109 47 62
N, 113 45 68
N3 192 82 110

PTNM stages(n)

[ang 311 172 139 14.622 <0.001

/v 317 127 190

hs-CRP, hypersensitive C-reactive protein; TMD, tumor maximum diameter; PNI, peripheral nerve invasion; LV1, lymph-vascular invasion; DI, depth of tumor invasion; LNM, lymph node metastasis.
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Aggregate hs-CRP<1mg/L hs-CRP=1mg/L

Variables (n=628) (n=299) (n=329) %2/U Value

BWL(n)

<24% 425 217 208 6.264 0.012
>24% 203 82 121

BMI (kg/m2)(n)

<185 76 26 50 29.504 <0.001
18.5-23.9 402 224 178
224 150 49 101

NRS2002 scores(n)

<3 points 290 166 124 20.033 <0.001
=3 points 338 133 205

PG-SGA grades(n)

A 102 74 28 30.362 <0.001
B+C 526 25 301

HB (g/L) = 126.0 (1109,136.6) 1163 (92.1,130.1) 377255 <0.001
ALB (g/L) = 38.8 (36.341.1) 36.4 (33.139.5) 32626.0 <0.001
TP (g/L) = 64.2 (60.3,67.3) 62.3 (58.8,66.2) 41745.5 0.001
PAB (mg/L) = 2211 (193.1,269.0) 192.3 (1585,230.7) 32376.5 <0.001
TLC (109/L) = 1.82 (1.53,2.33) 1.69 (1.33,2.19) 41355.5 0.001

hs-CRP, hypersensitive C-reactive protein; BWL, body weight loss; BMI, body mass index; NRS2002,Nutritional Risk Screening 2002; PG-SGA, Patient-Generated Subjective Global Assessment;
HB, hemoglobin; ALB, albumin; TP, total protein;PAB, prealbumin; TLC, total lymphocyte count.
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Variables

Odds ratios (95% Cl)

P Valu

Gender 1.065 (0.769,1.477) 0.704

Age(<70 y vs. 270y) 4.823 (2.470,9.416) <0.001
hs-CRP(<1.00mg/L vs. 21.00mg/L) 2.063 (1.500,2.839) <0.001
HB 0.984 (0.978,0.991) <0.001

ALB 0.852 (0.817,0.890) <0.001

PAB 0.991 (0.988,0.994) <0.001

P 0.917 (0.890,0.944) <0.001

TLC 0.686 (0.550,0.856) 0.001

BMI 0.738 (0.691,0.787) <0.001
BWL(£2.4%/>2.4%) 4432 (3.035,6.471) <0.001
Grade(Well/moderate vs. Poor/undifferentiated) 1.290 (0.896,1.858) 0.171
TMD(<5cm/25¢m) 2.026 (1.435,2.861) <0.001
PNI(Negtive/Positive) 1.920 (1.389,2.655) <0.001
LVI(Negtive/Positive) 1.809 (1.303,2.510) <0.001
DTI(To.; vs. Ta.q) 2.850 (1.935,4.198) <0.001
LNM(Negtive/Positive) 1729 (1.240,2.412) 0.001
PTNM stages (0/I/I1 vs. 1II/IV) 1.782 (1.298,2.447) <0.001

CI, confidence interval; hs-CRP, hypersensitive C-reactive protein; HB, hemoglobin; ALB, albumin; PAB, prealbumin; TP, total protein; TLC, total lymphocyte count; BMI, body mass index;

BWL, body weight loss; TMD, tumor maximum diameter; PNI, peripheral nerve invasion; LVI, lymph-vascular invasion; DTI, depth of tumor invasion; LNM, lymph node metastasis.
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Odds ratios (95%

Variables Cl)
Gender 1.299(0.825,2.046) 0.258
13.074

Age(<65 y vs. 265y) (4.734,36.096) <0.001
hs-CRP(<1.00mg/L vs. >1.00mg/L) 3.536(2.214,5.654) <0.001
HB 0.972(0.961,0.982) <0.001
ALB 0.809(0.761,0.860) <0.001
PAB 0.990(0.987,0.994) <0.001
TP 0.892(0.857,0.928) <0.001
TLC 0.577(0.442,0.753) <0.001
BMI 0.847(0.794,0.904) <0.001
BWL(<2.4%/>2.4%) 6.922(3.292,14.555) <0.001

Grade(Well/moderate vs. Poor/

undifferentiated) 0.721(0.426,1.221) 0.223
TMD(<5cm/>5cm) 1.602(0.986,2.604) 0.057
PNI(Negtive/Positive) 1.323(0.853,2.053) 0.211
LVI(Negtive/Positive) 1.646(1.039,2.608) 0.034
DTI(Ty.y vs. To.q) 1.953(1.234,3.092) 0.004
LNM (Negtive/Positive) 1.513(0.981,2.334) 0.061
pTNM stages (0/I/11 vs. III/IV) 1.565(1.018,2.406) 0.041

CI, confidence interval; hs-CRP, hypersensitive C-reactive protein; HB, hemoglobin; ALB,
albumin; PAB, prealbumin; TP, total protein; TLC, total lymphocyte count; BMI, body mass
index; BWL, body weight loss; TMD, tumor maximum diameter; PNI, peripheral nerve invasion;
LV, lymph-vascular invasion; DI, depth of tumor invasion; LNM, lymph node metastasis.
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Variables Odds ratio (95%Cl)

pTNM stage(0/ I/ I vs II/IV) —_—
DTI(T o.q vs Tpy) —t
LVI(Negtive/Positive) —
BWL(<2.4% vs>2.4% )
BMI(kg/m?) =
TLC(10°1L) —t
TP(g/L) F
PAB(mglL)
ALB(g/L) H-
HB(g/L)
hs-CRP(<1mg/L vs =1mg/L )
age(<65y vs = 65y)
T T

04 06 038

0.98 1.00 1.02 1.04

0Odds ratio (95%Cl)

1.037(0.545,1.989)
0.893(0.460,1.721)
0.846(0.457,1.567)
5.981(2.700,13.056)
0.803(0.734,0.879)
0.928(0.672,1.280)
0.984(0.926,1.046)
0.999(0.994,1.004)
0.892(0.808,0.989)
0.984(0.973,0.995)
3.346(1.833,6.122)
12.336(4.203,36.208)

P Value

0.911
0.739
0.593
<<0.001
<0.001
0.653
0.615
0.640
0.024
0.005
<0.001
<0.001





