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Despite advances in diagnosis and treatment, gastric cancer remains the third most common cause of cancer-related death in humans. The establishment of relevant animal models of gastric cancer is critical for further research. Due to the complexity of the tumor microenvironment and the genetic heterogeneity of gastric cancer, the commonly used preclinical animal models fail to adequately represent clinically relevant models of gastric cancer. However, patient-derived models are able to replicate as much of the original inter-tumoral and intra-tumoral heterogeneity of gastric cancer as possible, reflecting the cellular interactions of the tumor microenvironment. In addition to implanting patient tissues or primary cells into immunodeficient mouse hosts for culture, the advent of alternative hosts such as humanized mouse hosts, zebrafish hosts, and in vitro culture modalities has also facilitated the advancement of gastric cancer research. This review highlights the current status, characteristics, interfering factors, and applications of patient-derived models that have emerged as more valuable preclinical tools for studying the progression and metastasis of gastric cancer.
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Introduction

Efforts to treat cancer have improved our understanding of the disease. Cancer, as a heterogeneous disease, has led to various therapeutic outcomes in clinical practice. Gastric cancer (GC) is the fifth most common cancer worldwide and the third most common cause of cancer-related death in humans (1). In fact, as a malignant tumor of the digestive system, gastric cancer is often affected by many factors such as ethnicity, diet, and infectious sources (e.g., Helicobacter pylori), and its incidence and mortality rates vary according to geographical regions (2).

Due to the lack of specific symptoms, defined biomarkers, and diagnostic methods at the early clinical stage, gastric cancer is mostly of middle to late stage when detected. The overall prognosis of patients with gastric cancer remains poor, despite improvements in multidisciplinary and multimodal treatment modalities (surgery, chemotherapy, radiotherapy, etc.). Most gastric cancer patients have a median survival of only 8-10 months, and the 5-year overall survival rate is less than 30% (3, 4). The accumulation of multiple genetic alterations and genetic backgrounds in patients leads to a more diverse tumor phenotype and heterogeneity, which is also associated with the tumor microenvironment (5, 6). Therefore, gastric cancer can be classified into several subtypes based on its molecular characteristics, rather than a single disease. In order to improve treatment efficacy, the subtype and biological heterogeneity of gastric cancer need to be defined earlier by histopathology, thereby affecting the disease response to treatment. Despite advances in therapeutic strategies, most phase III clinical trials have failed due to a lack of efficacy (7, 8). An important factor for failure in clinical trials is the inadequate biology of preclinical models in which drugs are developed or tested, resulting in the inability to predict therapeutic efficacy in humans (9, 10). Fortunately, the advent of a gastric cancer patient-derived xenograft (PDX) model that is established by transplanting fresh tumor tissue or cells from a patient into immunodeficient mice, is critical for improving our understanding of the genetic and molecular etiology of this disease, developing and validating effective therapies as well. In recent years, patient-derived xenograft models have emerged as the most suitable preclinical models of gastric cancer, reproducing the heterogeneous and complex tumor microenvironment of gastric cancer. For example, Chen et al. utilized targeted next-generation sequencing, in situ hybridization, and immunohistochemistry to analyze the genomic variations and molecular profiles of 50 gastric cancer PDX models. The majority of PDX models exhibited the same histopathological and molecular features as the primary tumors, and several potential drug targets were validated, such as EGFR, Met, and CCNE1 (11). More understanding about the biological behavior and intrinsic subtypes of gastric cancer has been explored through PDX models, especially the human epidermal growth factor receptor-2 (HER2)-amplified subtype of gastric cancer confirmed HER2 as the first validated therapeutic target for esophageal cancer. These studies highlighted the importance of identifying potential therapeutic targets and developing targeted therapies, and also reflected the significance of patient-derived xenograft models with clinical characteristics for gastric cancer research.

Although great progress has been made in PDX models of digestive system tumors, the study of PDX models of gastric cancer still needs further exploration. This review summarizes the advantages of patient-derived models as the most appropriate preclinical models of gastric cancer, which maintain high concordance with primary tumors in terms of histopathological features, gene expression, and response to drugs. The application of this model on the identification of biomarkers, the screening of clinical drugs, and precision treatment for gastric cancer will definitely advance the clinical treatment of gastric cancer (Figure 1). Special attention is also given to the interfering factors that need to be considered when establishing gastric cancer PDX models to accelerate the translation to the clinic.




Figure 1 | The utility of patient-derived xenograft (PDX) models in gastric cancer research. The gastric cancer tissue or cells of the surgically resected patient was directly implanted into immunodeficient mice, and the fidelity of the model was analyzed. The GCPDX model can be used for biomarker development or novel drug evaluation, etc. Promising candidates may enter clinical trials for evaluation to determine the optimal treatment for patients, enabling personalized medicine.





GC Models in Mice


Patient-Derived Model in Immunodeficient Mice

The development of preclinical models has primarily originated from human cancer cells capable of perpetuating propagation in vitro. Studies have shown that common gastric cancer cell lines include: ① MGC-803, BGC-823, and OCUM-1 were obtained from primary foci of gastric cancer; ② SGC-7901 was obtained from a perigastric lymph node metastasis; ③ KATO-II and III were obtained from Cancerous Pleural Fluid; ④ HSC-39, HSC-40A were obtained from cancerous ascites, etc. Masakazu et al. reviewed the origin, morphology, biological characterization, and tumorigenic properties of 20 gastric cancer cell lines (12). Gastric cancer cell lines were transplanted into immunodeficient mice and the corresponding models were established by subcutaneous or orthotopic implantation, intravenous or intraperitoneal injection. However, there are specific defects to this model. First, long-term culture can gradually change the properties of cancer cells under selective pressure in vitro, leading to the loss of heterogeneity characteristics of proto cancer cells. Second, cell line models lack a tumor microenvironment. In addition to cancer cells, the microenvironment includes the surrounding lymphatics, capillaries, Stromal cells (immune cells and cancer-associated fibroblasts), other normal cells, extracellular matrix (ECM), and various signaling molecules. Changes in microenvironmental conditions play irreplaceable roles in the growth and maintenance of cancer cells (13). For example, cancer-associated fibroblasts promote the proliferation and invasion of primary gastric cancer, while contributing to tumor development (14–16).

Another alternative to conventional cell line culture is the transplantation of cell lines that are extracted from primary gastric cancer tissues. Fresh specimens of gastric cancer in humans undergo primary cell culture after mechanical isolation to obtain viable tumor cells, which was followed by early passages to establish a gastric cancer cell-line derived xenograft (GCCDX). As a patient-derived xenograft, the GCCDX model is more heterogeneous and fidelity compared to long-term cultured cells, and simulates the characteristics of the primary gastric cancer cell population to a greater extent, because it may contain tumor-associated fibroblasts. However, this cell model generally does not retain other microenvironmental components of primary gastric cancer, and the consistency with the primary tumor may change. From 17 gastric cancer cases, four cell lines were established by directly culturing cells from ascites fluid, and another three cell lines were established by subcutaneously engrafting the primary cultured cells. However, there was some inconsistency between primary and CDX tumors. Among 24 cases in which CDXs were obtained from resected tissue, only about half were of the same differentiation grade. It is noteworthy that more than half of the primary tumors that show differentiated histology turn out to be poorly differentiated adenocarcinoma in CDXs. In addition, this study compared histology between primary tumors and another patient-derived xenograft (PDX) model obtained by implanting tumor biopsies or tissues into immunodeficient mice. All of the 35 PDX models established were all adenocarcinomas, 28 of which had the same histological differentiation grade between primary and PDX tumors. Concordance between primary and PDX tumors was statistically significant (p<0.01). Although the remaining seven cases were classified as different histological differentiation grades, five cases showed mixed differential grades in either primary or PDX tumor lesions. Therefore, most cases (94.3%, 33/35) shared the same histology, at least in some regions, in both primary and PDX tumors (17).

It follows that tumors formed in PDX models obtained by implanting tumor biopsies or tissues into immunodeficient mice, in addition to having high genomic fidelity, are histologically and genetically closer to the patient’s original tumor, allowing for more accurate prediction of the corresponding treatment regimen (18–20). The direct implantation of tumor specimens avoids culture time and genetic changes for in vitro proliferation. At present, most of the established gastric cancer PDX models are subcutaneous transplants, which are quite different from the primary environment of gastric cancer and few metastases occur. However, the benefits are easier to manipulate and easier to monitor tumor growth (21, 22). Patient-derived orthotopic xenografts (PDOX) provide a tumor growth microenvironment that more closely resembles the real situation in patients, which is conducive to tumor occurrence and metastasis (23, 24), while not conveniently monitoring tumor progression (25–27). Sicklick et al. conducted a study on the orthotopic PDX model of gastrointestinal tumors and found that the engraftment success rate of gastric wall tumors can reach 50%, which is favorable for the occurrence of metastasis (28, 29). The establishment method of subcutaneous and orthotopic GCPDX is shown in Figure 2A. After the tumor tissue is successfully established in mice, tumor tissues can be continuously transplanted into subsequent mouse offspring, providing a sufficient number of tumors for a variety of applications and statistical analysis. Of course, molecular or genetic phenotypes do not change after many generations. Studies have shown that states and gene phenotypes close to primary patient tumors in a GCPDX were also maintained for 12 generations in mice, with no conversion occurring (30). Moreover, the latency of xenografts in GCPDX is as long as 160 days or even longer (31). The success rate of engraftment of primary tumor specimens into gastric cancer PDX models is approximately 10.7% - 60%, with many influencing factors, which are elucidated in detail later in the review (32).




Figure 2 | Overview of the methodology to establish GCPDX in (A) immunodeficient mice, (B) humanized mice, (C) zebrafish, and (D) in vitro.





Genetically Engineered Mouse Model

Gastric cancer PDX models transplanted in mice run the risk that human-derived stromal components may be progressively assimilated by the mouse due to the altered growth environment, with gradual differences between the transplanted and primary tumor tissues (33, 34). This discrepancy will affect the reliability of research results, so how to avoid or reduce this loss of human-derived stroma is of particular importance. With the development of genetic engineering and molecular biology techniques in recent years, useful information has been obtained in the study of genetically engineered mouse models. Mutations in the p53 gene are one of the most common molecular events in human cancers. A recent study generated mice (DCKO) with double conditional knockout (loss of E-cadherin and loss of p53) by crossing Atp4b-Cre mice with Cdh1fl/f1 and p53fl/fl mice. The DCKO mice showed phenotypes of loss of cell polarity for parietal cells and protein pump negative atypical foci, which ultimate progression to intramucosal cancer and invasive cancer (35). Similarly, loss of E-cadherin and Smad4, as well as loss of p53, induced gastric cancer in mice, recapitulating human diffuse gastric cancer (36). However, another study reported that silencing of E-cadherin in a transgenic mouse model did not result in gastric malignancy, suggesting that loss of E-cadherin may induce precancerous lesions in the gastric mucosa, but may not be sufficient to induce tumorigenesis (37). It follows that the techniques required by the model and the corresponding success rates were not ideal. More notable is that the time of tumor initiation and progression was more than 12 months in transgenic mice by gene knockout or alteration. In addition, monitoring tumor progression requires specialized equipment for imaging that is not available in many laboratories, and the maintenance required of the model after its establishment is costly (25). Most importantly, tumors are derived directly from mice and may not accurately reproduce the heterogeneity of human tumors. Therefore, this model is not the best option to solve the above problems.



Patient-Derived Model in Humanized Mice

In order to better avoid reducing the loss of this humanized stroma, some scholars have used “humanized mice” to obtain a human immune microenvironment for reconstitution and to establish “humanized PDX models” after transplanting human tumors. For example, humanized immune-reconstituted mice were established by transplanting human embryonic thymus tissue and CD34 + hematopoietic stem cells into NOD/SCID mice (38). This NOG mouse with a humanized immune system is further integrated into the PDX model of gastric cancer, which can mimic the humanized microenvironment and provide human immune cells required for tumor growth (shown in Figure 2B) (23). Such models are not only able to provide an immune microenvironment similar to the growth of human tumors, but also address the problem that conventional PDX models cannot be used for antitumor immune drug evaluation due to the use of immunodeficient mice. At present, several strains of immunodeficient mice have been utilized to produce humanized mice: the NOD.Cg-PrkdcscidIl2rgtm1WjlTg (CMV IL-3, CSF2, KITLG)1Eav/MloySzJ (also known as NSG-SGM3) mice, the NOD, B6.SCID Il2rγ−/−KitW41/W41(NBSGW) mice, and the human SIRPA and IL15 knockin(SRG-15) mice (39–41).

Conventional humanized mouse models suffer from incomplete replacement of the hemato-lymphoid system and inefficient human myelopoiesis (42). As humanized mice develop, cytokine humanized mice will become the next generation of humanized mice. A so-called cytokine humanized mice (MISTRG mice) combine genetic preconditioning and cytokine-mediated support by knocking in gene replacement, removing mouse cytokine-encoding genes and replacing them with their human counterparts (40, 43). In such mice, the level of human hematopoietic engraftment in organs such as the bone marrow (BM) is significantly higher. In addition, human phenotypically defined HSPCs in BM, T cells in the thymus, and myeloid cells in nonhematopoietic organs are present at higher levels of engraftment, approaching levels in the human system (44). In this way, human innate and adaptive immune responses to diseases such as COVID-19 and myelodysplastic syndromes have been faithfully recapitulated (45, 46). To pre-evaluate novel HSC-mediated gene therapy approaches, enabling more facile and less costly evaluation of promising strategies, Radtke et al. developed the first “monkeyized” mouse xenografts via MISTRG mice model (47). Although there are few studies on cytokine humanized PDX models for gastric cancer, these models will provide an unprecedented platform for gastric cancer immunology and personalized medicine research, with the continuous improvement of the humanized PDX model and precise expression of the human biological system.




Alternative Hosts in GC Patient-Derived Models


Patient-Derived Model in Zebrafish

In addition to transplanting tumor tissue from patients into mice, zebrafish is also a powerful and genetically tractable model to study human malignancies (Figure 2C). This model demonstrates a high level of physiological and genetic similarity to mammals and closely mimics the clinical environment, favoring natural history surveillance of tumors (48). In recent years, the value of zebrafish PDX (ZPDX) models has become apparent (49–51). Wu et al. xenografted two human gastric cancer cell lines (AGS and SGC-7901) into zebrafish embryos (64% engraftment rate), and the in vitro and in vivo sensitivity to 5-FU was examined in the model. Xenotransplantation of primary cells from 14 human gastric cancer tissues into zebrafish embryos enabled the in vivo observation of tumor angiogenesis, cell invasiveness, and drug response in a time- and cost-saving manner. Importantly, this study is the first ZPDX model for personalized treatment of gastric cancer (52). Furthermore, Zhai et al. established another patient-derived model of gastric cancer derived from juvenile zebrafish to develop a stable and reliable chemotherapy screening protocol and achieve precise chemotherapy for gastric cancer by optimizing the route of administration, drug dosage, and rhythm. Through the new platform, the group investigated the chemosensitivity of 5-fluorouracil, cisplatin, docetaxel, and doxorubicin in gastric cancer patients (53). Zebrafish cancer models, when combined with large-scale genetic screens and drug discovery platforms, have provided valuable insights into the clonal evolution and heterogeneity of tumors, drug resistance to therapy, invasion, metastasis, hematopoiesis, and transplantation of stem cells (54–61).

The advantages of the zebrafish model are mainly: ① transparent embryos have unique features that are beneficial for exploring tumor development, angiogenesis, invasion, and metastasis, etc (62, 63); ② Easy tracking of fluorescently labeled cells; ③ High reproductive capacity and low costs of feeding and maintenance; ④ Easily microinjected or manipulated in bulk, large-scale and high-throughput cell transplantation studies are possible. The above has been difficult to perform in immunocompromised mouse models (64–68). However, most xenograft experiments in zebrafish recipients are performed at 37°C, a temperature at which studies have reported that the proliferation rate of transplanted human cells or the way to form tumor masses is different from that of immunocompromised NSG mice or human patients (69). As zebrafish xenograft technology has slowly matured, it is critical for the field to move to the clinic and conduct clinical studies (70).



Patient-Derived Organoid Model

The current xenograft models derived from patients with gastric cancer all require host culture, with ethical concerns. This issue was not addressed until the advent of PDO (patient-derived organoid) model, an extension of a patient-derived xenograft model (Figure 2D). PDO models are generally derived from pluripotent stem cells (including embryonic stem cells and induced pluripotent stem cells), adult stem cells, and cancer stem cells (16). Current studies have confirmed that human PDO models can be obtained by surgical resection of specimens, tissue biopsy, etc. (71–73). The isolated cells resulting from tissue fragments are suspended on Matrigel and develop into a three-dimensional matrix of cells. Supplements for long-term expansion of normal gastric cancer PDO models include Advanced DMEM/F12, Glutamine, HEPES (N-2-hydroxyethylpiperazine-N-ethane-sulphonic acid) and cytokines (Wnt3A, R-spondin, Noggin, HEGF, HFGF10, and gastrin), etc. (10, 74). This cultural environment is more similar to the real microenvironment in vivo, thereby facilitating the growth of PDO models and the maintenance of associated stem cells (4, 5). Generally, the expansion can be stabilized in a short time (1-2 weeks), thus the inherent heterogeneity and biological behavior of the primary tumor tissue can be well preserved. A study led by Hans Clevers, which demonstrated that PDO models derived from human gastric cancer could be bred in the laboratory for the first time, marked the arrival of an era of utilizing gastric cancer PDO models to study gastric cancer (75). Studies in gastric cancer PDO models performed in vitro are able to mimic a range of in vivo tumor biological behaviors, such as tumor initiation and progression, transduction of molecular signaling pathways in tumors, development of anti-tumor drugs, and targeted therapy in cancer patients (76). In addition, PDO models are continuously proliferated and passaged, which can be used for direct detection or cryopreservation (15, 72).

PDO models derived from a patient’s tumor cells are characterized by the following parts: (1) Long-term culture remains remarkably gene stable, manifested by the ability to maintain the gene expression profile of the initial tumor over a long period of time, thus reflecting the tumor response to various treatment regimens more realistically; (2) The cultural process of PDO models for tumors is not limited to experimental animals, which does not require ethical concerns. Moreover, the process is time-saving and can be cultured in a single large-scale for high-throughput drug screening; (3) PDO models are generated from the culture of many cells (complex and diverse in origin) and are able to reflect tumor heterogeneity; (4) Low-malignant tumors can also be cultured to generate PDO models, filling the constraints of traditional tumor modeling modalities in low-malignant tumors. Furthermore, for drugs whose targets are not tumor cells, a novel solution is to implant PDO models into mice for drug susceptibility testing (77). This protocol may further refine the design of studies in vitro and in vivo, and better serve studies on gastric cancer pathogenesis and drug treatment.




Interfering Factors to Consider in Establishing a Murine GCPDX Model

Studies have shown that the value and feasibility of engrafting PDX models into immunodeficient mice is optimal. To construct murine GCPDX more effectively, the key factors need to be summarized as follows to improve the transplantation rate (Table 1).


Table 1 | Summary of the success rates of GCPDX under different conditions.




Host Strain

Nude mice, NOD, SCID, NSG, and other mice are often selected to prepare GCPDX. Yoon et al. reported the successful establishment of 15 GCPDX using nude and NOG mice, and the corresponding success rates of 8.0% and 10.5%, respectively, without significant differences (82). In another study of 207 human GCPDX models, 49 immunodeficient mouse models grew tumors within 3 months after implantation with success rates of 16.9% (nude mice) and 26.9% (SCID mice), respectively. The results confirmed that although there were all trends towards higher success rates using SCID mice, these differences were not statistically significant (30). In addition, Kuwata et al. also evaluated the engraftment rate of NOG, NSG, and SCID mice in GCPDX and found similar success rates for tumor development in the three models: NOG 31.0% (55/177), NSG 30.0% (3/10) and SCID 22.2% (10/45) (17). In fact, a large proportion of scholars would choose BALB/c nude mice for the establishment of the first-generation PDX model to reduce the occurrence of lymphoma, even if other immunodeficient mice are used in subsequent passages (83). However, the degree of immunodeficiency affects engraftment rates, and strains of mice with the most severe immunodeficiencies typically have the highest engraftment rates, such as NMRI nude mice, Bl6/Rag2/GammaC double knockout, or CD-1 mice. Meanwhile, these models are also affected by immunoproliferative diseases, with higher construction costs. It follows that the preparation of GCPDX should be comprehensively considered.



Type of Sample Being Grafted

Whether the GCPDX can be established is closely related to the number of cancer cells and the size and density of tumor fragments, which can reflect the trends of cancer cells and microcarcinoma tissues at the molecular level (84). For tumor cells of gastric cancer, a higher percentage of tumor cells in a representative tissue was associated with a higher success rate (P = 0.025), and the number of cells was generally adjusted in the interval range of 105-107 according to the actual conditions. Meanwhile, the success rate (38.9%) was higher than that of a single fragment (18.2%) when multiple fragments were implanted in a single animal (82). Tumors were generally inoculated into mice to grow the next generation of PDX when the volume of the primary tumor approached 1000 mm3 (17, 78). Excessively large tumors easily affect the survival state of mice, resulting in the lack of nutrition of tumor cells, and the transplantation ability of the tumor is weakened. If the tumor is too small in size, there will be insufficient stromal cells to form the next generation of tumors. The multiple tumor fragments being transplanted are mostly 1-2 mm in diameter (85–87). Excessive tumor volume easily affects the accuracy of tumor transplantation, leading to a shift in the transplantation position, reducing the transplantation rate. On the contrary, tumor fragments that are too small may not adequately reflect the heterogeneity of the primary tumor, thereby affecting the predictive value of PDX in drug screening.



Treatment Status

Whether patients receive treatment before tumor resection will hinder the successful establishment of GCPDX remains controversial. In a recent study, 63 PDX models were successfully established using 185 fresh gastroscopic biopsies of gastric cancer and passaged to maintain tumors in vivo. The engraftment rate of biopsies inoculated with prior chemotherapy (52.1%, 37/71) was higher than that of biopsies obtained after chemotherapy (21.9%, 25/114) (31). Moreover, Kuwata et al. demonstrated that the establishment success rate of PDXs from patients who received chemotherapy was higher than that from patients who did not receive chemotherapy in 35 GCPDX [26.4% (9/34) vs. 13.1% (26/198)], although the difference was not statistically significant (17). The reason for the existence of this phenomenon may lie in the high degree of tumor differentiation in some patients with gastric cancer who receive chemotherapy, and the malignant tumors are invasive and metastatic even after chemotherapy, thus the staging and differentiation degree of gastric cancer need to be considered. For example, 232 gastric cancer tissues were subcutaneously transplanted into immunodeficient mice and 35 GCPDX were successfully established. The differentiated adenocarcinomas (DAS, 19.4%) were more effective than poorly differentiated adenocarcinomas (PDAs, 10.8%). The investigation revealed that the metastatic status of pathological lymph nodes was significantly correlated with the success rate (17).



Metastatic Sample

GCPDX can be successfully created from clinical biopsy specimens of patients with metastatic or unresectable gastric cancer (88), and metastatic cancers have a higher engraftment rate than PDX models. In one study, biopsy specimens from 29 patients were used for the engraftment of PDXs. The results demonstrated the highest engraftment rate for gastric and gallbladder cancer specimens (100%), compared to 33% and 29% for PDAC and cholangiocarcinoma, respectively. PDX models created from metastatic biopsies present higher engraftment rates compared to tumor tissue from unresectable primaries (69% vs. 15.4%, P = 0.001), and PDX models have a higher engraftment rate when biopsied during surgical procedures compared to image guidance (73% vs. 14%, P = 0.003) (88). In addition, shorter ex vivo times of isolated tissue or biopsied samples facilitate engraftment of tumors. In a recent study, the ex vivo times of successful cases of GCPDX differed greatly from unsuccessful cases (median time for successful cases was 75 minutes vs. 135 minutes for unsuccessful cases, P = 0.003). Similarly, shorter overall procedure time was associated with engraftment success (123 min for successful engraftment vs. 167 min for unsuccessful engraftment, P = 0.01) (82).



Subtypes

The 2014 Cancer Genome Atlas (TCGA) group classified gastric cancer into four subtypes: chromosomal instability (CIN), microsatellite instability (MSI), genomic stability (GS) and EBV-positive (Epstein-Barr Virus positive, EBV+) types (89). In one study, Peille et al. showed that not all molecular subtypes of gastric cancer were established in 27 PDX models, with PDXs predominantly developed from MSI, CIN subtypes. In contrast, PDXs were rarely or not developed from the subtypes of EBV and GS. Gastric cancers of the MSI subtype accumulate a large number of mutations that may confer some adaptability to tumor cells to grow in a new microenvironment (the immune-compromised mice). Other subtypes, such as GS, may require additional growth factors to promote proliferation (81). Again, histologic type and MSI-H status were associated with high engraftment, as well as high RTK/RAS (a common molecular alterations in subtype of CIN) copy-number variation (90). MSI, and CIN subtypes were the most common in the clinical diagnosis of gastric cancer, accounting for approximately three-quarters (91). EBV-positive gastric cancer accounts for about 10%, but its establishment in PDX models is uncommon, although more than 30% of PDX generated from gastric cancer samples will develop EBV-positive lymphoma (92). However, Soldan et al. investigated the efficacy of the EBNA1 inhibitor VK-1727 in xenografts through EBV-positive (SNU719 and YCCEL1) GC cell lines (93). In addition, a recent study demonstrated that the stomach-specific and inducible Cre recombinase mouse line Anxa10-CreERT2 allows the modeling of different known subtypes of gastric cancer, although in this study only the evaluation of CIN and GS gastric cancer subtypes was achieved with emphasis (94).



Gender Gap

Unlike hormone-dependent prostate cancer and breast cancer, most other types of tumors do not require the addition of sex hormones such as estradiol or testosterone to improve transplantation efficiency. However, mouse models of gastric cancer tissue or intestinal gastric cancer from male patients are more likely to be successfully established (95). In part, an androgen receptor (AR) was demonstrated to directly regulate miR-125b expression. The AR- miR-125b signaling pathway inhibits apoptosis and promotes proliferation, and therefore can promote transplantation efficiency.

Finally, factors such as implantation site, tumor stage, or whether Matrigel was used are also potential conditions for the successful establishment of GCPDX, which need to be further studied (82).




Murine GCPDX Models in Cancer Research


Preclinical Drug Evaluation and Resistance Improvement

One of the major problems in oncology drug development is the low success rate of new drugs, with only 5% of preclinical anticancer drugs eventually approved for clinical treatment. Many anticancer drugs failed due to lack of efficacy in phase II and III clinical trials and wasted a lot of resources, mainly because of the low predictive value of conventional preclinical models for screening new formulations for clinical development (96). As a preclinical model with high predictive value, the PDX model plays an irreplaceable role in the preclinical screening of new anticancer drugs. For example, Huynh et al. evaluated the antitumor activity of oral regorafenib in eight GCPDX. Regorafenib reduced tumor angiogenesis by 3-fold to 11-fold compared with the control group in all models, decreased tumor proliferation by 2-fold to 5-fold in six models, and induced apoptosis in seven models. The results demonstrated that regorafenib was effective in GCPDX of different histological subtypes. The inhibition of tumor growth, angiogenesis, and proliferation of tumor cells by the drug was observed in almost all models, providing support for further clinical studies in gastric cancer (97). In another study, a novel vascular endothelial growth factor (VEGF) blocker with anti-angiogenic properties, FP3 (KH902/KH903), caused an effect on tumor blood vessels in patient-derived models of gastric cancer. The intervention of FP3 decreased the vessel density and inhibited vessel sprouting in the model. Since the degree of degeneration of pericytes of vessels was different from that of endothelial cells, pericytes of vessels surviving on tumor vessels after FP3 treatment exhibited a more normal phenotype. Therefore, FP3 has a direct, rapid anti-angiogenic effect on tumor vasculature, which is mainly achieved by regression of tumor vasculature, inhibition of new and recurrent vessel growth, and normalization of existing tumor vasculature (98). The antitumor effect of luteolin was assessed in two GCPDX models which overexpressed cMet. The results demonstrated that luteolin exerted significant antitumor effects in the cMet-overexpressing xenograft model of gastric cancer through cMet/Akt/ERK signaling, so it may serve as a potential therapeutic option for cMet-overexpressing gastric cancer (99). TR1801-ADC was reported to have excellent efficacy and significant antitumor activity in 90% of xenograft models derived from patients with gastric, colorectal, and head and neck cancers: 7 of 10 gastric models, 4 of 10 colorectal cancer models, and 3 of 10 head and neck cancer models showed complete tumor regression after a single administration (100).

In addition to single drug administration, the potential utility of GCPDX is reflected in combination therapy to address the issue of resistance to clinical anti-gastric cancer drugs. Studies have shown that trastuzumab in combination with paclitaxel can still exert more potent antitumor efficacy than each drug alone in the GCPDX of trastuzumab-resistant, providing evidence that paclitaxel is still beneficial in treating trastuzumab-resistant tumors (101). Another report validated that the co-activation of MET and FGFR2 in the GCPDX increased the drug resistance to targeted therapy, possibly due to the activation of multiple growth and survival signaling pathways. Therefore, the combination therapy of MET and FGFR2 inhibitors may be a promising strategy to treat the inherent resistance of MET inhibitors in gastric cancer cases containing MET and FGFR2 amplification (102). Other discussions using GCPDX to demonstrate drug efficacy are summarized in Table 2, and the potential targets of different drugs in the model are distinguished.


Table 2 | GCPDX models as preclinical research tools to evaluate drug efficacy.





Individualized Targeted Therapy

Gastric cancer is highly heterogeneous with poor sensitivity to conventional chemotherapeutic agents and poor prognosis, for which individualized targeted therapy is of particular importance. At present, the targets of gastric cancer drugs are mainly concentrated at the molecular level, which can be specific antigens or receptors on the surface of tumor cells or specific antigens or receptors on the surface of tumor neovascular endothelial cells. For example, ① trastuzumab is the first drug to be applied in targeted therapy of gastric cancer, which targets HER2 (111); ② ramucirumab was approved by the U.S. FDA in 2014 for the treatment of advanced gastric cancer, which is an anti-VEGF-R2 monoclonal antibody that inhibits the binding of this receptor to VEGF to inhibit its activation and enable the angiogenesis effect of VEGF could not be achieved, resulting in multiple effects of anti-tumor blood vessels (112). Due to the high specificity of targeted therapy, the same targeted drugs may have large differences in efficacy for patients with different genotypes. The screening of therapeutic targets is the core of targeted therapies, which are often the result of high expression of novel or pre-existing genes that arise after tumorigenesis is mutated. Here, people analyzed and explored potential therapeutic targets based on the characteristic PDX models of advanced gastric cancer (AGC). The genomic variations and molecular profiles of 50 PDX models from AGC patients were analyzed by targeted next-generation sequencing, in situ hybridization and immunohistochemistry. Each PDX model has separate histopathological and molecular features, and alterations in MAPK, ErbB, VEGF, mTOR, and cell cycle signaling pathways are largely responsible for the PDX model heterogeneity. The present study also validated several potential drug targets and the antitumor activity of targeted agents. Volatinib exhibits strong anti-tumor activity in GCPDX models, with overexpression of MET and phosphorylated MET (p-MET). The EGFR monoclonal antibody BK011 and cetuximab inhibited tumor growth in the GCPDX model with EGFR amplification. Afatinib inhibited tumor growth in GCPDX models through EGFR amplification, EGFR overexpression, or HER2 amplification. Apatinib was more sensitive in GCPDX models with high microvessel density. The CDK1/2/9 inhibitor AZD5438 had superior antitumor activity in two models with the higher copy number of CCNE1 (11). Similarly, another study implanted GC tissues from 32 patients into immunodeficient mice and assessed protein levels or gene amplification of HER2, cMet, and FGFR2 in these tissues using immunohistochemistry and fluorescence in situ hybridization. Different anti-tumor efficacy was tested in the PDX model by using targeted inhibitors. Crizotinib and AZD4547 exerted a significant anti-tumor effect only in PDX models with cMet (G30, G31) and FGFR2 (G03) amplification. Interestingly, a synergistic anti-tumor activity of the two drugs was observed in G03 [FGFR2-amplified and cMet non-amplified but IHC (2+)] (80). In conclusion, GCPDX from different patients better preserves the heterogeneity of primary tumor cells, whose properties may vary slightly, partly reflected in the expression of genes. Targeted drugs that are effective on known models, do not necessarily have the same efficacy on models of other patients. When discrepancies arise, sources should be analyzed and studies of genotypes should be carried out to make personalized treatment realistic. In addition, GCPDX with defined molecular characteristics are useful for preclinical studies of targeted drugs, and the results should be verified in larger studies of PDX models or clinical trials.



Biomarker Development

The clinical diagnosis of gastric cancer remains challenging, and its early-stage patients often present with non-specific symptoms and there is no screening method. However, tumor biomarkers have the potential to aid diagnosis, improve prognosis, and monitor response to treatment. PDX models have contributed greatly to the diagnosis of potential biomarkers related to gastric cancer. In one study, Kasai evaluated the antitumor efficacy of a novel anti-ASCT2 humanized monoclonal antibody, KM8094, which acts as a therapeutic antibody for gastric cancer with neutralizing activity against glutamine uptake. Interestingly, the results observed a correlation between antitumor efficacy and low antigen expression as well as low glutamine uptake levels, suggesting that ASCT2 expression levels may be a potential predictive biomarker for KM8094. They further explored predictive biomarker candidates using multi-omics analysis of a GCPDX, which selected some potential candidates through gene expression and DNA methylation array analysis, including TFF2, MUC13, and ANG (113). In addition, SL1, a LIM homeodomain transcription factor, serves as a biomarker for metastasis in multiple tumors. However, the function and underlying mechanism of ISL1 in GC have not been fully elucidated. It has been revealed in a GCPDX that a complex between ISL1 and SETD7 (a histone H3K4-specific methyltransferase) can directly bind to ZEB1(Key regulator of epithelial-mesenchymal transition (EMT)) promoter to promote the molecular mechanism of GC metastasis, which demonstrated that ISL1 may be a potential prognostic biomarker for GC (114). Cancer stem cells (CSCs) are a subgroup of cancer cells with self-renewal properties that are responsible for tumor malignancy, progression, and drug resistance. However, studies on specific markers of CSC in GC are still limited. Zhang et al. explored the expression of voltage-dependent calcium channel α2δ1 subunits and the potential of using α2δ1 as a marker for CSCs of gastric cancer. The expression of α2δ1 was analyzed in GC cell lines, PDX and clinical samples of malignant ascites from gastric cancer patients, and the results revealed that the expression level of α2δ1 was significantly different among the three models, while α2δ1+ gastric cancer cells exhibited significant self-renewal properties, including tumorigenic capacity, sphere-forming ability, and asymmetric differentiation potential. Therefore, the author proposes that α2δ1+ gastric cancer cells have CSC properties, and α2δ1 may be an appropriate marker for identifying GCSC (115). Finally, GC is commonly treated with combination chemotherapy using 5-fluorouracil (5-FU) derivatives and platinum, but predictive biomarkers are still lacking. Na group developed PDX models from 31 GC patients and treated them with a combination of 5-FU and oxaliplatin to identify biomarkers associated with responsiveness. The final data suggest that defects in p53 signaling are one of the predictive features of chemoresistance to 5-FU and oxaliplatin. During the development of resistance to chemotherapy with 5-FU and oxaliplatin, cancer cells and the TME work synergistically by activating similar pathways (116). From this, it appears that PDX models have powerful utility in identifying biomarkers of disease progression or treatment response. Contributing to this phenomenon is that PDX models retain the genomic and molecular characteristics of their tumors of origin, thus enabling prospective studies of biomarkers and comparison of preclinical data with clinical outcomes.




Limitations and Outlook

Gastric cancer PDX models still have limitations. First, the number requirement of models for partial experiments is large-scale, corresponding to the high cost of establishment and maintenance, and the long establishment time hinders the treatment of gastric cancer patients with expected shorter survival. The number of tissues used for implantation is limited, and the vast majority of GCPDX occurs at less than 50%. In order to improve the transplantation rate, a new method was developed that allowed the complete insertion of soft tissue fragments or evenly shredded tissue into the submucosa of the stomach of immunodeficient NOD.Cg-Prkdc Il2rg/SzJ (NSG) mice. Tumors of various tissue types can be used to establish orthotopic gastric cancer models through this completely enclosed transplantation method, without exposing adjacent organs or presenting the risk of cell leakage. This surgical procedure is highly reproducible in generating 48 mouse models with a success rate of 96% and a tumor formation rate of 93% (117). Second, the incidence of developing EBV-related B-cell lymphoma was as high as 68% when PDX models of gastric cancer were generated using severe combined immunodeficient mice NOD/SCID, NSG, or NOD, especially in the F1 generation (33.3%) (82). However, lymphomagenesis can be reduced using nude mice, which do not form lymphoma even when NOD (F2) mice are used in subsequent transplants. The reason is that EVB-infected B cells are in a latent state in the human body, and when tissues are transplanted into severely immunodeficient mice, these cells are prone to be activated to form lymphomas due to the lack of functional immune cells, which is the same mechanism as the formation of lymphomas in clinically immunocompromised patients (118). The presence of functional NK cells in nude mice inhibited the activation of latently infected EVB. Since H.pylori-associated gastritis is highly correlated with gastric carcinogenesis, and the degree of basal inflammation occurs to a significantly higher extent in gastric cancer cases than in other tumors, the incidence of lymphoma in GCPDX is significantly higher than in other tumors (32). The establishment of primary PDX models using nude mice not only ensures the success rate but also avoids the formation of lymphoma. Moreover, the development of this type of lymphoma can be prevented by short-term treatment of rituximab on murine implants without negatively affecting the engraftment of gastric cancer (92). Third, PDX tumors propagate in immunocompromised mice, and most stromal tissues and residual immunocompetent cells (if any) are derived from mice, which could not be considered to have a fully authentic tumor microenvironment. Therefore, the use of PDX models to evaluate drugs that target tumor-interstitial interactions or immune-mediated anti-tumor efficacy is hindered, which can be solved by the above-mentioned “humanized PDX model”. Although humanized mice still have deficiencies, especially in the degree of immune system reconstitution, which may lead to different immunotherapy efficacy. Several types of human hematopoietic cells could not fully differentiate with hematopoietic stem cells in any humanized mouse strain, such as erythrocytes, platelets, neutrophils, NKT cells, and ILC2 (119). To enhance human erythropoiesis and RBC survival in the models, a study reported a novel immunodeficient mouse model with deletion of the fumarylacetoacetate hydrolase gene in MISTRG mice and intrasplenic injection of human hepatocytes (huHep) (120). Finally, metastasis is an important reason why advanced gastric cancer is difficult to cure, and it is of great significance to prepare the corresponding metastasis model. As mentioned in the second part of the article, most of the GCPDX are subcutaneous transplantation, which could not fully simulate the primary environment of gastric cancer and rarely metastasize. Orthotopically transplantation of PDX models can effectively solve this problem, but the technical means required are elevated at the same time. In addition to the establishment of PDX models using primary gastric cancer tissues, there are also reports using metastatic tumor modeling. A novel patient-derived orthotopic xenograft (PDOX) model of gastric cancer liver metastasis evaluated the efficacy of novel combination chemotherapy including gemcitabine (GEM) combined with 5-fluorouracil (5-FU) or oxaliplatin (L-OHP) combined with 5-FU in a standard regimen for liver metastasis. A single tumor fragment was implanted into the liver of nude mice, and patient-derived gastric cancer was successfully established by tumor cell metastasis (121).



Conclusion

The intra-tumoral and inter-tumoral phenotypes of GC are remarkably heterogeneous and distinct molecular signatures correspond to discriminating therapeutic responses, which are not well reflected in most preclinical models. However, as a promising and innovative preclinical tool, PDXs are more suitable for studying gastric cancer onset, progression, and metastasis (generally orthotopic transplantation), investigating mechanisms of resistance to therapy, and understanding cell proliferation and evolution during tumor growth. Despite the increasing relevance of patient-derived models in GC research and therapy, there are several relevant limitations in patient-derived models due to the lack of human immune cells and stromal cells that contribute to tumor progression by interacting with tumor cells. A humanized PDX mouse model was established to recapitulate human tumor microenvironment-immune cell interactions in PDXs. For a more intuitive view of how gastric cancer develops in a model, zebrafish were adapted into a PDX model, which also offers the advantages of low cost and convenience for large-scale and high-throughput studies. With continued optimization and realization, patient-derived models represent the most promising preclinical models of GC to dissect the multifactorial etiology and progression of tumors. Meanwhile, the interfering factors involved in the establishment efficiency of this model need to be considered, including host strain, transplantation site, distinctions between tissues and cells, staging grade of gastric cancer, and so on, to better drive personalized treatment of GCPDX.



Author Contributions

All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the Cooperative Scientific Research Project of Chunhui Plan of the Ministry of Education of China (No. 2020-703), the Youth Science and Technology Innovation Research Team (No. 2021JDTD0008), and the Basic Research Fund (No. 2020YJ0336, 2020YJ0373) of the Science and Technology Department of Sichuan province of China, Science and Technology Innovation Team from Jiucheng Science and Technology Talent Cultivation Plan in Luzhou City (No. 2019-1), and Key Research and Development Projectors of Office of Science & Technology and Talent Work of Luzhou (No. 2021-SYF-26).



References

1. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2021) 71(3):209–49. doi: 10.3322/caac.21660

2. Battaglin, F, Naseem, M, Puccini, A, and Lenz, HJ. Molecular Biomarkers in Gastro-Esophageal Cancer: Recent Developments, Current Trends and Future Directions. Cancer Cell Int (2018) 18:99. doi: 10.1186/s12935-018-0594-z

3. Goetze, OT, Al-Batran, SE, Chevallay, M, and Mönig, SP. Multimodal Treatment in Locally Advanced Gastric Cancer. Updates Surg (2018) 70(2):173–9. doi: 10.1007/s13304-018-0539-z

4. Graziosi, L, Marino, E, and Donini, A. Multimodal Treatment of Locally Advanced Gastric Cancer: Will the West Meet the East? Ann Surg Oncol (2019) 26(3):918. doi: 10.1245/s10434-018-07141-6

5. Keum, N, and Giovannucci, E. Global Burden of Colorectal Cancer: Emerging Trends, Risk Factors and Prevention Strategies. Nat Rev Gastroenterol Hepatol (2019) 16(12):713–32. doi: 10.1038/s41575-019-0189-8

6. Tabassum, DP, and Polyak, K. Tumorigenesis: It Takes a Village. Nat Rev Cancer (2015) 15(8):473–83. doi: 10.1038/nrc3971

7. De Martini, D. Empowering Phase II Clinical Trials to Reduce Phase III Failures. Pharm Stat (2020) 19(3):178–86. doi: 10.1002/pst.1980

8. Seruga, B, Ocana, A, Amir, E, and Tannock, IF. Failures in Phase III: Causes and Consequences. Clin Cancer Res (2015) 21(20):4552–60. doi: 10.1158/1078-0432.CCR-15-0124

9. DiMasi, JA, Reichert, JM, Feldman, L, and Malins, A. Clinical Approval Success Rates for Investigational Cancer Drugs. Clin Pharmacol Ther (2013) 94(3):329–35. doi: 10.1038/clpt.2013.117

10. Hay, M, Thomas, DW, Craighead, JL, Economides, C, and Rosenthal, J. Clinical Development Success Rates for Investigational Drugs. Nat Biotechnol (2014) 32(1):40–51. doi: 10.1038/nbt.2786

11. Chen, Z, Huang, W, Tian, T, Zang, W, Wang, J, Liu, Z, et al. Characterization and Validation of Potential Therapeutic Targets Based on The Molecular Signature of Patient-Derived Xenografts in Gastric Cancer. J Hematol Oncol (2018) 11(1):20. doi: 10.1186/s13045-018-0563-y

12. Yashiro, M, Matsuoka, T, and Ohira, M. A Gemcitabine Plus 5-Fluorouracil Combination Inhibits Gastric-Cancer Liver Metastasis in A PDOX Model: A Novel Treatment Strategy. Hum Cell (2020) 40(10):5393–7. doi: 10.21873/anticanres.14547

13. Oya, Y, Hayakawa, Y, and Koike, K. Tumor Microenvironment in Gastric Cancers. Cancer Sci (2020) 111(8):2696–707. doi: 10.1111/cas.14521

14. Liu, D, Shi, K, Fu, M, and Chen, F. Melatonin Indirectly Decreases Gastric Cancer Cell Proliferation and Invasion via Effects on Cancer-Associated Fibroblasts. Life Sci (2021) 277:119497. doi: 10.1016/j.lfs.2021.119497

15. Shen, J, Zhai, J, You, Q, Zhang, G, He, M, Yao, X, et al. Cancer-Associated Fibroblasts-Derived VCAM1 Induced by H. Pylori Infection Facilitates Tumor Invasion in Gastric Cancer. Oncogene (2020) 39(14):2961–74. doi: 10.1038/s41388-020-1197-4

16. Grunberg, N, Pevsner-Fischer, M, Goshen-Lago, T, Diment, J, Stein, Y, Lavon, H, et al. Cancer-Associated Fibroblasts Promote Aggressive Gastric Cancer Phenotypes via Heat Shock Factor 1-Mediated Secretion of Extracellular Vesicles. Cancer Res (2020) 39(14):2961–74. doi: 10.1038/s41388-020-1197-4

17. Kuwata, T, Yanagihara, K, Iino, Y, Komatsu, T, Ochiai, A, Sekine, S, et al. Establishment of Novel Gastric Cancer Patient-Derived Xenografts and Cell Lines: Pathological Comparison Between Primary Tumor, Patient-Derived, and Cell-Line Derived Xenografts. Cells (2019) 8(6):585. doi: 10.3390/cells8060585

18. Jung, J, Seol, HS, and Chang, S. The Generation and Application of Patient-Derived Xenograft Model for Cancer Research. Cancer Res Treat (2018) 50(1):1–10. doi: 10.4143/crt.2017.307

19. Hidalgo, M, Amant, F, Biankin, AV, Budinská, E, Byrne, AT, Caldas, C, et al. Patient-Derived Xenograft Models: An Emerging Platform for Translational Cancer Research. Cancer Discov (2014) 4(9):998–1013. doi: 10.1158/2159-8290.CD-14-0001

20. Cuppens, T, Depreeuw, J, Annibali, D, Thomas, D, Hermans, E, Gommé, E, et al. Establishment and Characterization of Uterine Sarcoma and Carcinosarcoma Patient-Derived Xenograft Models. Gynecol Oncol (2017) 146(3):538–45. doi: 10.1016/j.ygyno.2017.06.005

21. Morton, CL, and Houghton, PJ. Establishment of Human Tumor Xenografts in Immunodeficient Mice. Nat Protoc (2007) 2(2):247–50. doi: 10.1038/nprot.2007.25

22. Resasco, A, Carranza Martin, AC, Ayala, MA, Diaz, SL, and Carbone, C. Non-Aversive Photographic Measurement Method for Subcutaneous Tumours in Mude Mice. Lab Anim (2019) 53(4):352–61. doi: 10.1177/0023677218793450

23. Izumchenko, E, Meir, J, Bedi, A, Wysocki, PT, Hoque, MO, and Sidransky, D. Patient-Derived Xenografts as Tools in Pharmaceutical Development. Clin Pharmacol Ther (2016) 99(6):612–21. doi: 10.1002/cpt.354

24. Veeranki, OL, Tong, Z, Mejia, A, Verma, A, Katkhuda, R, Bassett, R, et al. A Novel Patient-Derived Orthotopic Xenograft Model of Esophageal Adenocarcinoma Provides a Platform for Translational Discoveries. Dis Model Mech (2019) 12(12):dmm041004. doi: 10.1242/dmm.041004

25. Wang, Y, Tseng, JC, Sun, Y, Beck, AH, and Kung, AL. Noninvasive Imaging of Tumor Burden and Molecular Pathways in Mouse Models of Cancer. Cold Spring Harb Protoc (2015) 2015(2):135–44. doi: 10.1101/pdb.top069930

26. Fu, X, Guadagni, F, and Hoffman, RM. A Metastatic Nude-Mouse Model of Human Pancreatic Cancer Constructed Orthotopically With Histologically Intact Patient Specimens. Proc Natl Acad Sci USA (1992) 89(12):5645–9. doi: 10.1073/pnas.89.12.5645

27. Loukopoulos, P, Kanetaka, K, Takamura, M, Shibata, T, Sakamoto, M, and Hirohashi, S. Orthotopic Transplantation Models of Pancreatic Adenocarcinoma Derived From Cell Lines and Primary Tumors and Displaying Varying Metastatic Activity. Pancreas (2004) 29(3):193–203. doi: 10.1097/00006676-200410000-00004

28. Sicklick, JK, Leonard, SY, Babicky, ML, Tang, CM, Mose, ES, French, RP, et al. Generation of Orthotopic Patient-Derived Xenografts From Gastrointestinal Stromal Tumor. J Transl Med (2014) 12:41. doi: 10.1186/1479-5876-12-41

29. Yang, B, Tuo, S, Tuo, CW, Zhang, N, and Liu, QZ. A Liver-Metastatic Model of Human Primary Gastric Lymphoma in Nude Mice Orthotopically Constructed by Using Histologically Intact Patient Specimens. Chin J Cancer (2010) 29(6):579–84. doi: 10.5732/cjc.009.10573

30. Zhang, T, Zhang, L, Fan, S, Zhang, M, Fu, H, Liu, Y, et al. Patient-Derived Gastric Carcinoma Xenograft Mouse Models Faithfully Represent Human Tumor Molecular Diversity. PLoS One (2015) 10(7):e0134493. doi: 10.1371/journal.pone.0134493

31. Zhu, Y, Tian, T, Li, Z, Tang, Z, Wang, L, Wu, J, et al. Establishment and Characterization of Patient-Derived Tumor Xenograft Using Gastroscopic Biopsies in Gastric Cancer. Sci Rep (2015) 5:8542. doi: 10.1038/srep08542

32. You, WC, Brown, LM, Zhang, L, Li, JY, Jin, ML, Chang, YS, et al. Randomized Double-Blind Factorial Trial of Three Treatments to Reduce the Prevalence of Precancerous Gastric Lesions. J Natl Cancer Inst (2006) 98(14):974–83. doi: 10.1093/jnci/djj264

33. Monsma, DJ, Monks, NR, Cherba, DM, Dylewski, D, Eugster, E, Jahn, H, et al. Genomic Characterization of Explant Tumor-Graft Models Derived From Fresh Patient Tumor Tissue. J Transl Med (2012) 10:125. doi: 10.1186/1479-5876-10-125

34. da Mata, S, Franchi-Mendes, T, Abreu, S, Filipe, B, Morgado, S, Mesquita, M, et al. Patient-Derived Explants of Colorectal Cancer: Histopathological and Molecular Analysis of Long-Term Cultures. Cancers (Basel) (2021) 13(18):4695. doi: 10.3390/cancers13184695

35. Shimada, S, Mimata, A, Sekine, M, Mogushi, K, Akiyama, Y, Fukamachi, H, et al. Synergistic Tumor Suppressor Activity of E-Cadherin and P53 in A Conditional Mouse Model for Metastatic Diffuse-Type Gastric Cancer. Gut (2012) 61(3):344–53. doi: 10.1136/gutjnl-2011-300050

36. Park, JW, Jang, SH, Park, DM, Lim, NJ, Deng, C, Kim, DY, et al. Cooperativity of E-Cadherin and Smad4 Loss to Promote Diffuse-Type Gastric Adenocarcinoma and Metastasis. Mol Cancer Res (2014) 12(8):1088–99. doi: 10.1158/1541-7786.MCR-14-0192-T

37. Mimata, A, Fukamachi, H, Eishi, Y, and Yuasa, Y. Loss of E-Cadherin in Mouse Gastric Epithelial Cells Induces Signet Ring-Like Cells, A Possible Precursor Lesion of Diffuse Gastric Cancer. Cancer Sci (2011) 102(5):942–50. doi: 10.1111/j.1349-7006.2011.01890.x

38. Shultz, LD, Saito, Y, Najima, Y, Tanaka, S, Ochi, T, Tomizawa, M, et al. Generation of Functional Human T-Cell Subsets With HLA-Restricted Immune Responses in HLA Class I Expressing NOD/SCID/IL2r Gamma (Null) Humanized Mice. Proc Natl Acad Sci USA  (2010) 107(29):13022–7. doi: 10.1073/pnas.1000475107

39. Magnotti, E, and Marasco, WA. The Latest Animal Models of Ovarian Cancer for Novel Drug Discovery. Expert Opin Drug Discov (2018) 13(3):249–57. doi: 10.1080/17460441.2018.1426567

40. Martinov, T, McKenna, KM, Tan, WH, Collins, EJ, Kehret, AR, Linton, JD, et al. Building the Next Generation of Humanized Hemato-Lymphoid System Mice. Front Immunol (2021) 12:643852. doi: 10.3389/fimmu.2021.643852

41. Herndler-Brandstetter, D, Shan, L, Yao, Y, Stecher, C, Plajer, V, Lietzenmayer, M, et al. Humanized Mouse Model Supports Development, Function, and Tissue Residency of Human Natural Killer Cells. Proc Natl Acad Sci USA  (2017) 114(45):E9626–34. doi: 10.1073/pnas.1705301114

42. Rongvaux, A, Willinger, T, Martinek, J, Strowig, T, Gearty, SV, Teichmann, LL, et al. Corrigendum: Development and Function of Human Innate Immune Cells in A Humanized Mouse Model. Nat Biotechnol (2017) 35(12):1211. doi: 10.1038/nbt1217-1211c

43. Sippel, TR, Radtke, S, Olsen, TM, Kiem, HP, and Rongvaux, A. Human Hematopoietic Stem Cell Maintenance and Myeloid Cell Development in Next-Generation Humanized Mouse Models. Blood Adv (2019) 3(3):268–74. doi: 10.1182/bloodadvances.2018023887

44. Saito, Y, Ellegast, JM, Rafiei, A, Song, Y, Kull, D, Heikenwalder, M, et al. Peripheral Blood CD34+ Cells Efficiently Engraft Human Cytokine Knock-In Mice. Blood (2016) 128(14):1829–33. doi: 10.1182/blood-2015-10-676452

45. Sefik, E, Israelow, B, Zhao, J, Qu, R, Song, E, Mirza, H, et al. A Humanized Mouse Model of Chronic Covid-19 to Evaluate Disease Mechanisms and Treatment Options. Res Sq (2021) rs.3.rs-279341. doi: 10.21203/rs.3.rs-279341/v1

46. Song, Y, Rongvaux, A, Taylor, A, Jiang, T, Tebaldi, T, Balasubramanian, K, et al. A Highly Efficient and Faithful MDS Patient-Derived Xenotransplantation Model for Pre-Clinical Studies. Nat Commun (2019) 10(1):366. doi: 10.1038/s41467-018-08166-x

47. Radtke, S, Chan, YY, Sippel, TR, Kiem, HP, and Rongvaux, A. MISTRG Mice Support Engraftment and Assessment of Nonhuman Primate Hematopoietic Stem and Progenitor Cells. Exp Hematol (2019) 70:31–41.e1. doi: 10.1016/j.exphem.2018.12.003

48. Miyawaki, I. Application of Zebrafish to Safety Evaluation in Drug Discovery. J Toxicol Pathol (2020) 33(4):197–210. doi: 10.1293/tox.2020-0021

49. Bentley, VL, Veinotte, CJ, Corkery, DP, Pinder, JB, LeBlanc, MA, Bedard, K, et al. Focused Chemical Genomics Using Zebrafish Xenotransplantation as A Pre-Clinical Therapeutic Platform for T-Cell Acute Lymphoblastic Leukemia. Haematologica (2015) 100(1):70–6. doi: 10.3324/haematol.2014.110742

50. Lin, J, Zhang, W, Zhao, JJ, Kwart, AH, Yang, C, Ma, D, et al. A Clinically Relevant in Vivo Zebrafish Model of Human Multiple Myeloma to Study Preclinical Therapeutic Efficacy. Blood (2016) 128(2):249–52. doi: 10.1182/blood-2016-03-704460

51. Gaudenzi, G, Albertelli, M, Dicitore, A, Würth, R, Gatto, F, Barbieri, F, et al. Patient-Derived Xenograft in Zebrafish Embryos: A New Platform for Translational Research in Neuroendocrine Tumors. Endocrine (2017) 57(2):214–9. doi: 10.1007/s12020-016-1048-9

52. Wu, JQ, Zhai, J, Li, CY, Tan, AM, Wei, P, Shen, LZ, et al. Patient-Derived Xenograft in Zebrafish Embryos: A New Platform for Translational Research in Gastric Cancer. J Exp Clin Cancer Res (2017) 36(1):160. doi: 10.1186/s13046-017-0631-0

53. Zhai, J, Wu, J, Wang, Y, Fan, R, Xie, G, Wu, F, et al. Prediction of Sensitivity and Efficacy of Clinical Chemotherapy Using Larval Zebrafish Patient-Derived Xenografts of Gastric Cancer. Front Cell Dev Biol (2021) 9:680491. doi: 10.3389/fcell.2021.680491

54. Fior, R, Póvoa, V, Mendes, RV, Carvalho, T, Gomes, A, Figueiredo, N, et al. Single-Cell Functional and Chemosensitive Profiling of Combinatorial Colorectal Therapy in Zebrafish Xenografts. Proc Natl Acad Sci USA  (2017) 114(39):E8234–43. doi: 10.1073/pnas.1618389114

55. Ignatius, MS, Hayes, MN, Lobbardi, R, Chen, EY, McCarthy, KM, Sreenivas, P, et al. The NOTCH1/SNAIL1/MEF2C Pathway Regulates Growth and Self-Renewal in Embryonal Rhabdomyosarcoma. Cell Rep (2017) 19(11):2304–18. doi: 10.1016/j.celrep.2017.05.061

56. Tamplin, OJ, Durand, EM, Carr, LA, Childs, SJ, Hagedorn, EJ, Li, P, et al. Hematopoietic Stem Cell Arrival Triggers Dynamic Remodeling of The Perivascular Niche. Cell (2015) 160(1-2):241–52. doi: 10.1016/j.cell.2014.12.032

57. Zhang, M, Di Martino, JS, Bowman, RL, Campbell, NR, Baksh, SC, Simon-Vermot, T, et al. Adipocyte-Derived Lipids Mediate Melanoma Progression via FATP Proteins. Cancer Discov (2018) 8(8):1006–25. doi: 10.1158/2159-8290.CD-17-1371

58. Renshaw, SA, and Trede, NS. A Model 450 Million Years in The Making: Zebrafish and Vertebrate Immunity. Dis Model Mech (2012) 5(1):38–47. doi: 10.1242/dmm.007138

59. Somasagara, RR, and Leung, T. Zebrafish Xenograft Model to Study Human Cancer. Methods Mol Biol (2022) 2413:45–53. doi: 10.1007/978-1-0716-1896-7_6

60. Zhang, G, Yu, X, Huang, G, Lei, D, and Tong, M. An Improved Automated Zebrafish Larva High-Throughput Imaging System. Comput Biol Med (2021) 136:104702. doi: 10.1016/j.compbiomed.2021.104702

61. Lubin, A, Otterstrom, J, Hoade, Y, Bjedov, I, Stead, E, Whelan, M, et al. A Versatile, Automated and High-Throughput Drug Screening Platform for Zebrafish Embryos. Biol Open (2021) 10(9):bio058513. doi: 10.1242/bio.058513

62. Snaar-Jagalska, BE. ZF-CANCER: Developing High-Throughput Bioassays for Human Cancers in Zebrafish. Zebrafish (2009) 6(4):441–3. doi: 10.1089/zeb.2009.0614

63. Barriuso, J, Nagaraju, R, and Hurlstone, A. Zebrafish: A New Companion for Translational Research in Oncology. Clin Cancer Res (2015) 21(5):969–75. doi: 10.1158/1078-0432.CCR-14-2921

64. Hayes, MN, McCarthy, K, Jin, A, Oliveira, ML, Iyer, S, Garcia, SP, et al. Vangl2/RhoA Signaling Pathway Regulates Stem Cell Self-Renewal Programs and Growth in Rhabdomyosarcoma. Cell Stem Cell (2018) 22(3):414–27.e6. doi: 10.1016/j.stem.2018.02.002

65. Moore, JC, Tang, Q, Yordán, NT, Moore, FE, Garcia, EG, Lobbardi, R, et al. Single-Cell Imaging of Normal and Malignant Cell Engraftment Into Optically Clear Prkdc-Null SCID Zebrafish. J Exp Med (2016) 213(12):2575–89. doi: 10.1084/jem.20160378

66. Tenente, IM, Hayes, MN, Ignatius, MS, McCarthy, K, Yohe, M, Sindiri, S, et al. Myogenic Regulatory Transcription Factors Regulate Growth in Rhabdomyosarcoma. Elife (2017) 6:e19214. doi: 10.7554/eLife.19214

67. Li, P, Lahvic, JL, Binder, V, Pugach, EK, Riley, EB, Tamplin, OJ, et al. Epoxyeicosatrienoic Acids Enhance Embryonic Haematopoiesis and Adult Marrow Engraftment. Nature (2015) 523(7561):468–71. doi: 10.1038/nature14569

68. Heilmann, S, Ratnakumar, K, Langdon, E, Kansler, E, Kim, I, Campbell, NR, et al. A Quantitative System for Studying Metastasis Using Transparent Zebrafish. Cancer Res (2015) 75(20):4272–82. doi: 10.1158/0008-5472.CAN-14-3319

69. Yan, C, Brunson, DC, Tang, Q, Do, D, Iftimia, NA, Moore, JC, et al. Visualizing Engrafted Human Cancer and Therapy Responses in Immunodeficient Zebrafish. Cell (2019) 177(7):1903–14.e14. doi: 10.1016/j.cell.2019.04.004

70. Fazio, M, Ablain, J, Chuan, Y, Langenau, DM, and Zon, LI. Zebrafish Patient Avatars in Cancer Biology and Precision Cancer Therapy. Nat Rev Cancer (2020) 20(5):263–73. doi: 10.1038/s41568-020-0252-3

71. McCracken, KW, Catá, EM, Crawford, CM, Sinagoga, KL, Schumacher, M, Rockich, BE, et al. Modelling Human Development and Disease in Pluripotent Stem-Cell-Derived Gastric Organoids. Nature (2014) 516(7531):400–4. doi: 10.1038/nature13863

72. Pan, FC, Evans, T, and Chen, S. Modeling Endodermal Organ Development and Diseases Using Human Pluripotent Stem Cell-Derived Organoids. J Mol Cell Biol (2020) 12(8):580–92. doi: 10.1093/jmcb/mjaa031

73. Bartfeld, S, and Clevers, H. Organoids as Model for Infectious Diseases: Culture of Human and Murine Stomach Organoids and Microinjection of Helicobacter Pylori. J Vis Exp (2015) 105:53359. doi: 10.3791/53359

74. Schlaermann, P, Toelle, B, Berger, H, Schmidt, SC, Glanemann, M, Ordemann, J, et al. A Novel Human Gastric Primary Cell Culture System for Modelling Helicobacter Pylori Infection In Vitro. Gut (2016) 65(2):202–13. doi: 10.1136/gutjnl-2014-307949

75. Bartfeld, S, Bayram, T, van de Wetering, M, Huch, M, Begthel, H, Kujala, P, et al. In Vitro Expansion of Human Gastric Epithelial Stem Cells and Their Responses to Bacterial Infection. Gastroenterology (2015) 148(1):126–36.e6. doi: 10.1053/j.gastro.2014.09.042

76. Weeber, F, Ooft, SN, Dijkstra, KK, and Voest, EE. Tumor Organoids as a Pre-Clinical Cancer Model for Drug Discovery. Cell Chem Biol (2017) 24(9):1092–100. doi: 10.1016/j.chembiol.2017.06.012

77. Tebbutt, NC, Giraud, AS, Inglese, M, Jenkins, B, Waring, P, Clay, FJ, et al. Reciprocal Regulation of Gastrointestinal Homeostasis by SHP2 and STAT-Mediated Trefoil Gene Activation in Gp130 Mutant Mice. Nat Med (2002) 8(10):1089–97. doi: 10.1038/nm763

78. Lu, JH, Wang, Y, Meng, Q, and Zeng, ZL. Establishment of Gastric Cancer Patient-Derived Xenograft Models and Primary Cell Lines. J Vis Exp (2019) 149:10.3791/59871. doi: 10.3791/59871

79. Shin, SH, Park, SS, Ju, EJ, Park, J, Ko, EJ, Hwang, JJ, et al. Establishment of a Patient-Derived Xenograft for Development of Personalized HER2-Targeting Therapy in Gastric Cancer. Anticancer Res (2018) 38(1):287–93. doi: 10.21873/anticanres.12220

80. Wang, H, Lu, J, Tang, J, Chen, S, He, K, Jiang, X, et al. Establishment of Patient-Derived Gastric Cancer Xenografts: A Useful Tool for Preclinical Evaluation of Targeted Therapies Involving Alterations in HER-2, MET And FGFR2 Signaling Pathways. BMC Cancer (2017) 17(1):191. doi: 10.1186/s12885-017-3177-9

81. Peille, AL, Vuaroqueaux, V, Wong, SS, Ting, J, Klingner, K, Zeitouni, B, et al. Evaluation of Molecular Subtypes and Clonal Selection During Establishment of Patient-Derived Tumor Xenografts From Gastric Adenocarcinoma. Commun Biol (2020) 3(1):367. doi: 10.1038/s42003-020-1077-z

82. Choi, YY, Lee, JE, Kim, H, Sim, MH, Kim, KK, Lee, G, et al. Establishment and Characterization of Patient-Derived Xenografts as Paraclinical Models for Gastric Cancer. Sci Rep (2016) 6:22172. doi: 10.1038/srep22172

83. Chen, C, Lin, W, Huang, Y, Chen, X, Wang, H, and Teng, L. The Essential Factors of Establishing Patient-Derived Tumor Model. J Cancer (2021) 12(1):28–37. doi: 10.7150/jca.51749

84. Litière, S, Collette, S, de Vries, EG, Seymour, L, and Bogaerts, J. RECIST - Learning From The Past to Build the Future. Nat Rev Clin Oncol (2017) 14(3):187–92. doi: 10.1038/nrclinonc.2016.195

85. Illert, B, Otto, C, Thiede, A, and Timmermann, W. Detection of Disseminated Tumor Cells in Nude Mice With Human Gastric Cancer. Clin Exp Metastasis (2003) 20(6):549–54. doi: 10.1023/a:1025862800798

86. Illert, B, Otto, C, Braendlein, S, Thiede, A, and Timmermann, W. Optimization of A Metastasizing Human Gastric Cancer Model in Nude Mice. Microsurgery (2003) 23(5):508–12. doi: 10.1002/micr.10184

87. Jones-Bolin, S, and Ruggeri, B. Orthotopic Models of Human Gastric Carcinoma in Nude Mice: Applications for Study of Tumor Growth and Progression. Curr Protoc Pharmacol (2007) 14(4):1–16. doi: 10.1002/0471141755.ph1404s37

88. Hernandez, MC, Bergquist, JR, Leiting, JL, Ivanics, T, Yang, L, Smoot, RL, et al. Patient-Derived Xenografts Can Be Reliably Generated From Patient Clinical Biopsy Specimens. J Gastrointest Surg (2019) 23(4):818–24. doi: 10.1007/s11605-019-04109-z

89. Cancer Genome Atlas Research Network. Comprehensive Molecular Characterization of Gastric Adenocarcinoma. Nature (2014) 513(7517):202–9. doi: 10.1038/nature13480

90. Moy, RH, Walch, HS, Mattar, M, Chatila, WK, Molena, D, Strong, VE, et al. Defining and Targeting Esophagogastric Cancer Genomic Subsets With Patient-Derived Xenografts. JCO Precis Oncol (2022) 6:e2100242. doi: 10.1200/PO.21.00242

91. Wang, Y, Zhang, L, Yang, Y, Lu, S, and Chen, H. Progress of Gastric Cancer Surgery in The Era of Precision Medicine. Int J Biol Sci (2021) 17(4):1041–9. doi: 10.7150/ijbs.56735

92. Corso, S, Cargnelutti, M, Durando, S, Menegon, S, Apicella, M, Migliore, C, et al. Rituximab Treatment Prevents Lymphoma Onset in Gastric Cancer Patient-Derived Xenografts. Neoplasia (2018) 20(5):443–55. doi: 10.1016/j.neo.2018.02.003

93. Soldan, SS, Anderson, EM, Frase, DM, Zhang, Y, Caruso, LB, Wang, Y, et al. EBNA1 Inhibitors Have Potent and Selective Antitumor Activity in Xenograft Models of Epstein-Barr Virus-Associated Gastric Cancer. Gastric Cancer (2021) 24(5):1076–88. doi: 10.1007/s10120-021-01193-6

94. Seidlitz, T, Chen, YT, Uhlemann, H, Schölch, S, Kochall, S, Merker, SR, et al. Mouse Models of Human Gastric Cancer Subtypes With Stomach-Specific Creert2-Mediated Pathway Alterations. Gastroenterology (2019) 157(6):1599–614.e2. doi: 10.1053/j.gastro.2019.09.026

95. Liu, B, Zhou, M, Li, X, Zhang, X, Wang, Q, Liu, L, et al. Interrogation of Gender Disparity Uncovers Androgen Receptor as The Transcriptional Activator for Oncogenic Mir-125b In Gastric Cancer. Cell Death Dis (2021) 12(5):441. doi: 10.1038/s41419-021-03727-3

96. Lai, Y, Wei, X, Lin, S, Qin, L, Cheng, L, and Li, P. Current Status and Perspectives of Patient-Derived Xenograft Models in Cancer Research. J Hematol Oncol (2017) 10(1):106. doi: 10.1186/s13045-017-0470-7

97. Huynh, H, Ong, R, and Zopf, D. Antitumor Activity of The Multikinase Inhibitor Regorafenib in Patient-Derived Xenograft Models of Gastric Cancer. J Exp Clin Cancer Res (2015) 34:132. doi: 10.1186/s13046-015-0243-5

98. Jin, K, Lan, H, Cao, F, Xu, Z, Han, N, Li, G, et al. Antitumor Effect of FP3 in A Patient-Derived Tumor Tissue Xenograft Model of Gastric Carcinoma Through an Antiangiogenic Mechanism. Oncol Lett (2012) 3(5):1052–8. doi: 10.3892/ol.2012.603

99. Lu, J, Li, G, He, K, Jiang, W, Xu, C, Li, Z, et al. Luteolin Exerts a Marked Antitumor Effect in Cmet-Overexpressing Patient-Derived Tumor Xenograft Models of Gastric Cancer. J Transl Med (2015) 13:42. doi: 10.1186/s12967-015-0398-z

100. Gymnopoulos, M, Betancourt, O, Blot, V, Fujita, R, Galvan, D, Lieuw, V, et al. TR1801-ADC: A Highly Potent Cmet Antibody-Drug Conjugate With High Activity in Patient-Derived Xenograft Models of Solid Tumors. Mol Oncol (2020) 14(1):54–68. doi: 10.1002/1878-0261.12600

101. Shu, S, Yamashita-Kashima, Y, Yanagisawa, M, Nakanishi, H, Kodera, Y, Harada, N, et al. Trastuzumab in Combination With Paclitaxel Enhances Antitumor Activity by Promoting Apoptosis in Human Epidermal Growth Factor Receptor 2-Positive Trastuzumab-Resistant Gastric Cancer Xenograft Models. Anticancer Drugs (2020) 31(3):241–50. doi: 10.1097/CAD.0000000000000853

102. Liu, K, Song, X, Zhu, M, and Ma, H. Overexpression of FGFR2 Contributes to Inherent Resistance to MET Inhibitors in MET-Amplified Patient-Derived Gastric Cancer Xenografts. Oncol Lett (2015) 10(4):2003–8. doi: 10.3892/ol.2015.3601

103. Liu, H, Shin, SH, Chen, H, Liu, T, Li, Z, Hu, Y, et al. CDK12 and PAK2 as Novel Therapeutic Targets for Human Gastric Cancer. Theranostics (2020) 10(14):6201–15. doi: 10.7150/thno.46137

104. Wang, L, Zhang, Y, Liu, K, Chen, H, Yang, R, Ma, X, et al. Carnosol Suppresses Patient-Derived Gastric Tumor Growth by Targeting Rsk2. Oncotarget (2018) 9(76):34200–12. doi: 10.18632/oncotarget.24409

105. Gavine, PR, Ren, Y, Han, L, Lv, J, Fan, S, Zhang, W, et al. Volitinib, A Potent and Highly Selective C-Met Inhibitor, Effectively Blocks C-Met Signaling and Growth in C-MET Amplified Gastric Cancer Patient-Derived Tumor Xenograft Models. Mol Oncol (2015) 9(1):323–33. doi: 10.1016/j.molonc.2014.08.015

106. Sanchez-Vega, F, Hechtman, JF, Castel, P, Ku, GY, Tuvy, Y, Won, H, et al. EGFR and MET Amplifications Determine Response to HER2 Inhibition in ERBB2-Amplified Esophagogastric Cancer. Cancer Discov (2019) 9(2):199–209. doi: 10.1158/2159-8290.CD-18-0598

107. Wang, CJ, Tong, PJ, and Zhu, MY. The Combinational Therapy of Trastuzumab and Cetuximab Inhibits Tumor Growth in A Patient-Derived Tumor Xenograft Model of Gastric Cancer. Clin Transl Oncol (2016) 18(5):507–14. doi: 10.1007/s12094-015-1397-5

108. Chang, TS, Lu, CK, Hsieh, YY, Wei, KL, Chen, WM, Tung, SY, et al. 2,4-Diamino-Quinazoline, A Wnt Signaling Inhibitor, Suppresses Gastric Cancer Progression and Metastasis. Int J Mol Sci (2020) 21(16):5901. doi: 10.3390/ijms21165901

109. Cao, Y, Wang, J, Tian, H, and Fu, GH. Mitochondrial ROS Accumulation Inhibiting JAK2/STAT3 Pathway Is a Critical Modulator of CYT997-Induced Autophagy and Apoptosis in Gastric Cancer. J Exp Clin Cancer Res (2020) 39(1):119. doi: 10.1186/s13046-020-01621-y

110. Ogitani, Y, Hagihara, K, Oitate, M, Naito, H, and Agatsuma, T. Bystander Killing Effect Of DS-8201a, A Novel Anti-Human Epidermal Growth Factor Receptor 2 Antibody-Drug Conjugate, In Tumors With Human Epidermal Growth Factor Receptor 2 Heterogeneity. Cancer Sci (2016) 107(7):1039–46. doi: 10.1111/cas.12966

111. Javle, M, Smyth, EC, and Chau, I. Ramucirumab: Successfully Targeting Angiogenesis in Gastric Cancer. Clin Cancer Res (2014) 20(23):5875–81. doi: 10.1158/1078-0432.CCR-14-1071

112. Fujii, E, Kato, A, Chen, YJ, Matsubara, K, Ohnishi, Y, and Suzuki, M. Characterization of EBV-Related Lymphoproliferative Lesions Arising in Donor Lymphocytes of Transplanted Human Tumor Tissues in The NOG Mouse. Exp Anim (2014) 63(3):289–96. doi: 10.1538/expanim.63.289

113. Kasai, N, Sasakawa, A, Hosomi, K, Poh, TW, Chua, BL, Yong, WP, et al. Anti-Tumor Efficacy Evaluation of a Novel Monoclonal Antibody Targeting Neutral Amino Acid Transporter ASCT2 Using Patient-Derived Xenograft Mouse Models of Gastric Cancer. Am J Transl Res (2017) 9(7):3399–410.

114. Guo, T, Wen, XZ, Li, ZY, Han, HB, Zhang, CG, Bai, YH, et al. ISL1 Predicts Poor Outcomes for Patients With Gastric Cancer and Drives Tumor Progression Through Binding to The ZEB1 Promoter Together With SETD7. Cell Death Dis (2019) 10(2):33. doi: 10.1038/s41419-018-1278-2

115. Zhang, Z, Zhao, W, Lin, X, Gao, J, Zhang, Z, and Shen, L. Voltage-Dependent Calcium Channel A2Δ1 Subunit Is a Specific Candidate Marker for Identifying Gastric Cancer Stem Cells. Cancer Manag Res (2019) 11:4707–18. doi: 10.2147/CMAR.S199329

116. Na, D, Chae, J, Cho, SY, Kang, W, Lee, A, Min, S, et al. Predictive Biomarkers for 5-Fluorouracil and Oxaliplatin-Based Chemotherapy in Gastric Cancers via Profiling of Patient-Derived Xenografts. Nat Commun (2021) 12(1):4840. doi: 10.1038/s41467-021-25122-4

117. Kang, W, Maher, L, Michaud, M, Bae, SW, Kim, S, Lee, HS, et al. Development of a Novel Orthotopic Gastric Cancer Mouse Model. Biol Proced Online (2021) 23(1):1. doi: 10.1186/s12575-020-00137-1

118. Vockerodt, M, Yap, LF, Shannon-Lowe, C, Curley, H, Wei, W, Vrzalikova, K, et al. The Epstein-Barr Virus and The Pathogenesis of Lymphoma. J Pathol (2015) 235(2):312–22. doi: 10.1002/path.4459

119. Ito, R, Takahashi, T, and Ito, M. Humanized Mouse Models: Application to Human Diseases. J Cell Physiol (2018) 233(5):3723–8. doi: 10.1002/jcp.26045

120. Song, Y, Shan, L, Gbyli, R, Liu, W, Strowig, T, Patel, A, et al. Combined Liver-Cytokine Humanization Comes to The Rescue of Circulating Human Red Blood Cells. Science (2021) 371(6533):1019–25. doi: 10.1126/science.abe2485

121. Sugisawa, N, Nishino, H, Higuchi, T, Park, JH, Yamamoto, J, Tashiro, Y, et al. A Gemcitabine Plus 5-Fluorouracil Combination Inhibits Gastric-Cancer Liver Metastasis in a PDOX Model: A Novel Treatment Strategy. Anticancer Res (2020) 40(10):5393–7. doi: 10.21873/anticanres.14547




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


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

Copyright © 2022 Zeng, Pi, Li, Sheng, Zuo, Yuan, Zou, Zhang, Zhao, Lee, Wei and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-12-898563-g002.jpg
A Engraftment phase

cﬁ'\\s Pl
Heterotopic

=
o
I e ) @
/ + transplantation
/0
o

iv.
ip.

Primary tumors l l

—é’.—

Tumor organoids  Fragments or suspention !I I= :

Engraftment phase

Engraftment phase
P3

Engraftment phase

P2 Pn

..—

O

1T

Orthotopic transplantaion
B
Tumor organoids Tumor tissues Cells were
counted at 100
—_—  — &3 (40
) . Juvenile fish
Surgical Cut into small
resection or pieces
biopsy
/m‘ Microinjection
bi
iopsy g
. ; 1\ T — Immunodeficient
Immunodeficient 5 . UImoL singie ool adult fish
mouse Humanied mouse Tumor organoids suspensions

Gamma Human HSC

irradiation transplantation
PDX model with human

immune system

injection

Cells were
counted at 103
(37 °C),

Growth factor

| & =

Tumor tissue Tissue digestion

PDO culture Gastric cancer PDOs





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Patient-Derived Xenograft: A More Standard “Avatar” Model in Preclinical Studies of Gastric Cancer

      

        		

          Introduction

        



        		

          GC Models in Mice

        

          		

            Patient-Derived Model in Immunodeficient Mice

          



          		

            Genetically Engineered Mouse Model

          



          		

            Patient-Derived Model in Humanized Mice

          



        



        



        		

          Alternative Hosts in GC Patient-Derived Models

        

          		

            Patient-Derived Model in Zebrafish

          



          		

            Patient-Derived Organoid Model

          



        



        



        		

          Interfering Factors to Consider in Establishing a Murine GCPDX Model

        

          		

            Host Strain

          



          		

            Type of Sample Being Grafted

          



          		

            Treatment Status

          



          		

            Metastatic Sample

          



          		

            Subtypes

          



          		

            Gender Gap

          



        



        



        		

          Murine GCPDX Models in Cancer Research

        

          		

            Preclinical Drug Evaluation and Resistance Improvement

          



          		

            Individualized Targeted Therapy

          



          		

            Biomarker Development

          



        



        



        		

          Limitations and Outlook

        



        		

          Conclusion

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc.2022.898563_cover.jpg
& frontiers | Frontiers in Oncology

Patient-Derived Xenograft: A More
Standard “Avatar” Model in
Preclinical Studies of Gastric Cancer





OEBPS/Images/table2.jpg
Study Mice Strain Tumor Loca- Drug Target (s) Drug (s) Observation References
Type tion Evaluated
Efficacy NOD/SCID  subcutaneous CDK12, PAK2 Procaterol CDK12 and PAK2 as novel therapeutic targets for human gastric (103)
cancer
Efficacy ~ Nude subcutaneous  RSK2 Carnosol Carnosol is an RSK2 inhibitor for treating gastric cancer (104)
Precision Nude subcutaneous  c-Met Volitinib Volitinib as a therapeutic option for patients with GC tumors (105)
medicine harboring amplified c-Met
Precision NSG subcutaneous ERBB2 and MET Afatinib + Sensitivity and resistance of trastuzumab-resistant GC cancer to (106)
medicine MET inhibitor  therapy were associated with EGFR/ERBB2 amplification
and MET amplification
Precision F1: NOD- subcutaneous HER2* HER2 Matching rate of above 80% between original patient tissues and p5 (79)
medicine SCID antibody + PDX tissues
Fn: nude Herceptin
Efficacy BALB/c subcutaneous  VEGF, MMP-7, EGFT, Trastuzumab A cancer therapy specific to a stage lll GC patient (107)
nude Ki-67 and PCNA + Cetuximab
Efficacy ~ Athymic subcutaneous  Wnt/B-catenin target 2,4-diamino-  Wnt-signaling pathway is a druggable therapeutic target in the (108)
nude (Matrigel) genes (AXIN2, MYC, and  quinazoline treatment of GC
LGR5)
Efficacy BALB/c subcutaneous  JAK2/STAT3 CYT997 Inhibiting JAK2/STAT3 pathway is a critical modulator of CYT997- (109)
nude induced autophagy and apoptosis in gastric cancer
Precision BALB/c subcutaneous  HER2 heterogeneity that  DS-8201a Favoring treatment of HER2 heterogeneous tumors unresponsive to (110)
medicine nude (Matrigel) is unresponsive to T- T-DM1

DM1






OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-12-898563-g003.jpg
Primary tumors
—— == —

Fragments or suspention

Tumor organoids

Heterotopic

transplantation
Vi s.C.

LV.

/% Orthotop

/ transplantaion
i

Murine PDX models

Alternative hosts

% Zebrafish

In vitro

K

Application

«Preclinical drug evaluation
«Resistance improvement
«Individualized targeted therapy
«Biomarker development

Interfering factors to consider of
establishing

«Host strajn «Tumor burden





OEBPS/Images/table1.jpg
Mice Strain Implantation site Tumor tissues Engraftmentrate Availablemodel References

NSG subcutaneous 1 mms/fragmem 80% - (78)

NOD-SCID (F1) subcutaneous 3'3‘3mm®/fragment - 5 (79

BALB/c-nude (Fn)

NOD/SCID subcutaneous 272*2mm®/fragment (F1) 34.1% 63/185 31)
3*3*3mm®/fragment (Fn)

BALB/c-nude subcutaneous 3*10%/mLJ/cell 28.1% 9/32 (80)

NMRI nude - 1-2 mm®/fragment 27% 27/100 81)

Nude subcutaneous 2mm®/Aragment 16.9% 14/83 (30)

SCID 26.9% 32/119

Nude subcutaneous/renal capsule 3‘3‘3mm3/fragmem 8.0% 6/75 82)

NOG 10.5% 9/86

NOG subcutaneous 1mm®/fragment 31.0% 55/177 17

NSG 30.0% 3/10

SCID 222% 10/45






OEBPS/Images/fonc-12-898563-g001.jpg
genomic, molecular
Tumor fragments/cells profiling

(@
g, O
. . >
Surgical resection, . .
biopsy High fidelity
passage

genomic, molecular

profiling
PDX model
Overall assessment of efficacy b 32‘ /‘YB . .
[e—= p— m; .\ / %) //P/hannacoklnetlcs
i
¢ o
1 = Pharmacodynamics
- % o
Biomarker analysis HES
H
: T —8 <. 071 iunnenmnimem
Biomarker Sensitive Resistant
development

Drug response
Resistance mechanism

Combination therapy Assessment of toxicity

Targeting Alive  Died

Facilitate drug screening in clinical trials






