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Introduction

As continually updated in “The Hallmarks of Cancer” by Hanahan and Weinberg, the tumor microenvironment (TME) is now widely recognized to play an indispensable role in tumorigenesis and malignant progression (1–3). This heterogeneous and interacting collective consists of cancer cells, cancer stem cells, and various recruited stromal cell types which include vascular cells, fibroblasts, diverse immune cells (lymphocytes, monocytes/macrophages, and inflammatory cells), and extracellular matrix (ECM) (4). Half a century ago, Folkman proposed that solid tumors rely on the formation of new blood vessels from the pre-existing vasculature within their tumor environment to provide adequate nutrients and oxygen supply, making anti-angiogenic therapy beneficial for cancer treatment (5). Subsequently, extensive research has identified anti-angiogenic therapy as a cornerstone of modern cancer therapy (6). Furthermore, research has continually revealed that tumor endothelial cells exhibit heterogeneity and plasticity, and angiogenic factors are closely associated with the inflammatory response during tumor development (7, 8). This complexity in tumor vasculature functionality implies a greater diversity of cell-cell interactions within the TME than initially expected (9). Regulatory immune cells also secrete various cytokines and pro-angiogenic factors, accelerating tumor progression (10). The advent of single-cell sequencing (scRNA-seq) provides a tool for deciphering the tumor immune microenvironment. Compared to traditional methods, scRNA-seq can be employed to identify novel cell types and corresponding cellular states, deepening our understanding of the TME (11).

This special topic research, titled “Community Series in the Role of Angiogenesis and Immune Response in Tumor Microenvironment of Solid Tumor: Volume II”, comprises 10 original research articles, 4 review articles, 1 case report, 1 method paper, and 1 perspective piece, totaling 17 original contributions. These articles elucidate the latest advances in tumor angiogenesis, the molecular mechanisms of tumor-infiltrating lymphocytes (TILs) in different malignancies, the functions and roles of other immune cells such as NK cells and regulatory T cells (Tregs), and the applications of scRNA-seq techniques. In this editorial, we will discuss these aspects, and aim to provide new insights into anti-tumor angiogenesis therapy, alterations in the immune microenvironment, as well as the regulation of immune responses.





Combining anti-angiogenic and immunotherapeutic approaches

Anti-angiogenic therapy stands as a viable tool for restoring immune cell infiltration within solid tumors, with combined therapies achieving greater success in immune-excluded and immune-desert tumors (12). Hu et al. provide an overview of the synergistic effects when anti-angiogenic agents are combined with immunotherapy in solid tumors, leading to improved drug resistance and cooperative inhibition of tumor growth and progression. Notably, this effect is observed in non-small-cell lung cancer, hepatocellular carcinoma, and renal cell carcinoma, as opposed to breast cancer, glioblastoma, and pancreatic ductal adenocarcinoma. To address efficacy concerns, the identification of sensitive biomarkers and the determination of appropriate combination dosages are imperative. These actions aim to augment immune cell infiltration and, consequently, enhance the effectiveness of immunotherapy. Shamshiripour et al. delve into the molecular mechanisms of abnormal angiogenesis in glioblastoma, discussing the applications and limitations of monoclonal antibodies, tyrosine kinase inhibitors, and aptamers in anti-angiogenic immunotherapy. Moreover, utilizing nanoparticles to deliver small interfering RNA (siRNA) across the blood-brain barrier represents a promising approach for the next generation of anti-angiogenic therapy, particularly in targeted brain delivery. Zhang et al. have identified a novel prognostic signature comprising four angiogenesis-related genes, AAG-related long non-coding RNAs (lncRNAs), including AC093278.2, NNT-AS1, CYTOR, and NUP50-DT, which serve as potential prognostic factors in clear cell renal cell carcinoma (KIRC). These lncRNAs show promise as independent prognostic indicators for KIRC patients. In a case report by Li et al., they document the case of a metastatic HCC patient who experienced recurrence post-surgery, and subsequently received a combination therapy of anti-angiogenic treatment and immune checkpoint inhibitors (lenvatinib and toripalimab). After seven months of treatment, the patient achieved complete remission, a status maintained until the paper’s submission, with a final calculation of progression-free survival at 24 months. The synergistic effects of anti-angiogenic therapy, intratumoral cryoablation, and immunotherapy have yielded highly favorable outcomes for the patient, although the precise mechanisms behind this synergistic treatment approach remain to be elucidated.





Function and role of TILs

Immunocytes constitute a pivotal component within the intricate TME (13). The types and densities of TILs hold significant relevance for cancer progression and immunotherapeutic responses (14). Xiao et al. introduced the Tumor-Infiltration Immune Cell Proportion Estimator (TICPE) to estimate the proportions of immune cells in colorectal cancer and melanoma. Performance evaluations, which employed mRNA mixture expression data, scRNA-Seq data, immunohistochemistry data, and simulated bulk RNA-Seq samples, demonstrated its markedly superior accuracy compared to other methods. Cheng et al. observed that TILs and tertiary lymphoid structures (TLS) independently serve as prognostic factors in EBV-negative gastric cancer (EBVnGC), offering auxiliary indicators for gastric cancer prognosis. They established a nomogram model combining TILs grade and TLS status with other established prognostic factors, exhibiting good performance in calibration and external validation. Penny et al. identified 120 HLA-I phosphopeptides from primary CRC tumors, CRC liver metastases, and CRC cell lines using mass spectrometry. They evaluated the immune capacity of these post-translationally modified tumor antigens within tumors. PTM tumor antigens, namely HLA-I phosphopeptides, emerged as potential optimal targets for future immunotherapies, as they are targets for tumor-resident CD8 T cells. Wang et al. discovered a significant correlation between serum SDF-1 expression and TIL abundance in triple-negative breast cancer (TNBC) patients who underwent neoadjuvant chemotherapy (NAC) following standard radical surgery. SDF-1, when considered in conjunction with TILs, aids in identifying patients who would benefit from chemotherapy, thereby enhancing the pathological complete response (pCR) rate and preventing disease recurrence in non-pCR patients. Regarding TIL-based cancer therapy, Aydin et al. underscore the indispensability of identifying patients with bladder cancer (BC) who generate the optimal quantity of active TILs. Tumors in both primary and lymph node metastases in BC patients can produce tumor-specific TIL responses, justifying clinical trials to validate TILs as a rational treatment strategy for BC patients. Elkoshi proposes an explanation for the inverse correlation between tumor-infiltrating Tregs and survival in various cancer types. The frequency or proportion of Tregs and CD8+ T cells at the tumor site in the TME is mutually correlated. Consequently, this ratio exhibits less variation in frequency compared to both lymphocyte populations separately. However, if one of these lymphocyte populations experiences substantial frequency fluctuations, opting for the lymphocyte population with lower frequency variation can enhance survival rates, particularly when the intra-tumor frequencies of the two lymphocyte types are inversely related. Selecting such optimal prognostic markers in this manner may also serve as the best predictive factor for cancer checkpoint inhibitor therapies.





ScRNA-seq reveals insights into the TME

ScRNA-seq technology enables a more comprehensive analysis of genetic and protein information differences between cells, allowing for the acquisition of individual cell genomic sequence information and a deeper investigation into the cellular characteristics and interactions within the TME (15). Wen et al. summarized the heterogeneity of the TME in colorectal cancer, highlighting the individualized and highly mutated nature of tumor epithelial cells in each patient. Various immune cells and inflammatory chemokines within the TME interact and influence one another, promoting tumor progression and thereby impacting tumor recurrence and treatment response. He et al. focused on the applications of scRNA-seq in revealing heterogeneity, microenvironment characteristics, and drug resistance in retinoblastoma (RB) and uveal melanoma (UM). This approach holds promise for identifying new biomarkers for diagnosis and targeted therapy. Ziblat et al. conducted phenotypic analysis of peripheral blood NK cells (PBNK) and tumor-infiltrating NK cells (TINK) from clear cell renal cell carcinoma (ccRCC) patients. PBNK in ccRCC patients exhibited an activated phenotype marked by the expression of CD25, CD69, and CD62L, while TINK showed reduced expression of DNAM-1, NKp30, NKp46, NKp80, and CD16, suggesting a more suppressive phenotype. Jiang et al. discovered that Galectin A-Related Protein (GARP) maintains Treg-mediated immune tolerance in gastric cancer. Upregulation of GARP was associated with increased FOXP3+ Treg and CD4+ T cell infiltration and positively correlated with CTLA-4 and PD-L1 expression. Furthermore, the role of CD4+ T cell immune signaling in premalignant gastric cancer may hold clinical significance, offering new insights into immune therapy approaches.





Emerging avenues in immunotherapy

Novel and advancing approaches in the field of immunotherapy are continually expanding, offering innovative avenues for the treatment of cancer (16). These emerging strategies encompass a diverse array of immunomodulatory techniques and novel therapeutic targets, promising the potential to enhance the effectiveness and precision of immunotherapeutic interventions (17). Zhang et al. identified the optimal single-chain variable fragment and investigated its biological functionality to further enhance the therapeutic potential of CAR-T cells targeting CEA-positive cancers. Proper affinity can improve the functionality of CAR-T cells based on different CAR-T types. Four CEA-targeting CAR-T cell sources were screened and compared, with M5A CAR-T cells demonstrating stable CAR expression, moderate affinity, cytokine secretion, and excellent anti-tumor capabilities both in vitro and in vivo. Xu et al. identified three distinct forms of programmed cell death in colorectal cancer, each associated with specific TME cell infiltration characteristics related to immune exclusion, immune desert, and immune-inflamed phenotypes. Patients with higher COPsig scores exhibited longer overall survival, lower immune cell and stromal infiltration, and a greater tumor mutational burden. Pan et al. discovered significant upregulation of soluble immune checkpoint-related proteins, BTLA, CD28, CD137, GITR, and LAG-3, in pancreatic ductal adenocarcinoma that were significantly associated with prognosis. Patients classified as having a soluble immune low subtype based on these biomarkers exhibited superior overall survival compared to those classified as having a soluble immune high subtype.





Summary and prospective

This topic emphasizes the multifaceted dynamics of the TME, underscoring the pivotal roles of angiogenesis and immune regulation in cancer therapy. By integrating these two distinct yet interconnected processes, the aim is to enhance our comprehension of cancer treatment modalities. Furthermore, we delve into the functional significance of TILs from a cancer biology perspective. The emergence of avenues such as scRNA-seq, CAR-T therapy, programmed cell death, soluble immune checkpoints, and others has opened new paths for deciphering the communication occurring within the TME and developing innovative approaches for therapy. We aspire to advance our understanding of the roles of these elements in cancer immunity and therapeutic strategies, thereby contributing to the development of novel approaches for cancer treatment.

In conclusion, the articles included in this topic provide a new direction for the development of angiogenesis and immune response in the TME. We would also like to express our sincere gratitude to all authors, reviewers, and the editorial team of Frontiers in Immunology for their devotion and assistance in the process of reviewing and publishing all these studies in this Research Topic. Simultaneously, we believe that with the tireless efforts of researchers worldwide, effective immune checkpoint targets like PD-1 and PD-L1 will continue to be discovered, offering new hope for cancer patients globally. The relentless exploration at the molecular level, facilitated by novel tools, holds the promise of a future where cancer can be effectively treated.
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Tumor infiltrating lymphocytes (TIL) therapy was shown to provide durable objective response in patients with metastatic melanoma. As a fundamental first step to bring TIL therapy to clinical use, identification of patients whose tumors yield optimal numbers of reactive TIL is indispensable. We have previously shown that expansion of tumor reactive TIL from primary bladder tumors and lymph node metastases is feasible. Here, we performed TIL harvesting from additional surgical specimens (additional 31 primary tumors and 10 lymph nodes) to generate a heterogenous cohort of 53 patients with bladder cancer (BC) to evaluate the tumor characteristics that lead to tumor-reactive TIL expansion. Among a total of 53 patients, overall TIL growth from tumor samples were 37/53 (69.8%) and overall anti-tumor reactive TIL were 26/35 (74.3%). Mixed urothelial carcinoma is associated with higher anti-tumor reactivity of expanded TIL than pure urothelial carcinoma (89.5% vs. 56.3%, p=0.049). The anti-tumor reactivity of expanded TIL from primary tumors previously treated with BCG immunotherapy were lower (33.3% vs. 82.6%, p=0.027) although T-cell phenotype (CD3+, CD4+, CD8+, and CD56+) was similar regardless prior of BCG therapy. Addition of agonistic 4-1BB antibody in culture media with IL-2 improved the number of expanded TIL from primary tumors previously treated with BCG immunotherapy. There was no significant difference between basal and luminal subtype tumors in terms of viable and reactive TIL growth. Our study demonstrates that TIL expansion is feasible across all BC patients and BC subtypes, and we suggest that TIL therapy can be a reasonable treatment strategy for various manifestations of BC.




Keywords: adoptive cellular immunotherapy, Bacillus Calmette–Guerin, molecular subtypes, bladder cancer, tumor-infiltrating lymphocytes



Introduction

Bladder cancer (BC) is the 10th most common form of cancer worldwide with a significantly high mortality rate in men (3.2 vs. 0.9, per 100.000) (1). In the US alone, the estimated number of new BC cases and deaths in 2019 were 80.470 and 17.670, respectively (2). Immunotherapy has been utilized for treatment of BC for more than four decades since the start of utilization of intravesical Bacillus Calmette-Guerin (BCG) for treatment of non-muscle invasive bladder cancer (NMIBC) (3). Nonetheless, about 20% to 45% of high-risk NMIBC progress to muscle-invasive bladder cancer (MIBC) despite endoscopic tumor resection and BCG immunotherapy (4). Moreover, about 20 to 40% of patients with MIBC experiences disease recurrence within 5 years of neoadjuvant chemotherapy (NAC) and radical cystectomy (RC) (5). Metastatic BC is a very lethal disease with an overall survival of approximately 12 months (6). In the past 5 years, immune checkpoint blockade (ICB) has been utilized for management of metastatic BC. Single agent checkpoint inhibitors provided objective responses in about only one fifth of the patients after first-line therapy (7). Therefore, there is still an unmet need of novel effective therapies for management of BC across all stages.

Adoptive cell therapy (ACT) has become a real prospect for treatment of solid tumors (8). TIL therapy is a form of ACT, which is composed of extraction of TILs from human tumor samples, ex vivo expansion, and reinfusion of expanded autologous lymphocytes into patients following non-myeloablative chemotherapy (9–13). It has been proven an effective anticancer therapy in cervical cancer, ovarian cancer, and particularly in metastatic melanoma (9–13).

Feasibility of TIL expansion from bladder cancer was recently shown by our institution (14). However non-metastatic BC is a heterogenous spectrum of disease ranging from indolent papillary lesions to locally advanced tumors and it represents genomically diverse tumors (15). Proper selection of BC patients with tumors that yield optimal numbers of tumor-reactive TIL has a paramount importance for the success of TIL therapy. In this study, we aimed to evaluate the impact of clinicopathological parameters, molecular subtype (basal vs. luminal) and previous BCG immunotherapy on viable and tumor-reactive TIL expansion.



Material and Methods


Patient Selection and Data Collection

Patients older than 18 years of age with previously confirmed pathological diagnosis of BC were included in the study. All patients treated with RC also underwent bilateral pelvic lymph node dissection concurrently. Only patients treated with ≥6 cycles of BCG immunotherapy and completed induction BCG course was considered as BCG-treated. Our previous inclusion criteria was expanded to include patients treated with RC for bladder tumors smaller than 2 cm in size and any bladder lesions/tumors obtained by transurethral resection of bladder tumor (TURBT). The original protocol was amended and approved by the Institutional Review Board (MCC18142). Informed consent was obtained from all patients prior to tissue collection.



TIL Expansion Protocol

TIL were expanded as previously described (14). Primary bladder tumors or lymph node metastases were minced into ~1–3 mm3 fragments and plated in TIL media consisting of RPMI 1640, 2.05 mM L–glutamine (HyClone, Thermo Fisher Scientific, Waltham, MA), 10% heat-inactivated human AB serum (Omega Scientific, Tarzana, CA), 55 μM 2-mercaptoethanol (Invitrogen), 50 μg/ml gentamicin (Invitrogen), 100 I.U./ml penicillin, 100 μg/ml streptomycin, and 10 mM HEPES Buffer (Mediatech, Manassas, VA) in 24- or 48-well plates with 6000 I.U./ml rhIL-2 (Prometheus). Some cultures were supplemented with 1 ug/ml anti-CD137 agonistic antibody (Urelumab, BMS-663513). All cultures were expanded for 4 weeks and confluent wells were split into additional wells. TIL from each independent fragment was counted. Remaining tumor material was mechanically and enzymatically digested using media containing 2% Collagenase Type IV and a GentleMACS Dissociator (Miltenyi, 130–093-235). Cells were counted by trypan blue exclusion and subjected to subsequent analysis or cryopreserved as functional assay targets. Positive TIL growth was defined as confluency and expansion of the primary well into 2 wells.



Evaluation of TIL Reactivity and Immunophenotyping of Expanded TIL

Flow cytometric analysis of TIL from each fragment was performed. Expanded TIL was stained with fluorescent antibodies for CD3, CD4, CD8, and CD56 (BD Biosciences, BDB555516). All cells were stained with a Live/Dead Near-IR viability stain (Invitrogen, L10119) and fixed in 2% paraformaldehyde. Data were acquired on an LSR II flow cytometer and analyzed using FlowJo software (TreeStar, Inc.). TIL and autologous tumor cells from enzymatic digestion were cultured at a 1:1 ratio (1 x 105 cells each) overnight in round bottom 96-well plates. Supernatants were collected after 24 h. IFN-gamma was measured using a Human IFNg Quantikine ELISA Kit (R&D Systems, SIF50). Optical density of each well was measured at 450 nm and IFN-γ concentration was calculated from the standard curve. IFN-γ concentration ≥100 pg/ml was the cut-off for reactivity.



Molecular Subtyping

Tumor blocks were retrieved from pathology archive and whole tissue sections were used for immunohistochemistry. Slides were stained using a Ventana Discovery XT automated system (Ventana Medical Systems, Tucson, AZ) as per manufacturer’s protocol with proprietary reagents. Immunohistochemical staining was performed utilizing primary rabbit anti-CD3 antibody (790-4341, Ventana; a predilute concentration), primary rabbit anti-GATA3 antibody (#5852, Cell Signaling Technologies, Danvers, MA; at a 1:200 concentration in Dako antibody diluent, Carpenteria, CA), and mouse monoclonal anti-CK5/6 antibody (790-4554, Ventana; a predilute concentration). The detection system used was the Ventana ChromoMap kit and slides were then counterstained with Hematoxylin. The immunohistochemical results were semi-quantitatively assessed and scored by one pathologist as follows: 0, negative (<1% staining of T cells); 1+, weak (1%–25% staining of T cells); 2+, moderate (26%–64% staining of T cells); and 3+, strong (≥65% staining of T cells).

Molecular characterization of MIBC tumors was performed in primary tumors to identify luminal and basal subtypes via immunohistochemistry as previously described by Dadhania et al. (16). Briefly, immunohistochemistry slides stained for GATA3, and CK5/6 were scanned using an Aperio AT2 digital pathology system (Leica Biosystems Inc., Vista, California) with a 20X 0.7NA objective lens. The luminal marker was GATA3 and basal marker was CK5/6. Matching H&E slides were also scanned. Whole slide images were viewed with Aperio Imagescope software and regions of interest (ROIs) were annotated to identify tumor regions. All ROIs were analyzed with Aperio eSlide Manager software using nucleus (GATA3) and membrane (CK5/6) detection algorithms and percent positive values for each sample was calculated. Twenty percent of tumor tissue positivity and 20% of tumor nuclei positivity were cut-off expression levels of the signature basal and luminal markers (Figure 1).




Figure 1 | Two cases of bladder cancer showing GATA3 and CK5/6 expression quantified by digital immunohistochemistry analysis. A luminal subtype bladder tumor with (A) GATA3 expression ≥20% and (B) CK5/6 expression <20% (Left: Anti-GATA3 Ab; Right: Anti-CK5/6 Ab). A basal subtype bladder tumor with (C) GATA3 expression <20% and (D) CK5/6 expression ≥20% (Left: Anti-GATA3 Ab; Right: Anti-CK5/6 Ab). The green circles represent tumor area analyzed by digital automated immunohistochemistry algorithm. Encircled blue cells/nuclei represents no staining with antibody whereas yellow, orange, brown, dark brown/red ones represent positive staining incremental to staining intensity. Views of whole tumor section at the right upper corner and of a magnified tumor area at the right lower corner.





Statistical Analysis

Data represented as scatter plots show individual patient data points as well as error bars representing median values and interquartile range (IQR). The association for categorical and continues variables were evaluated using Fisher’s exact, Chi-square, Mann–Whitney U and Wilcoxon signed rank tests where indicated. The statistical analyses were performed using SPSS version 22.0 (IBM, Armonk, NY) and GraphPad Prism software. p values were two sided and p < 0.05 was considered statistically significant.




Results


Patient Characteristics

A total of 51 primary tumors and 17 additional LN from 53 patients were included for the analysis of factors that are associated with overall TIL expansion as well as expansion of reactive TIL (Table 1). Briefly, 43 (81.1%) patients underwent RC while 10 (18.9%) patients underwent TURBT. Eleven samples (20.8%) were collected from patients who had received intravesical BCG immunotherapy and 22 (41.5%) samples were collected from patients who had received NAC. Among 40 (71.4%) patients with MIBC, 10 patients were found to have basal tumors whereas 25 patients had luminal tumors.


Table 1 | Characteristics of 53 bladder cancer patients included in the analysis.





TIL Growth and Reactivity

In our previous study, we showed TIL expansion from 70% of primary bladder tumors as well as TIL expansion from all LNs (20 primary tumors and 7 LN from 20 patients) (14). In this study, we collected tumor fragments from an additional 33 patients (31 primary tumors and 10 LN) and confirmed that TIL growth could be achieved in 37 out of 53 (69.8%) patients using primary tumors and/or LN (Table 2). In this study, autologous tumor was available for TIL samples in 29 patients. Co-culture of autologous tumor with expanded TIL was performed and production of IFN-gamma was measured. Expanded TIL from primary tumors and/or LNs showed anti-tumor reactivity in 20 out of 29 (69.0%) patients, thus overall reactivity of expanded TIL per patient was 74.3% (26/35 patients; six patients from the previous study).


Table 2 | Expansion of tumor-reactive TIL in 53 bladder cancer patients.



TIL growth was achieved from additional nine out of 10 LN samples in the present study, thus the rate of TIL growth from LN samples was 94.1% (16/17 LNs; 7 LNs from the previous study). Co-culture with autologous tumor was feasible in 12 expanded TIL from LNs, and 10 expanded TIL showed anti-tumor reactivity (83.4%). The median number of expanded TIL from primary tumors and LN was 1.86E+07 and 4.73E+07 in 33 and 16 patients, respectively.



Factors Associated With Expansion and Anti-Tumor Reactivity of TIL

We next evaluated the factors associated with TIL expansion and tumor-reactivity of TIL among a total of 53 patients (20 patients from previous study and additional 33 patients). TIL growth was feasible across all patient subgroups (Table 3). The number of expanded TIL from primary tumors and LN were similar between patients regardless of age, gender, smoking status, BMI, type of surgery, pathological tumor/LN stage, histology, molecular subtype, previous NAC and weight of fragment (data now shown) with the exception of previous BCG immunotherapy.


Table 3 | Factors affecting growth and reactivity of TIL harvested from primary tumors and/or lymph nodes in 53 patients.



Anti-tumor reactivity of expanded TIL was lower in primary tumors treated with BCG immunotherapy compared to those without (33.3% vs. 82.6%, p= 0.027). Other significant finding of the reactivity analysis included the age of patients and tumor histology. The median age of patients yielding tumor reactive TIL was significantly younger than the median age of patients with expanded TIL showing no anti-tumor reactivity (68.5 [51.8;91.9] vs. 77.0 [65.0;90.5], p=0.026). However the surgical specimen from the oldest patient in our cohort yielded higher amounts of reactive TIL (4.06E+07). Thus, age might not be a limiting factor for expansion of TIL although it warrants further investigation with additional specimens.

TIL reactivity from mixed urothelial tumors was significantly higher than pure urothelial carcinoma (89.5% vs. 56.3%, p=0.049). Basal subtype tumors yielded higher TIL growth (80%) with more anti- tumor reactivity (100%) compared to luminal subtype (72% TIL growth and 68.8% tumor-reactive TIL) albeit statistically not significant (p=0.999 and p=0.130). Thus, we identified a subset of BC tumors (mixed histology and BCG-naïve tumors) with enhanced TIL reactivity.



Previous BCG Immunotherapy and Tumor-Reactive TIL Expansion

The number of expanded TIL was lower than overall median TIL number (1.86E+07) in all (6/6) primary tumors previously treated with BCG compared to those from primary tumors without previous BCG exposure (10/27 (37.0%), p=0.007, Figure 2). This was not due to a lack of T cells in tumors since all primary tumors displayed moderate to strong infiltration of CD3+ tumor-infiltrating lymphocytes (scores ≥2+) regardless of history of BCG immunotherapy (Figure 3). The sample weight, and the percent of tumor fragments that grew TIL were also comparable between each group. To attempt to improve TIL expansion in these cultures, we added agonistic anti-4-1BB antibodies to culture media as it was previously found to enhance the expansion of TIL in malignant melanoma and bladder cancer treated with NAC by our institution (14, 17). Tumor fragments of three primary tumors were cultured in IL-2 (6000 IU/ml) + anti-4-1BB antibody (10 ug/ml) and these fragments yielded higher numbers of expanded TIL compared to fragments of the same tumors cultured only in IL-2 (6000 IU/ml) (p=0.006). There were no significant difference in composition of CD3+, CD4+, CD8+, and CD56+ T cells in expanded TIL regardless of BCG exposure or agonism with anti-4-1BB antibodies (Figure 4).




Figure 2 | Expansion of TIL from bladder tumors stratified by BCG immunotherapy. The total number of TIL expanded from bladder or LN tumor fragments was measured at 4 weeks after initiation of culture. (A) TIL growth from primary tumors stratified by previous BCG immunotherapy and median number of expanded TIL in 33 patients. Fisher’s exact test. (B) Total number of expanded TIL from BCG-naïve primary tumors (27 patients) and from primary tumors with previous exposure to BCG immunotherapy (six patients). Each point represents the total TIL per patient (the sum of all TIL that was generated from each fragment within an individual patient). Median and interquartile range. Mann-Whitney test. (C) Total numbers of expanded TIL from three primary tumors previously treated with BCG immunotherapy. Fragments of the surgical specimens were cultured either in IL-2 (6000 IU/ml) only or in IL-2 (6000 IU/ml) + 4-1BB (10 ug/ml). Wilcoxon-signed rank test. (D) Total number of expanded TIL from BCG-naïve lymph nodes (13 patients) and from lymph nodes with previous exposure to BCG immunotherapy (three patients). Each point represents the total TIL per patient (the sum of all TIL that was generated from each fragment within an individual patient). Median and interquartile range. Mann-Whitney test. (E) The sample weight (mg) of primary tumors sent to the lab for expansion of TIL (six BCG-treated samples and 27 BCG-naive samples). Median and interquartile range. Mann–Whitney test. (F) The percentage of fragments that grew TIL from the total number of fragments plated (six samples from BCG-treated primary tumors and 27 samples from BCG-naive primary tumors). Median and interquartile range. Mann–Whitney test.






Figure 3 | The CD3+ tumor infiltrating lymphocyte infiltration within tumor microenvironment and expansion of TIL from primary bladder tumors. (A) Expansion of TIL was achieved in 33 out of 51 primary tumors, of which 50 and one displayed strong and moderate CD3+ T cell infiltration, respectively. (B) A pTis bladder tumor (pure urothelial call carcinoma) previously treated with BCG immunotherapy (Left: H-E x 100; Right: Anti-CD3 Ab x 200). (C) A pT2 bladder tumor (pure urothelial cell carcinoma) previously treated with BCG immunotherapy (Left: H-E x 200; Right: Anti-CD3 Ab x 200). (D) A pT3 bladder tumor (pure urothelial carcinoma) with no previous exposure to intravesical BCG (Left: H-E x 200; Right: Anti-CD3 Ab x 200). (E) A pT2 bladder tumor (squamous differentiation) with no previous exposure to intravesical BCG (Left: H-E x 200; Right: Anti-CD3 Ab x 200). H-E, hematoxylin and eosin; Ab, antibody; pT, pathological tumor stage.






Figure 4 | Phenotype of TIL expanded from primary bladder tumors previously treated with BCG immunotherapy. (A) Six BCG-treated patients whose primary bladder tumors yielded TIL were matched with six BCG-untreated patients (1:1) in terms of patient age, tumor histology, tumor stage and molecular subtype of bladder cancer. At 4 weeks after the initiation of TIL cultures, TIL were collected from each fragment and the percentage of CD3+ T cells, CD4+ T cells, CD8+ T cells, and CD3-CD56+ NK cells was measured by flow cytometry. Each point represents the mean percentage of cells per patient (the mean of all TIL that was generated from each fragment within an individual patient). Wilcoxon-signed rank test. (B) Tumor fragments of three primary tumors previously treated with BCG immunotherapy were cultured either in IL-2 (6000 IU/ml) + 4-1BB (10 ug/ml) or in only IL-2 (6000 IU/ml). Percentage of CD3+ T cells, CD4+ T cells, and CD8+ T cells was measured by flow cytometry. Each point represents the percentage of cells generated from each tumor fragment. Median and interquartile range.






Discussion

BC is morphologically and genomically a heterogenous malignancy and unique owing to utilization of immunotherapy for treatment of both early and late stage tumors (18). Moreover, BC has the third highest tumor mutational burden among all cancer types, which was associated with high neoantigen load and enrichment of activated immune cells within tumor site (19). Recently, our group demonstrated that TIL expansion from BC was feasible (70%) in a homogenous cohort of 20 patients treated with RC for bladder tumors larger than 2 cm (14). In the present study, we included an additional 33 patients, including patients who had smaller RC tumors (<2 cm) and patients who were treated with TURBT. We also measured anti-tumor reactivity of all expanded TIL if autologous tumors were available. In this expanded cohort of patients with BC, the success of viable TIL growth was 69.8%, which was consistent with our preliminary report (70%) and those reported for patients with malignant melanoma (ranging between 75% and 85%) (20). Moreover, we were able to utilize metastatic LN sent together with primary tumors in RC specimens for TIL expansion. Overall, TIL growth was feasible across all subgroups of BC patients. The rate of reactivity of expanded TIL against autologous tumors was 74.3% in our study, comparable to that reported for malignant melanoma (67%) (21).

Overall TIL reactivity from tumor samples of variant histology or squamous/glandular differentiation (mixed histology) was significantly higher than that of pure urothelial carcinoma (89.5% vs. 56.3%). Presence of variant histology in NMIBC is considered as a high risk feature for progression to a higher stage disease and early RC is recommended for these cases (18). The therapeutic options for MIBC with variant histology is limited and response to NAC is modest without increase in overall survival (22). In contrast, preliminary reports suggest a substantial benefit from immunotherapy for MIBC with variant histology, downstaging to pT1 or less was achieved after neoadjuvant ICB in about half of the patients harboring such muscle-invasive disease (23). Particular variants of urothelial cell carcinoma have unique gene expression profiles and some characterized by enrichment with genomic signatures predictive for immunotherapy response or high PD-L1 expression (23–25). Based on anti-tumor reactivity of expanded TIL from mixed histology tumors in our study, we suggest that TIL therapy might have a potential to address the unmet need of perioperative systemic therapy for these tumors.

Interestingly, anti-tumor reactivity of expanded TIL from primary tumors previously treated with BCG immunotherapy was lower than those without (33% vs. 83%). Likewise, the number of expanded TIL appeared to be lower from such tumors. Of note, the number of BCG cycles and the interval time between last BCG instillation and TIL expansion varied across the patients, however additional maintenance BCG was not found to further decrease TIL reactivity after induction BCG (data not shown). The decrease in anti-tumor reactivity might be due to BCG-related indirect mechanisms mediated by other components of tumor microenvironment such as MDSCs, regulatory T cells or increased expression of particular cytokines after exposure to BCG. Likewise, Chevalier et al. reported lower T cell-to-monocytic myeloid-derived suppressor cells (MDSC) ratios, higher frequencies of group 2 innate lymphoid cells, and detectable levels of IL-13, an inducer for suppressive functions in monocytes, in the urine of patients who failed intravesical BCG (26). Whether BCG exhausted TIL in the tumor microenvironment prior to harvesting was not clear and it warrants further investigation. However, the overall CD3+ T cell concentrations in primary tumors appeared similar across the patients in our study. The percentages of CD4+, CD8+, and CD3-CD+56 T cells in expanded TILs appeared to be not effected by previous BCG therapy, consistent with animal studies evaluating effect of BCG on T cell phenotype (27). Moreover, we could effectively multiply the number of expanded TIL from BCG treated primary tumors with agonistic anti-4-1BB. Thus, the effect of previous BCG immunotherapy on tumor-reactive TIL expansion warrants further investigation.

Unsurprisingly, an accurate predictive biomarker for expansion of viable and reactive TIL is invaluable. Particular molecular subtypes of BC were found to have predictive value and associate with significant immunological signatures (28). Basal subtype bladder tumors were associated with higher infiltration of CD8+ T cells and NK cells, advanced disease stage and lower median overall survival compared to luminal subtype tumors (1.2 years vs. 1.8–4.0 years). Patients with basal subtype tumors with high RNA-based immune signature had a 100% 2-year progression-free survival after neoadjuvant pembrolizumab therapy in a phase II MIBC trial (29). In our study, we did not observe any significant association between molecular subtype and viable and reactive TIL growth although basal subtype bladder tumors appeared to yield more reactive TIL, which warrants further investigation. For molecular subtyping, we used a validated immunohistochemistry method and quantitative scoring to improve reproducibility. Although basal tumors were shown to be almost exclusively basal, luminal subtypes appeared to consist of a more heterogenous group of tumors (16). A comprehensive genomic analysis would enable identification of other molecular subtypes such as luminal-papillary, luminal-unstable and neuroendocrine-like and a more reproducible molecular subtype profiling (28). Nonetheless, the value of molecular characterization as a predictive biomarker in BC appears to be limited due to significant tumor heterogeneity and impact of previous treatments (30). TCGA molecular subtype did not appear to be a strong predictor of response to Atezolizumab in patients with refractory metastatic urothelial cancer (31). We are currently exploring the diversity of T cell populations and neoantigen-specific T cells in expanded TIL from bladder tumors to identify predictive biomarkers for TIL expansion. Moreover, reliable identification of metastatic LNs in the operating room, further optimization of TIL culture conditions, and comprehensive in vitro measurement of anti-tumoral T cell activity can further increase the success of tumor-reactive TIL expansion, which warrant further investigation.

The observed success in TIL expansion increases the potential to implement clinical trial of TIL therapy for BC patients in the near future. Conventional TIL therapy strategies focusing on treatment of metastatic cancer consists of systemic infusion of expanded TIL in patients preconditioned with non-myeloablative chemotherapy (such as cyclophosphamide and fludarabine) (32, 33). We demonstrated that expansion of tumor-reactive TIL is feasible from bladder tumor samples obtained via TURBT. TIL therapy can potentially be a novel treatment option in the non-metastatic setting including patients with BCG-naïve NMIBC. Clinical trials of intravesical TIL therapy with or without intravesical IL-2, alone or in combination with systemic PD-1 inhibitor or intravesical BCG appears reasonable. Acknowledging our imperfect ability to detect all tumor recognition in vitro, the polyclonal nature of TIL therapy, and demonstrated feasibility of TIL growth from BCG-treated tumor samples, a subset of BCG-unresponsive NMIBC may also benefit from TIL therapy.



Conclusions

Tumor fragments of both primary tumor and LN can yield TIL with tumor-specific reactivity in BC patients. Specifically, we identified a subset of BC patients with improved TIL reactivity including patients with mixed histology and BCG-naïve tumors. Nonetheless, TIL therapy appears to be feasible for any patient with BC, and our findings suggest feasibility for TIL clinical trials for management of BC.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

The studies involving human participants were reviewed and approved by the Institutional Review Board (MCC18142). The patients/participants provided their written informed consent to participate in this study.



Author Contributions

AA, BB, MB, SP-T, and MP designed the study. AA and MP procured the biological specimen. JD was in charge of the pathology. AA, BB, MB, and SP-T performed the experimental work. AA, BB, MB, SP-T, and MP analyzed and interpreted the data. All authors contributed to the article and approved the submitted version.



Funding

This work was funded in part by Iovance Biotherapeutics, Swim Across America, and the Dr. Miriam and Sheldon G. Adelson Medical Research Foundation. AS was supported by NCI-5K23CA178083. SP-T was supported by an American Cancer Society—Leo and Anne Albert Charitable Foundation Research Scholar Grant (RSG-16-117-01-LIB). The funder bodies were not involved in the study design, collection, analysis, interpretation of data, the writing of this article or the decision to submit it for publication.



Acknowledgment

This work was supported in part by the Tissue Core, Analytic Microscopy Core and the Flow Cytometry Core at the Moffitt Cancer Center, and in part by the Cancer Center Support Grant P30 CA076292 and a CCSG supplement P30 CA076292-18S5 from the National Cancer Institute.



References

1. Bray, F, Ferlay, J, Soerjomataram, I, Siegel, RL, Torre, LA, and Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin (2018) 68(6):394–424. doi: 10.3322/caac.21492

2. Siegel, RL, Miller, KD, and Jemal, A. Cancer statistics, 2019. CA Cancer J Clin (2019) 69(1):7–34. doi: 10.3322/caac.21551

3. Morales, A, Eidinger, D, and Bruce, AW. Intracavitary Bacillus Calmette-Guerin in the treatment of superficial bladder tumors. J Urol (1976) 116(2):180–3. doi: 10.1016/S0022-5347(17)58737-6

4. Sylvester, RJ, van der Meijden, AP, Witjes, JA, and Kurth, K. Bacillus calmette-guerin versus chemotherapy for the intravesical treatment of patients with carcinoma in situ of the bladder: a meta-analysis of the published results of randomized clinical trials. J Urol (2005) 174(1):86–91. doi: 10.1097/01.ju.0000162059.64886.1c

5. Mari, A, Campi, R, Tellini, R, Gandaglia, G, Albisinni, S, Abufaraj, M, et al. Patterns and predictors of recurrence after open radical cystectomy for bladder cancer: a comprehensive review of the literature. World J Urol (2018) 36(2):157–70. doi: 10.1007/s00345-017-2115-4

6. Bellmunt, J, Theodore, C, Demkov, T, Komyakov, B, Sengelov, L, Daugaard, G, et al. Phase III trial of vinflunine plus best supportive care compared with best supportive care alone after a platinum-containing regimen in patients with advanced transitional cell carcinoma of the urothelial tract. J Clin Oncol (2009) 27(27):4454–61. doi: 10.1200/JCO.2008.20.5534

7. Boegemann, M, Aydin, AM, Bagrodia, A, and Krabbe, LM. Prospects and progress of immunotherapy for bladder cancer. Expert Opin Biol Ther (2017) 17(11):1417–31. doi: 10.1080/14712598.2017.1366445

8. Wong, YNS, Joshi, K, Pule, M, Peggs, KS, Swanton, C, Quezada, SA, et al. Evolving adoptive cellular therapies in urological malignancies. Lancet Oncol (2017) 18(6):e341–e53. doi: 10.1016/S1470-2045(17)30327-3

9. Besser, MJ, Shapira-Frommer, R, Treves, AJ, Zippel, D, Itzhaki, O, Hershkovitz, L, et al. Clinical responses in a phase II study using adoptive transfer of short-term cultured tumor infiltration lymphocytes in metastatic melanoma patients. Clin Cancer Res (2010) 16(9):2646–55. doi: 10.1158/1078-0432.CCR-10-0041

10. Pilon-Thomas, S, Kuhn, L, Ellwanger, S, Janssen, W, Royster, E, Marzban, S, et al. Efficacy of adoptive cell transfer of tumor-infiltrating lymphocytes after lymphopenia induction for metastatic melanoma. J Immunother (2012) 35(8):615–20. doi: 10.1097/CJI.0b013e31826e8f5f

11. Radvanyi, LG, Bernatchez, C, Zhang, M, Fox, PS, Miller, P, Chacon, J, et al. Specific lymphocyte subsets predict response to adoptive cell therapy using expanded autologous tumor-infiltrating lymphocytes in metastatic melanoma patients. Clin Cancer Res (2012) 18(24):6758–70. doi: 10.1158/1078-0432.CCR-12-117

12. Stevanovic, S, Draper, LM, Langhan, MM, Campbell, TE, Kwong, ML, Wunderlich, JR, et al. Complete regression of metastatic cervical cancer after treatment with human papillomavirus-targeted tumor-infiltrating T cells. J Clin Oncol (2015) 33(14):1543–50. doi: 10.1200/JCO.2014.58.9093

13. Fujita, K, Ikarashi, H, Takakuwa, K, Kodama, S, Tokunaga, A, Takahashi, T, et al. Prolonged disease-free period in patients with advanced epithelial ovarian cancer after adoptive transfer of tumor-infiltrating lymphocytes. Clin Cancer Res (1995) 1(5):501–7.

14. Poch, M, Hall, M, Joerger, A, Kodumudi, K, Beatty, M, Innamarato, PP, et al. Expansion of tumor infiltrating lymphocytes (TIL) from bladder cancer. Oncoimmunology (2018) 7(9):e1476816. doi: 10.1080/2162402X.2018.1476816

15. Tan, TZ, Rouanne, M, Tan, KT, Huang, RY, and Thiery, JP. Molecular Subtypes of Urothelial Bladder Cancer: Results from a Meta-cohort Analysis of 2411 Tumors. Eur Urol (2019) 75(3):423–32. doi: 10.1016/j.eururo.2018.08.027

16. Dadhania, V, Zhang, M, Zhang, L, Bondaruk, J, Majewski, T, Siefker-Radtke, A, et al. Meta-Analysis of the Luminal and Basal Subtypes of Bladder Cancer and the Identification of Signature Immunohistochemical Markers for Clinical Use. EBioMedicine (2016) 12:105–17. doi: 10.1016/j.ebiom.2016.08.036

17. Chacon, JA, Sarnaik, AA, Chen, JQ, Creasy, C, Kale, C, Robinson, J, et al. Manipulating the tumor microenvironment ex vivo for enhanced expansion of tumor-infiltrating lymphocytes for adoptive cell therapy. Clin Cancer Res (2015) 21(3):611–21. doi: 10.1158/1078-0432.CCR-14-1934

18.National Comprehensive Cancer Network guidelines: bladder cancer V 6.2029 (2020). Available at: https://www.nccn.org/professionals/physician_gls/pdf/bladder.pdf.

19. Chalmers, ZR, Connelly, CF, Fabrizio, D, Gay, L, Ali, SM, Ennis, R, et al. Analysis of 100,000 human cancer genomes reveals the landscape of tumor mutational burden. Genome Med (2017) 9(1):34. doi: 10.1186/s13073-017-0424-2

20. Rosenberg, SA, Yang, JC, Sherry, RM, Kammula, US, Hughes, MS, Phan, GQ, et al. Durable complete responses in heavily pretreated patients with metastatic melanoma using T-cell transfer immunotherapy. Clin Cancer Res (2011) 17(13):4550–7. doi: 10.1158/1078-0432.CCR-11-0116

21. Goff, SL, Smith, FO, Klapper, JA, Sherry, R, Wunderlich, JR, Steinberg, SM, et al. Tumor infiltrating lymphocyte therapy for metastatic melanoma: analysis of tumors resected for TIL. J Immunother (2010) 33(8):840–7. doi: 10.1097/CJI.0b013e3181f05b91

22. Vetterlein, MW, Wankowicz, SAM, Seisen, T, Lander, R, Loppenberg, B, Chun, FK, et al. Neoadjuvant chemotherapy prior to radical cystectomy for muscle-invasive bladder cancer with variant histology. Cancer (2017) 123(22):4346–55. doi: 10.1002/cncr.30907

23. Necchi, A, Raggi, D, Gallina, A, Madison, R, Colecchia, M, Luciano, R, et al. Updated Results of PURE-01 with Preliminary Activity of Neoadjuvant Pembrolizumab in Patients with Muscle-invasive Bladder Carcinoma with Variant Histologies. Eur Urol (2020) 77(4):439–46. doi: 10.1016/j.eururo.2019.10.026

24. Batista da Costa, J, Gibb, EA, Bivalacqua, TJ, Liu, Y, Oo, HZ, Miyamoto, DT, et al. Molecular Characterization of Neuroendocrine-like Bladder Cancer. Clin Cancer Res (2019) 25(13):3908–20. doi: 10.1158/1078-0432.CCR-18-3558

25. Cheng, L, Zhang, S, Alexander, R, Maclennan, GT, Hodges, KB, Harrison, BT, et al. Sarcomatoid carcinoma of the urinary bladder: the final common pathway of urothelial carcinoma dedifferentiation. Am J Surg Pathol (2011) 35(5):e34–46. doi: 10.1097/PAS.0b013e3182159dec

26. Chevalier, MF, Trabanelli, S, Racle, J, Salome, B, Cesson, V, Gharbi, D, et al. ILC2-modulated T cell-to-MDSC balance is associated with bladder cancer recurrence. J Clin Invest (2017) 127(8):2916–29. doi: 10.1172/JCI89717

27. Kates, M, Nirschl, T, Sopko, NA, Matsui, H, Kochel, CM, Reis, LO, et al. Intravesical BCG Induces CD4(+) T-Cell Expansion in an Immune Competent Model of Bladder Cancer. Cancer Immunol Res (2017) 5(7):594–603. doi: 10.1158/2326-6066.CIR-16-0267

28. Kamoun, A, de Reynies, A, Allory, Y, Sjodahl, G, Robertson, AG, Seiler, R, et al. A Consensus Molecular Classification of Muscle-invasive Bladder Cancer. Eur Urol (2020) 77(4):420–33. doi: 10.1016/j.eururo.2019.11.011

29. Necchi, A, Raggi, D, Gallina, A, Ross, JS, Fare, E, Giannatempo, P, et al. Impact of Molecular Subtyping and Immune Infiltration on Pathological Response and Outcome Following Neoadjuvant Pembrolizumab in Muscle-invasive Bladder Cancer. Eur Urol (2020) 77(6):701–10. doi: 10.1016/j.eururo.2020.02.028

30. Todenhofer, T, and Seiler, R. Molecular subtypes and response to immunotherapy in bladder cancer patients. Transl Androl Urol (2019) 8(Suppl 3):S293–S5. doi: 10.21037/tau.2019.06.21

31. Rosenberg, JE, Hoffman-Censits, J, Powles, T, van der Heijden, MS, Balar, AV, Necchi, A, et al. Atezolizumab in patients with locally advanced and metastatic urothelial carcinoma who have progressed following treatment with platinum-based chemotherapy: a single-arm, multicentre, phase 2 trial. Lancet (2016) 387(10031):1909–20. doi: 10.1016/S0140-6736(16)00561-4

32. Weber, J, Atkins, M, Hwu, P, Radvanyi, L, Sznol, M, Yee, C, et al. White paper on adoptive cell therapy for cancer with tumor-infiltrating lymphocytes: a report of the CTEP subcommittee on adoptive cell therapy. Clin Cancer Res (2011) 17(7):1664–73. doi: 10.1158/1078-0432.CCR-10-2272

33. Rohaan, MW, van den Berg, JH, Kvistborg, P, and Haanen, J. Adoptive transfer of tumor-infiltrating lymphocytes in melanoma: a viable treatment option. J Immunother Cancer (2018) 6(1):102. doi: 10.1186/s40425-018-0391-1



Conflict of Interest: Moffitt Cancer Center has licensed Intellectual Property (IP) related to the proliferation and expansion of tumor infiltrating lymphocytes (TILs) to Iovance Biotherapeutics. SP-T and AS are inventors on such Intellectual Property. SP-T and AS are listed as co-inventors on a patent application with Provectus Biopharmaceuticals. Moffitt has also licensed IP to Tuhura Biopharma, and SP-T is an inventor on such Intellectual Property.

The remaining 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.

Copyright © 2021 Aydin, Bunch, Beatty, Hajiran, Dhillon, Sarnaik, Pilon-Thomas and Poch. 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.




METHODS

published: 14 May 2021

doi: 10.3389/fimmu.2021.672031

[image: image2]


A Cancer-Specific Qualitative Method for Estimating the Proportion of Tumor-Infiltrating Immune Cells


Huiting Xiao 1†, Jiashuai Zhang 1†, Kai Wang 1,2†, Kai Song 1, Hailong Zheng 1, Jing Yang 1, Keru Li 1, Rongqiang Yuan 1, Wenyuan Zhao 1* and Yang Hui 2*


1 Department of Systems Biology, College of Bioinformatics Science and Technology, Harbin Medical University, Harbin, China, 2 Department of Biochemistry and Molecular Biology, Harbin Medical University, Harbin, China




Edited by: 
Alexandr Bazhin, LMU Munich University Hospital, Germany

Reviewed by: 
Rainer Christoph Miksch, Ludwig Maximilian University of Munich, Germany

Florent Petitprez, University of Edinburgh, United Kingdom

*Correspondence: 
Wenyuan Zhao
 zhaowenyuan@ems.hrbmu.edu.cn
 Yang Hui
 huiyang79@126.com


†These authors have contributed equally to this work and share first authorship



Specialty section: 
 This article was submitted to Cancer Immunity and Immunotherapy, a section of the journal Frontiers in Immunology








Received: 25 February 2021

Accepted: 22 April 2021

Published: 14 May 2021

Citation:
Xiao H, Zhang J, Wang K, Song K, Zheng H, Yang J, Li K, Yuan R, Zhao W and Hui Y (2021) A Cancer-Specific Qualitative Method for Estimating the Proportion of Tumor-Infiltrating Immune Cells. Front. Immunol. 12:672031. doi: 10.3389/fimmu.2021.672031



Tumor-infiltrating immune cells are important components in the tumor microenvironment (TME) and different types of these cells exert different effects on tumor development and progression; these effects depend upon the type of cancer involved. Several methods have been developed for estimating the proportion of immune cells using bulk transcriptome data. However, there is a distinct lack of methods that are capable of predicting the immune contexture in specific types of cancer. Furthermore, the existing methods are based on absolute gene expression and are susceptible to experimental batch effects, thus resulting in incomparability across different datasets. In this study, we considered two common neoplasms as examples (colorectal cancer [CRC] and melanoma) and introduced the Tumor-infiltrating Immune Cell Proportion Estimator (TICPE), a cancer-specific qualitative method for estimating the proportion of tumor-infiltrating immune cells. The TICPE was based on the relative expression orderings (REOs) of gene pairs within a sample and is notably insensitive to batch effects. Performance evaluation using public expression data with mRNA mixtures, single-cell RNA-Seq (scRNA-Seq) data, immunohistochemistry data, and simulated bulk RNA-seq samples, indicated that the TICPE can estimate the proportion of immune cells with levels of accuracy that are clearly superior to other methods. Furthermore, we showed that the TICPE could effectively detect prognostic signals in patients with tumors and changes in the fractions of immune cells during immunotherapy in melanoma. In conclusion, our work presented a unique novel method, TICPE, to estimate the proportion of immune cells in specific cancer types and explore the effect of the infiltration of immune cells on the efficacy of immunotherapy and the prognosis of cancer. The source code for TICPE is available at https://github.com/huitingxiao/TICPE.
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Introduction

Immune cells are critical components in the complex tumor environment (TME). Tumor-infiltrating immune cells (TIICs) can have either tumor-promoting or tumor-suppressive effects on tumor development and progression, depending on the specific type of cancer involved (1). The types and densities of TIICs not only have predictive value in patient survival, they also affect tumor responses to therapy, particularly immunotherapy (2, 3). For instance, an increase in CD8+ T cells is generally associated with improved clinical outcomes, whereas regulatory T cells (Tregs) and tumor-associated macrophages (TAMs) are often associated with a poor prognosis (4, 5). In addition, immune checkpoint blockade (ICB) antibodies reinvigorate anti-tumor immunotherapy responses by disrupting co-inhibitory T-cell signaling, a pathway that has demonstrated clinical activity in several malignancies (6). Evidence has shown that CD4+ and CD8+ memory T cell subsets, as well as NK cell subsets, correlated with a clinical response to immunotherapy in patients with melanoma (7, 8). As such, an assessment of TIICs is of critical importance in biomedical research as well as clinical pathology (9).

Previous studies concerning alterations in the composition of immune cells in human cancers have predominantly relied on immunohistochemistry (IHC) or flow cytometry. However, these techniques are compromised by the limited set of available molecular markers and are cumbersome to apply to large panels of tumors; furthermore, in the case flow cytometry, fresh or frozen tissue is required (10, 11). An abundance of transcriptomics data provide an ideal resource for large-scale immune landscape analysis and have been used to develop many computational methods that have been mainly classified into two categories: deconvolution-based approaches and methods that are based on marker genes (12). The deconvolution methods, which include CIBERSORT (13), TIMER (14), EPIC (15), and quanTIseq (16), estimate the cell fractions leveraging on a reference matrix composed of representative expression signatures for specific immune cells. Techniques that are based on marker genes, including MCP-counter (17), xCell (18), and ImmuCellAI (19), utilize a list of genes characterized for each immune cell type to compute an enrichment score and allow for inter-sample comparisons of the same immune cell type. However, these methods have been developed for the enumeration of immune cells from bulk transcriptome data from multiple cancer types that masked inter-tumor heterogeneity between different tumor types; this would affect accuracy, at least to some extent (20). In addition, all of these methods were based on absolute gene expression, thus resulting in incomparability across different datasets. Some of these techniques require data normalization, a process that is susceptible to experimental batch effects and can even distort real biological signals (21). In contrast, our research team has proven that qualitative information derived from relative gene expression is highly robust with regards to batch effects and does not necessarily require normalization (22, 23). It is therefore imperative to develop a cancer-specific qualitative method to estimate the proportion of tumor-infiltrating immune cells.

In this study, we considered colorectal cancer and melanoma as examples and constructed Tumor-infiltrating Immune Cell Proportion Estimator (TICPE), a qualitative method based on the relative expression orderings (REOs) of gene pairs within a sample, to estimate the proportion of immune cells in a TME. These cell proportions could then be used to directly compare the proportion of the corresponding immune cells across samples within a cohort or different cohorts. TICPE was extensively validated in human solid tumors via publicly available IHC data, mRNA mixtures, single-cell RNA-Seq (scRNA-Seq) data from colorectal and melanoma tumors, and simulated bulk samples. Moreover, the immune cell proportions estimated by TICPE could be used for prognostic analysis and associated with treatment status and the efficacy of immunotherapy response to melanoma.



Materials and Methods


Dataset Preparation

We downloaded gene expression datasets from the Gene Expression Omnibus (GEO, http://cancergenome.nih.gov/) and RNA sequencing data from The Cancer Genome Atlas (TCGA) by the University of California Santa Cruz (UCSC) Xena website (https://xena.ucsc.edu/). The processed gene expression profiles of 97 datasets were divided into three sections (see Supplementary Table 1). Eighty-one of these datasets contained eight types of human immune cells and cancer cell lines; normal samples were used to generate signature genes and develop the TICPE. Five datasets were used for to assess the performance of the TICPE. Dataset 1 was derived from an in vitro RNA mixture experiment, GEO accession GSE64385. These mixtures contained different immune populations that were purified from the peripheral blood from healthy donors with variable concentrations and were further diluted in a fixed amount of a solution containing mRNA extracted from HCT-116, a CRC cell line (Supplementary Table 2A). Dataset 2 contained a large series of 566 CRC tumors and 19 non-tumoral colorectal mucosas, GEO accession GSE39582. Of the 566 tumors, 33 patients also had immunohistochemistry data relating to CD3, CD8, and CD68 (Aurélien de Reyniès, Personal Communication). The other three datasets (Accession numbers GSE146771, GSE115978, and GSE72056) were scRNA-Seq data, and corresponded to 10 colon cancer samples, and 31 and 19 patients with melanoma, respectively (see Supplementary Tables 2B–D). The remaining datasets that were associated with clinical information were used to investigate prognosis and response to immunotherapy. The response categories of the melanoma patients were defined by the RECIST classification scheme (Response Evaluation Criteria in Solid Tumors) as a complete response (CR) and partial response (PR) for responders, or stable disease (SD) and progressive disease (PD) for non-responders (24).

For the data downloaded from GEO, we mapped the probe ID to the Entrez gene ID using the corresponding platform annotation file. Data were discarded if a probe had no or multiple corresponding Entrez gene IDs. If multiple probes shared the same Entrez gene ID, then the arithmetic mean of the expression values of these probes was used as the final expression value of the gene. For the RNA-Seq data, profiles of fragments per kilobase million (FPKM) were directly downloaded from the TCGA. For scRNA-Seq data, the reconstructed bulk samples from each donor were identified by aggregating expression profiles from all cell barcodes of the given donor. The cell ratio per cell type in a donor was then calculated by the cell number of a specific cell type divided by the total number of cells (19).



Marker Gene Preparation

For each immune cell type, we integrated a list of marker genes obtained from the literature and other analytical methods, such as xCell and MCP-counter. Most of these were overexpressed relative to other immune cells, and a total of 2,034 marker genes were acquired (see Supplementary Table 3).



Highly Stable Pairs in Cancer Cell Lines

For each cancer cell, pairwise comparisons were performed for the expression level of all genes. For each gene pair (Gi, Gj), with only two possible REO outcomes (the gene expression of Gi > Gj or Gi < Gj), we retained the gene pair with a certain REO (Gi > Gj or Gi < Gj) in at least 99% cancer cells, defined as a highly stable gene pair (SPairs).



The TICPE Development Pipeline

This cancer-specific method can be used for a variety of cancer types. Here, we took colorectal cancer as an example to describe the process in detail, the flowchart for TICPE is described in Figure 1.




Figure 1 | The pipeline of the TICPE algorithm. (A) Summary of the data sources used in the study to develop the TICPE. (B) The pipeline of the TICPE algorithm. RankComp algorithm was used to identify robust signature genes compared with cancer cells for each type of immune cell from the known marker genes. The upregulated score was the reversal significance of all signature genes corresponding to the cell type. Using the simulated model for each cell type, we derived a transformation pipeline for the scores. For each queried sample, calculated upregulated scores and transformed them to estimated cell proportions using learned parameters.




Identifying Signature Genes Compared With CRC Cells

Since cell-type-specific signatures can vary depending on cancer type, there is a need to identify cancer-type specific marker genes for each immune cell type. We take immune cell type A with n cells as an example to illustrate the process that can be used to identify the corresponding signature genes among reported marker genes. Firstly, we used the RankComp algorithm (25) to identify individual-level differentially upregulated marker genes (up-DEGs) for each immune cell compared with the SPairs in the CRC cell lines. The p-values of RankComp were adjusted using the Benjamini and Hochberg method (26). Secondly, the cumulative binomial distribution model was used to identify up-DEGs shared by a non-random high proportion of samples and the P value determined whether a marker gene was differentially upregulated at the population level. Then, the P values were also adjusted for multiple testing to control the false discovery rate (FDR). The significance was calculated as shown in Equation (1).

Equation (1):

	

In Equation (1), P0 represents the probability of observing a marker gene being differentially upregulated in a sample by chance (P0 = 0.5), n and k represent the total number of samples of the immune cell type A and the number of samples with the marker gene being differentially upregulated, respectively. Next, when a marker gene’s adjusted P-value was <0.05, it would be reserved. We finally removed the up-DEGs included in more than one type of immune cell to reduce the dependencies between closely related cell types, and the remained up-DEGs were defined as signature genes (Step 1).



Calculating Upregulated Scores Based on Signature Genes

Based on the signature genes for each immune cell type, we were able to compute the cell infiltration scores for each sample. However, the scores had different distributions between different signature genes and could not thus be compared across immune cell types in a sample. Thus, for each cell type, we conducted a simulated model using the immune cell (cell A) with an additional “control” cell type (a sample of normal colon) and a variety of CRC cell lines. Different types of CRC cell lines were used to reflect the heterogeneity of patients with the same cancer. For the simulated models, batch effects among the three types of dataset were removed using Combat (27). Then, we generated such simulations by using the median expression profile of the merged profile composed of three cell types: 60% of the CRC cell, X% of cell A, and 40–X% control (28). X% represents an arithmetic sequence with a range of 0.8 to 25.6% and an interval of 0.8%. We used this range because these interesting cell types had low fractions in the TME (18).

Taking the SPairs of CRC cell lines as the background, we calculated the cell infiltration scores of the simulations using m signature genes {Gsig.1, Gsig.2,… Gsig.m}, as described below. We were able to calculate the numbers of gene pairs (the gene pair was constructed by Gsig and Gother) belonging to SPairs with ordering patterns (Gsig.i > Gother) and (Gsig.i < Gother) in cancer cells, which were denoted a and b. Similarly, c and d denoted the corresponding numbers of gene pairs with ordering patterns (Gsig.i > Gother) and (Gsig.i < Gother) in a simulation sample. When simulations involved an increasing proportion of immune cells, there were more stable pairs with the ordering patterns (Gsig.i > Gother). Using Fisher’s exact test, we were able to determine the degree of cell infiltration by calculating the reversal significance, also known as the upregulated score (UpScore) for each simulation sample (Step 2).



Transforming UpScores to Estimate Cell Proportions

We designed a transformation pipeline for the UpScores of each cell type to enable the estimated proportions to be compared across cell types, and not just across samples. A simulation containing 0.8% of immune cells was considered to barely result in reversal significance. Therefore, for the simulated model of cell A, we first shifted the UpScores to 0 using the minimal UpScore (which corresponded to the simulation containing 0.8% of cell A) and fitted a power function to the UpScores that corresponded to proportions of 0.8 to 25.6%. The transformed parameters (V1 and V2) were acquired by Equation (2). For each immune cell type, we could get a pair of transformed parameters.

Equation (2):

	

In Equation (2), F represents the proportions of 0.8 to 25.6% and S represents the corresponding UpScores of cell A.

It was recommended that an expression dataset should contain as many signature genes as possible. The UpScores of different immune cell types were calculated based on their different signature genes. Subsequently, using the parameters corresponding to immune cells, the UpScores were transformed into estimated cell proportions for each sample (Step 3).




The Generation of Simulated Data

We simulated bulk RNA-seq data with different tumor purity values and immune infiltrates by mixing malignant cells with different immune cells from a scRNA-seq dataset. There were 100 simulated samples and each of these was composed of 1,000 cells that were randomly selected, as follows: (i) Cancer cells form the majority of a simulated samples, a fraction f of them was constrained to the interval [0.5, 0.99], and the remaining fraction 1 − f was randomly assigned to the other immune cell types; (ii) the fraction was multiplied by 1,000 to obtain cell counts for different cell types; (iii) the corresponding number of cells was randomly selected from the single cell dataset. If one cell type was available from the scRNA-seq dataset with only a few cells available, then, the same single cell sample would be selected multiple times for the artificial bulk sample.



Performance Assessment of the TICPE

The performance of the TICPE was evaluated using both microarray and RNA-Seq datasets and compared with that of previously published methods (CIBERSORT, EPIC, xCell, MCP-counter, and ImmuCellAI). For a given immune cell type, the accuracy and sensitivity of each method were measured using Pearson’s correlation between the results of in silico methods and the true proportions, as measured by immunohistochemistry or scRNA-Seq. Furthermore, we introduced a correlation deviation (19) for all cell types to measure the global performance of each method; this strategy took the sample size and overall accuracy into consideration. A smaller correlation deviation might suggest that the predicted cell fractions agree better with the true composition, as shown in Equation (3).

Equation (3):

	

In Equation (3), n represents the number of immune cell types detected in samples and ri represents the Pearson correlation coefficient of immune cell type i.



Statistical Analysis

The correlation between estimated proportion and true composition was evaluated by Pearson’s correlation. The ROC analysis was performed to assess the validity of the TICPE and was completed by pROC R Package. The statistical significance of comparisons between two groups or more than two groups was estimated by the Wilcoxon rank-sum test or the Kruskal–Wallis test, respectively. The overall survival curves were estimated by the Kaplan–Meier method, and the differences between survival distributions were evaluated by the two-sided log-rank test (29). The Venn diagram was used to analyze the signature genes were different between CRC and melanoma by ggvenn R Package. All statistical analyses were performed using R program (version 4.0.2). P-values were two-sided, and P <0.05 was considered to be statistically significant (4).




Results


Development of the TICPE Algorithm

We designed a method, called TICPE, to estimate the proportions of eight important tumor-infiltrating immune cells (B cells, CD4+ T cells, CD8+ T cells, dendritic cells (DC), monocytes, macrophages, natural killer (NK) cells, and neutrophils) in a specify type of cancer. We integrated marker genes for these different cell types from publications and obtained expression profiles for immune cells, cancer cell lines, and normal tissues, from the GEO database (Figure 1A; Table 1). Taking colorectal cancer as an example, a three-step strategy of the core algorithm of TICPE is shown in Figure 1B; the detailed algorithm is described in the Materials and Methods section. Since the marker genes were screened relative to other immune cells, but not to tumor cells, the genes for a specific type of cancer needed to be filtered. We applied the RankComp algorithm to detect overexpressed marker genes in a given immune cell compared with CRC cells (FDR <5%). We then created a specific gene set from overexpressed marker genes as signature genes; this included 218 genes from the eight immune cell types (Binomial test, FDR <5%) (Table 2) (Step 1). We were then able to compute the cell infiltration scores for each sample based on the signature genes (Fisher’s exact test) (Step 2). However, the scores exhibited different distributions between different signature genes and could not therefore be compared across cell types in a given sample. For each immune cell type, we thus conducted a simulated model using the immune cells, CRC cells, and normal colon samples, and calculated the UpScores based on signature genes. Next, we designed a transformation pipeline for the UpScores and acquired a pair of transformed parameters for each cell type. For CRC samples, we were able to calculate the UpScores for each immune cell type and transform these into the estimated cell proportions with the acquired parameters corresponding to immune cells (Step 3).


Table 1 | Datasets used in developing TICPE for colorectal cancer.




Table 2A | A specific gene set compared with CRC cells for per cell type was selected and used in TICPE.





Table 2B | A specific gene set compared with melanoma cells for per cell type was selected.






The Performance of the TICPE in CRC and Melanoma Samples

Firstly, we calculated the proportion of immune cells in CRC samples with three independent publicly available datasets, and simulated RNA-seq data, to evaluate the TICPE. In the in vitro RNA mixture experiment (GSE64385), we observed that the estimated cell proportions were highly correlated with the cell proportions for the populations introduced in the mixtures (ρ = 0.99 and P = 4.2 × 10−13 for B cells, ρ = 0.82 and P = 9.9 × 10−4 for monocytes, ρ = 0.96 and P = 3.3 × 10−7 for NK cells, ρ = 0.96 and P = 4.1 × 10−7 for neutrophils; Figure 2A). Then, we used scRNA-Seq data from 10 colon cancer samples (GSE146771) and compared TICPE predictions with measured immune cell proportions. As shown in Figure 2B, the proportions of immune cells estimated by the TICPE showed a significantly positive correlation with the actual cell proportions (P <0.05). We also observed a significant correlation between our predictions and the immunohistochemistry data from 33 colorectal cancer tumors (P <0.05; Figure 2C). The number of samples available from published data was limited, so we further used the scRNA-Seq data of annotated immune cells to generate 100 simulated bulk RNA-seq samples (further details are given in the Materials and Methods section). The TICPE showed a high correlation between the known proportions and the estimated fractions in the simulated dataset (P <0.01; Figure 2D). Furthermore, we used two scRNA-Seq datasets from melanoma patients (GSE115978; GSE72056) as benchmark resources for assessing the performance of the TICPE. The estimated proportion of each immune cell type was found to correlate with the true immune cell proportions that were calculated from single cell barcode information (P <0.05; Supplementary Figures 1A, B). Similarly, we used one of the scRNA-seq datasets (GSE115978) from melanoma ecosystems to simulate bulk samples of known cell type proportions and observed a good agreement with our predictions (P <0.05; Supplementary Figure 1C). Furthermore, we employed the receiver operating characteristic (ROC) curve and the area under the curve (AUC) to evaluate the performance of TICPE. We used the median true cell proportions as the cutoff for each cell type, and found the TICPE estimates had an AUC value ranging from 0.667 to 1 on publicly available datasets (Supplementary Figure 2).




Figure 2 | Performance assessment of the TICPE in solid tumors. (A) Correlation of the TICPE predictions with the cell proportions for the populations introduced in the mixtures. (B) Comparison with single-cell RNA-Seq data from colon samples. (C) Correlation of the TICPE predictions with corresponding cell densities measured by immunohistochemistry from colon cancer primary tumors. (D) Correlation of the TICPE predictions versus known cell type fractions on 100 simulated bulk samples generated from scRNA-seq from colon samples. Correlations were based on Pearson correlation. Proportions of cells observed experimentally were given in Supplementary Table 2.



We hypothesized that the high correlation values resulted, at least in part, from the robust signature genes for a specific type of cancer. Therefore, we respectively collated sets of marker genes, as reported by Angelova et al. (30), Aran et al. (18), and Manoharan et al. (31), and used the same pipeline to estimate the cell proportions to compare the representativeness of the signature genes selected by the TICPE and those in specific types of cancer. Using these public validation datasets with different cell types, we evaluated the performance of the signature gene sets on independent datasets. We observed that, in most cases, the selected signature genes in our study showed better performance in terms of the estimated cell proportions than the marker genes from previously published methods (Figure 3A). In general, and not only for colorectal cancer and melanoma, the TICPE can also be developed to estimate the proportions of infiltrating immune cells in other types of cancer when collect relevant cancer cells and normal cells are tested within the same development pipeline. Moreover, the more robust cell type-specific genes we attained, the better performance we saw in the TICPE.




Figure 3 | Performance comparison with other methods. (A) Scatter plot organized by cell type showing the performance of different marker gene sets identified from four sources. Methods performance was quantified using Pearson’s correlation (R). Different colors represented marker genes collated from different methods and different datasets had corresponding shapes. (B, C) Performance of TICPE and other methods on CRC and melanoma validation cohorts, respectively. Here rows corresponded to methods and columns showed the Pearson correlation coefficient for the corresponding cell type in each dataset. (D) Correlation deviation of each method in both CRC and melanoma validation datasets.





A Comparison of the TICPE With Previously Published Methods

We utilized the public validation datasets and simulated RNA-seq data to benchmark a range of other methods (CIBERSORT, EPIC, MCP-counter, xCell, and ImmuCellAI) in order to predict immune cell proportions. Compared to the other methods used currently in CRC validation datasets, the TICPE did not obtain the highest correlations across all cell types; however, it did provide the most consistent performance of all the assessments (Figure 3B). The majority of cell types measured by TICPE showed higher correlations with the observed cell fractions than the other methods for both scRNA-Seq datasets from melanoma patients and simulated samples (Figure 3C). Performance of TICPE and previous computational methods was assessed with all validation datasets by cell type. We chose the cell type that was analyzed in more than three datasets. The TICPE robustly obtained positive correlations across all cell types and data sets and scored the high performers in the assessments (Supplementary Figure 3A). In addition, the TICPE showed the least correlation deviation for the publicly available datasets for CRC and melanoma (Figure 3D).

It is also worth noting that the available methods for estimating immune cell contents are based on quantitative expression measurements of reference profiles or signature genes, thus resulting in incomparability across different datasets. In contrast, our method was based on the relative ordering of gene expression and was developed to estimate cell proportions in every individual tumor sample; this strategy was more flexible than the other methods. We analyzed the cell infiltration of two scRNA-Seq datasets for melanoma and compared the results of in silico methods with the true proportions. With the exception of macrophages (Wilcoxon test; P = 0.017), we found that there was no significant difference in the actual cell fractions when compared between the two datasets for melanoma. The TICPE estimates, had a similar trend to the actual proportions and showed no statistical significance between the two datasets except for macrophages (Wilcoxon test; P = 0.02; Supplementary Figure 3B). However, the majority of cell contents estimated by xCell and ImmuCellAI between the two datasets were significantly different and differed from the actual proportions. These results showed that the TICPE is a robust approach that supports the comparisons of the same cell type across different datasets at the same time and shows high levels of accuracy and robustness to estimate the proportion of immune cells of tumor samples.



TICPE Revealed That Immune Cell Infiltration Has Prognostic Value

TIICs are indispensable components of the tumor microenvironment and have been demonstrated to be highly valuable in determining the prognosis of multiple cancers. We accessed data from the GEO and TCGA to investigate whether TIICs had prognosis value for melanoma patients. We employed the TICPE to systematically estimate the eight infiltrated immune cells and stratified patients into a high infiltration subtype and a low infiltration subtype by using the median cell proportions as the cutoff. The results of Kaplan–Meier analysis of 79 metastatic melanoma specimens (GSE54467) and a unique set of 51 treatment-naive primary melanoma samples (GSE98394) both indicated that higher fractions of CD4+ T, CD8+ T cells, and NK cells might be associated with better survival over those with low proportions (P <0.05; Figure 4). In addition, RNA-seq data from 472 SKCM patients and OS data for 468 patients were downloaded from the TCGA database. In addition, 323 patients with a blank therapy type were posited without chemo/radiotherapy. We only selected these patients to reduce the treatment affecting patient prognosis and also found that melanoma patients with a high density of NK cells had a better prognosis (P = 0.0021; Figure 4). Furthermore, the TICPE was able to estimate cell proportions in every individual tumor sample. Therefore, we combined 57 melanoma patients with lymphnode (GSE22153) and subcutaneous metastases, along with 20 melanoma patients with liver and lymphnode metastases (GSE22154), who were treated in the same clinical center. Melanoma patients with a higher abundance of B cells, CD4+ T, and CD8+ T cells had a longer overall survival with or without combining the 20 patients with liver and lymphnode metastases (Supplementary Figure 4).




Figure 4 | The application of TICPE on prognostic analysis for melanoma. Survival high CD4+ T/CD8+ T/NK cells and low CD4+ T/CD8+ T/NK cells groups in melanoma patients, respectively. P values comparing two groups were calculated with the log-rank test.



We also applied the TICPE to four cohorts of CRC patients to investigate the relationship between cell infiltrations and patient prognosis. In a cohort of 160 stage II and III CRC tissue samples that were treated surgically (GSE24551), patients with high levels of CD8+ T cell infiltration were significantly associated with a better DFS (disease-free survival) compared with those with a low infiltration subtype (P = 0.041). In a large series of CRC patients who had not received adjuvant chemotherapy (GSE39582), and a cohort comprising 232 colorectal cancer patients (GSE17538), we found that a higher proportion of NK cells indicated a prolonged period of patient survival (P = 0.0079; P = 0.018) while an increased number of CD8+ T cells was associated with a better prognosis, although this was not statistically significant in either of the datasets. Furthermore, in a cohort of 232 colorectal cancer patients (GSE17538), despite the fact that macrophage infiltration was not statistically significant, a higher proportion of macrophages was associated with a dismal prognosis (P = 0.17). We also observed the same tendency in 171 surgically resected CRC specimens without chemo/radiotherapy (GSE14333); relatively poor DFS was correlated with an increased fraction of macrophages (P = 0.06; Supplementary Figure 5). Taken together, CD8+ T cells and NK cells were shown to play favorable roles in the survival of CRC and melanoma patients and the data obtained using the TICPE for several cohorts suggested that immune cell proportions can serve as an effective prognostic indicator for tumors.



TICPE Detected Changes in the Proportions of Immune Cells During Immunotherapy for Melanoma

An increasing number of research studies has revealed that an elevation in the levels of CD8+ T cells and NK cells is associated with an immunotherapy response in anti-PD-1 treatment (32, 33). We applied the TICPE to a melanoma dataset (GSE91061) to investigate the impact of immune cell proportions on cancer immunotherapy. The estimated fractions of CD8+ T cells and NK cells in pre-treatment and on-treatment samples showed a substantial increment in the complete and partial response group (CR & PR) (Kruskal-Wallis test; P < 0.05) than the other groups (Figure 5A). With regards to pre-treatment data, the immune cell fractions across different groups showed no statistical differences. Notably, there was no statistically significant difference between paired pre-treatment versus on-treatment immune cell proportions in responders. However, there was an increasing trend for changes in immune cell proportions during anti-PD-1 treatment; this indicated that these immune cells were associated with a favorable response to PD-1 inhibition (Figure 5B; Wilcoxon test). These results suggested that TICPE could provide important insights on the dynamic immune cell infiltration during immunotherapy and offer valuable indicators for immunotherapy response during treatment.




Figure 5 | The application of TICPE on immunotherapy for melanoma. (A) The significant proportion differences of CD8+ T cells (left)/NK cells (right) in different response groups at pre- and on-treatment (anti-PD1) time point. (B) Change of the estimated immune cell proportions between pre-treatment and on-treatment time point in paired responders.






Discussion

In this study, we developed the TICPE, a cancer-specific qualitative method based on REOs, to estimate the proportion of eight different immune cells. The results of our extensive validation using immunohistochemistry data, mRNA mixtures in vitro, scRNA-Seq data, and simulated bulk RNA-seq samples, demonstrated that the TICPE could effectively infer immune cell fractions from transcriptome profiles. Of note, the TICPE does not only apply for colorectal cancer and melanoma, the TICPE could also be developed to estimate the infiltrating immune cells in any type of cancer as long as relevant data is available, such as cancer cells and normal samples. We had a straightforward comparison tumor microenvironment between colorectal cancer and melanoma utilizing data compiled by TCGA. The results showed that melanoma was highly infiltrated by CD4+ T cells, NK cells, dendritic cells, and neutrophils but poorly by cells of B cells, CD8+ T cells, monocytes, and macrophages in comparison with colorectal cancer (Supplementary Figure 6A). Moreover, the TICPE could be broadly employed to other components of the tumor microenvironment with the increased availability of public data by using the proposed pipeline. In the further work, with the gradual accumulation of relevant data of other cancer types and cell types, we will develop the TICPE for each neoplasm. Then we will estimate the abundance of immune cell populations in samples across multiple cancer types from The Cancer Genome Atlas (TCGA), and propose a global analysis of immune landscape across human cancers.

The key step in constructing the TICPE involved accurately identifying a list of genes characterized by a cell type. Compared to other methods based on marker genes, our method was more reliable due to the fact that it incorporated a group of signature genes for each cell type that was acquired from a comprehensive literature search and featured differentially expressed genes when compared with cancer cells. As shown the Venn diagram of Supplementary Figure 6B, there were some shared cell type-specific genes in both CRC and melanoma, but the majority of signature genes for each cell type were cancer type-specific in our study (Supplementary Table 4), which also indicated the gene expression of immune cell varied across different tissues. On the other hand, we chose to apply a gene signature approach over deconvolution methods because of the several advantages that the former provides. First, we did not require a reference expression matrix and could treat immune cells independently; this supported inter-sample comparisons and avoided issues relating to multicollinearity. Second, the TICPE was based on the rank of gene expression rather than the actual gene expression value and was therefore suitable for cross-platform transcriptomic measurements and comparisons. Finally, gene signatures are simple and can easily be adjusted. Furthermore, the procedure for developing TICPE was based on REOs so that it was agnostic to monotonic data normalization or concerns related to experimental batch effects; these effects rendered our technique more robust to both technical and biological noise.

The TICPE was reliable and could stratify a cohort of similar tumors based on the composition of their immune microenvironments, and could follow proportional changes of the microenvironment during the course of immunotherapy. In this investigation, CD8+ T cells and NK cells were shown to play favorable roles in the survival of CRC and melanoma patients. CD8+ T cells are the most potent cytolytic cell subset and NK cells also exert cytolytic functions (34, 35). CD8+ T cells are able to exert a directly killing effect on tumors cells and have been linked to a better prognosis in several types of cancer (36). In parallel with CD8+ T cells, NK cells can recognize and kill neoplastic cells and play pivotal roles in innate and adaptive immune responses and tumor immunosurveillance (37). In addition, our study also showed that the abundance of macrophages may serve as an unfavorable prognostic marker for CRC. Macrophages are conventionally classified into M1 and M2 subtypes. M2 macrophages secrete Interleukin 10 (IL-10), transforming growth factor-β(TGF-β), and other mediators that stimulate tumor-related angiogenesis and inhibit antitumor immune response (4, 38). On the other hand, although limited in sample size, our analysis detected an association between anti-PD-1 immunotherapy response and elevated CD8+ T cell and NK cell levels and revealed the potential of TICPE for providing important insights into dynamic immune cell infiltration during immunotherapy. The TIICs found in our study make a significant contribution to patient survival and treatment and our findings are corroborated by previous studies (17, 39). Overall, the proportions of immune cells measured by the TICPE could serve as a prognostic factor or a potential predictive model for the response to immune checkpoint blockade therapy in solid tumors.

Despite the utility of our method for estimating the tumor immune contexture for a particular type of cancer, several issues require further investigation. First, the TICPE was a cancer specific model and only focused on a very narrow range of cell types from the tumor microenvironment as our research involved publicly available datasets and gene sets that were characterized by each type of immune cell. Further efforts are required to collect more relevant information to extend the technique to other cell types (e.g., cancer-associated fibroblasts) and should be expanded to include more cancer types. Moreover, the inferences were strictly upregulated scores which could be compared with cancer cell and could not be interpreted as proportions. Thus, while we attempted to calibrate our method to resemble proportions, this strategy was hindered by conducting simulations to real-world datasets; the reliability of the technique needs to be improved. Furthermore, the final estimates were not normalized to sum up to one; therefore, the estimates could not be interpreted directly as cell fractions. Consequently, further improvement of our method is certainly warranted, including the reselection of signature genes from genome-wide genes to extend to other cell types and the selection of a large cohort of real-world datasets with cell proportions to conduct simulated models.

In summary, the TICPE is a cancer-specific qualitative method for estimating the tumor immune contexture using public RNA-Seq and microarray datasets. The TICPE can estimate the proportion of infiltrating immune cells in CRC and melanoma but could also be extended to other types of cancer. Furthermore, the TICPE was based on REOs and can estimate the proportions of tumor-infiltrating immune cells in individual tumor samples. Therefore, the TICPE showed good comparability across different datasets and was only weakly affected by batch effects. We anticipate that this method will assist in the discovery of novel prognostic and predictive response biomarkers for both conventional and immunotherapy by taking immune cell composition into account.
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Although natural killer (NK) cells infiltrate clear cell renal cell carcinomas (ccRCC), the most frequent malignancy of the kidney, tumor progression suggests that they become dysfunctional. As ccRCC-driven subversion of NK cell effector functions is usually accompanied by phenotypic changes, analysis of such alterations might lead to the identification of novel biomarkers and/or targets in immuno-oncology. Consequently, we performed a phenotypic analysis of peripheral blood NK cells (PBNK) and tumor-infiltrating NK cells (TINK) from ccRCC patients. Compared to HD, PBNK from ccRCC patients exhibited features of activated cells as shown by CD25, CD69 and CD62L expression. They also displayed increased expression of DNAM-1, CD48, CD45, MHC-I, reduced expression of NKG2D, and higher frequencies of CD85j+ and PD-1+ cells. In addition, compared to PBNK from ccRCC patients, TINK exhibited higher expression of activation markers, tissue residency features and decreased expression of the activating receptors DNAM-1, NKp30, NKp46, NKp80 and CD16, suggesting a more inhibitory phenotype. Analysis of The Cancer Genome Atlas (TCGA) revealed that CD48, CD45, CD85j and PD-1 are significantly overexpressed in ccRCC and that their expression is associated with an NK cell infiltration signature. Calculation of z-scores revealed that their expression on PBNK, alone or combined, distinguished ccRCC patients from HD. Therefore, these molecules emerge as novel potential biomarkers and our results suggest that they might constitute possible targets for immunotherapy in ccRCC patients.




Keywords: NK cells, renal cell carcinoma, CD85j, CD45, CD48, PD-1



Introduction

Renal cell carcinomas (RCC) constitute a malignancy of the kidney that, according to GLOBOCAN (https://gco.iarc.fr/), exhibited an incidence of 4.5 cases per 100,000 individuals in 2018. The most frequent RCC is clear cell RCC (ccRCC, 70-75% of all RCC), followed by papillary RCC and chromophobe RCC (cancer.gov). RCC patients diagnosed early have a good prognosis (81% of five-year survival for stage I tumors and 74% of five-year survival for stage II tumors). However, patients diagnosed at advanced stages have a dramatic drop in five-year survival (53% of five-year survival for stage III tumors and 8% of five-year survival for stage IV tumors). RCC patients can be treated by partial or radical nephrectomy or kinase inhibitors. Also, immunotherapy with checkpoint inhibitors that target the PD-1/PD-L1 axis recently emerged as a treatment option in advanced disease (1, 2). However, most of them are diagnosed at later stages and exhibit recurrence and metastases, without further therapeutic options (3, 4). Therefore, it is of major interest to discover novel targets for immunotherapy and to identify biomarkers that might indicate recurrence or the efficacy of a certain treatment. Eradication of tumor cells is mainly executed by NK cells and cytotoxic CD8+ T lymphocytes (CTL) through direct cytotoxicity against tumor cells and secretion of IFN-γ and other proinflammatory cytokines (5, 6). NK cells recognize specific ligands expressed on tumor cells that promote the engagement of an array of activating receptors such as DNAM-1, NKG2D, 2B4, NKG2C, the Natural Cytotoxicity Receptors (NCR) NKp30, NKp44, NKp46 and NKp80, and others (5). However, NK cell activation is counterbalanced by the engagement of an array of inhibitory receptors such as CD85j (ILT2), KIR, NKG2A, and TIGIT, and NK cell activity is also regulated by coinhibitory molecules such as PD-1 (5, 7).

Human PBNK comprise 2 major subsets, according to the expression of CD56 (8). Approximately 90% of PBNK exhibit a CD3-CD56dim phenotype and a robust cytotoxic activity. The other 5-10% of PBNK display a CD3-CD56bright phenotype, are abundant in secondary lymph nodes, display poor cytotoxic activity and mainly produce IFN-γ and other cytokines in response to different stimuli (8–10). Activation of CD56dim NK cells induces several changes that include the up-regulation of the expression of CD25 and CD69, and the downregulation of the expression of CD62L and CCR7 (8, 11–13). Moreover, during activation of NK cells, downregulation of CD62L and CCR7 prevents their egress from the tissue and migration into lymph nodes, and therefore their downregulation is considered a feature of tissue residency (8, 11, 12). In addition, upregulation of CD69, traditionally associated with activation, has been recently associated with tissue residency features (8, 11–13). Also, acquisition of CD57 expression by human NK cells has been associated with terminal differentiation (8, 13–15).

The mechanism of action of NK cells in the control of human hematologic malignancies is relatively well understood (16, 17). However, their role in the control of solid tumors is less known. Although NK cells and CTL infiltrate RCC tumors (18), tumors manage to grow and metastasize mainly due to the existence of an immune suppressive tumor microenvironment (TME). Through local and systemic effects, TME may generate dysfunctional NK cells with an altered phenotype, and the detection of such abnormal phenotypic characteristics of PBNK and TINK may result in the identification of novel targets for immunotherapy and/or biomarkers.

It was observed that TINK from ccRCC patients exhibit a diverse expression of KIR, CD85j and NKG2A (19), and that the extent of NK cell infiltration and the expression of CD16 and lytic mediators is associated with the functional capacity of these TINK (19, 20). Reduced expression of NKp46 was also described in TINK from ccRCC patients (21). Also, it has been observed that a lower frequency of TINK express the activating receptors NKp46, NKG2D, NKG2C, and a higher frequency of TINK express the inhibitory receptors NKG2A, CD158a and CD158b (22). Moreover, TINK from ccRCC display impaired degranulation (21, 22) and cytokine production (22). Others also described an abnormal phenotype of PBNK in RCC patients (84% of which were ccRCC) such as an increased expression of PD-1 that correlated with disease stage and was significantly reduced after surgical removal of the tumor (23). Phenotypic alterations of NK cells might be different in PBNK compared to TINK because TINK establish a close interaction with the TME while PBNK are only exposed to systemic effects of the TME. However, the comparative characteristics of PBNK and TINK from ccRCC remain mostly ill-defined. Such studies may unravel phenotypic alterations of NK cells that may represent useful prognostic, therapeutic and follow-up biomarkers and/or lead to the discovery of new candidates for immunotherapy, especially considering that immunotherapies aimed at reinvigorating NK cells in RCC constitute promising approaches (24).

Therefore, the aim of this work was to perform a phenotypic analysis of previously poorly explored markers expressed by PBNK and TINK from ccRCC patients to elucidate if systemic and local effects affect these cells critically involved in the elimination of tumor cells. We complemented these studies with bioinformatic analyses of TCGA data to establish whether the overexpression of inhibitory receptors detected in this work on NK cells from ccRCC patients is a general characteristic of ccRCC tumor samples and is associated with a NK cell signature.



Materials and Methods


Patients and Samples

Peripheral blood mononuclear cells (PBMC) were isolated from blood of healthy donors (HD, provided by the Blood Bank of the Hospital Churruca-Visca of Buenos Aires) or kidney cancer patients (drawn just before nephrectomy) by Ficoll-Paque™ Plus (GE Life Sciences) centrifugation. Blood and nephrectomies were provided by the urology service from the Centro de Educación Médica e Investigaciones Clínicas “Norberto Quirno” (CEMIC) from the city of Buenos Aires. The characteristics of the patients are listed in Table 1. A total of 12 patients with ccRCC and 13 HD were included in the study. This study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Institutional Ethics Committee of IBYME (protocol CE003-03/2014, date of approval: March 20, 2014). Also, informed consent was obtained from all subjects involved in the study.


Table 1 | Patients with ccRCC included in the study.





Preparation of Tumor Cell Suspensions

Surgical biopsies of human RCC were obtained from patients subjected to partial or radical nephrectomy and used for the preparation of single cell suspensions. Briefly, tumors were cut into small pieces and subjected to mechanical dissociation and filtration through nylon mesh (0.45 µm) in the presence of phosphate-buffered saline. After washing with saline solution, immune cells were enriched by Ficoll-Paque™ Plus (GE Life Sciences) centrifugation. All procedures were performed on ice. Diagnosis of each RCC was confirmed by the pathology service and only data corresponding to ccRCC were presented in this study.



Antibodies and Reagents

The following mAb were used for flow cytometry (FC): APC anti-CD56 (N901) from Beckman Coulter; PE/Cy7 anti-CD3 (UCHT1) from TONBO; FITC anti-DNAM-1 (DX11) from BD; FITC anti-CD85j (292305), AlexaFluor488 anti-TRAIL (71908), PE anti-NKG2A (131411) and AlexaFluor488 anti-NKG2C (134591) from Biotechne; FITC anti-CD16 (3G8); FITC anti-CD69 (FN50); PE anti-CD25 (BC96); PE anti-CD62L (DREG-56); PE anti-NKG2D (1D11), PE anti-NKp30 (P30-15); PE anti-NKp46 (9E2); PE anti-NKp80 (5D12); PE anti-2B4 (C1.7); FITC anti-CD48 (BJ40); APC/Cy7 anti-CD45 (HI30); AlexaFluor488 anti-PD-1 (29E.2A3); FITC anti-HLA class I (W6/32); PE anti-FasL (NOK-1); PE anti-NKp44 (9E2); FITC anti-CD57 (HCD57); FITC anti-CCR7 (G043H7); FITC anti-CD27 (M-T271); and PE anti-TIGIT (A15153G) from Biolegend.



Flow Cytometry

FC was performed as described (25, 26). Non-specific staining was blocked with 10% normal mouse serum. Cells were analyzed in a FACSCanto II flow cytometer (BD). Data were analyzed using FlowJo X software (BD) and results were expressed as geometric mean fluorescence intensity (MFI), as relative MFI (rMFI) calculated as the MFI of the specific mAb divided by the MFI of the “fluorescence minus one” (FMO) control or as percentage of positive cells. For comparison of PBNK with TINK, we used rMFI because the FMO of the tumor samples was higher than the FMO of the blood samples.



Bioinformatic Analysis

The Tumor IMmune Estimation Resource (TIMER, http://timer.cistrome.org/) (27) and the Gene Expression Profiling Interactive Analysis 2 (GEPIA2, http://gepia2.cancer-pku.cn/) (28) were used to analyze publicly available RNAseq data from The Cancer Genome Atlas (TCGA). TIMER was used to study the differential expression between ccRCC tumor and adjacent normal tissues datasets for the different genes of interest, and the statistical significance was computed by differential analysis (edgeR). GEPIA2 was used for correlation analysis between a multi-gene NK cell signature (NCR1, XCL2, IL2RB, KLRF1, KIR2DL4, KLRC3, XCL1, NKG7, CTSW, NCR3 and IL18RAP) and the genes of interest (29, 30).



Statistical Analysis

Principal component analysis (PCA) of scaled data was conducted in R (version 4.0.3) (31) with missMDA (32) to compute missing values. For the comparison of PBNK from HD with PBNK from ccRCC patients (Figure 1A), the MFI of CD56, CD62L, CCR7, CD16, CD25, CD69, FasL, TRAIL, CD48, CD27, CD45, MHC-I, PD-1, DNAM-1, NKG2D, NKp30, NKp44, NKp46, NKp80, NKG2C, 2B4, NKG2A, and TIGIT on CD56bright and CD56dim NK cells, and the MFI of CD85j and CD57 on CD56dim cells were used. For the comparison of PBNK with TINK from ccRCC patients (Figure 3A), the rMFI of the following markers were used: CD62L, CCR7, CD16, CD25, CD69, FasL, TRAIL, CD48, CD27, CD57, MHC-I, PD-1, DNAM-1, NKG2D, NKp30, NKp44, NKp46, NKp80, NKG2C, 2B4, NKG2A, TIGIT, and CD85j. Plots were generated using the package factoextra (33). z-scores for CD85j, CD45 and CD48 expression were calculated using the formula z=(x-µ)/σ, where z is the “z-score”, x is the MFI of CD45 expression or the frequency of CD85j+ or CD48+ from total PBNK in each individual sample, µ is the mean of the MFI of CD45 expression or the mean of the frequency of CD85j+ or CD48+ PBNK cells in the HD population, and σ is the standard deviation of each set of these data in the HD population. The sum of z-scores was calculated for patients for whom data were available for each parameter (receptors). To compare PBNK from HD with PBNK from ccRCC patients, a two-sided unpaired t-test with Welch´s correction (when samples passed the normality test) or with Mann-Whitney´s correction (when samples did not pass the normality test) was used. To compare PBNK with TINK from ccRCC patients, a two-sided paired t-test was used when samples passed the normality test, and a two-sided paired t-test with Wilcoxon rank test was used when samples did not pass the normality test. D´Agostino-Pearson was used as normality test. Data were analyzed using Prism 6.0 software (GraphPad).




Figure 1 | Cell surface markers differentiate ccRCC patients from HD and indicate that PBNK from ccRCC patients exhibit an activated phenotype. MFI of the molecules analyzed on CD3-CD56bright and CD3-CD56dim cells of HD and ccRCC PBNK were used to perform a PCA (A). The graph of individuals with the confidence ellipse is shown. Also, PBNK cells from healthy donors (HD) and ccRCC patients (P) were analyzed by FC to compare the intensity of expression of CD56 on CD3-CD56bright (B) and on CD3-CD56dim NK cells (C), the frequencies of CD25+ cells in CD3-CD56bright (D) and in CD3-CD56dim NK cells (E), the intensity of expression of CD25 on CD3-CD56bright (F) and on CD3-CD56dim NK cells (G), the frequencies of CD69+ cells in CD3-CD56bright (H) and in CD3-CD56dim NK cells (I), the intensity of expression of CD69 on CD3-CD56bright (J) and on CD3-CD56dim NK cells (K), the frequencies of CD62L+ cells in CD3-CD56bright (L) and in CD3-CD56dim NK cells (M), and the intensity of expression of CD62L on CD3-CD56bright (N) and on CD3-CD56dim NK cells (O). For HD: n=11 (B), n=12 (C); n=13 (D–G); n=9 (H–K) and n=10 (L–O). For P: n=12 (B–G), n=11 (H–K), and n=10 (L–O). A two-sided unpaired t-test with Welch’s correction was used in (B–D, F–I, K–O). A two-sided unpaired t-test with Mann-Whitney´s correction was used in (E, J). ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001.






Results


PBNK From ccRCC Patients Exhibit an Activated Phenotype With an Altered Balance of Activating and Inhibitory Receptors

First, we phenotyped PBNK from ccRCC patients and HD (the characteristics of the patients are detailed in Table 1). NK cells were defined as CD3-CD56+ cells and NK cell subsets were further characterized as CD3-CD56bright and CD3-CD56dim cells using the gating strategy described in Supplementary Figure 1. A PCA of cell surface markers used to analyze NK cells phenotype demonstrated that, according to PC1 and PC2, PBNK from ccRCC patients segregated together and separated from HD (Figure 1A). Therefore, as PBNK from ccRCC patients and HD could be discriminated with these markers, we explored the expression of these receptors and molecules in more detail.

Compared to HD, ccRCC patients exhibited similar frequencies of PBNK and distribution of CD3-CD56bright and CD3-CD56dim cells (not shown) but with lower amounts of CD56 expression in both NK cell subsets (Figures 1B, C). Moreover, CD3-CD56bright but not CD3-CD56dim cells from ccRCC patients showed a significant increased frequency of CD25+ cells (Figures 1D, E) and they expressed significantly higher amounts of CD25 (Figures 1F, G). In addition, only CD3-CD56dim cells but not CD3-CD56bright cells from ccRCC patients displayed a significant increased frequency of CD69+ cells (Figures 1H, I), and both subsets from ccRCC patients expressed significantly higher amounts of CD69 (Figures 1J, K). Moreover, CD3-CD56bright and CD3-CD56dim NK cells from ccRCC patients presented a lower frequency of CD62L+ cells, a finding that was most notorious in CD3-CD56dim cells (Figures 1L, M) and was accompanied by significantly lower expression of CD62L only on CD3-CD56dim NK cells (Figures 1N, O). Also, we did not observe differences in the expression of CCR7, CD27 and CD57 on either subpopulation of PBNK from ccRCC patients compared to HD (not shown). Overall, our results show that PBNK from RCC patients display features of activated NK cells.

Next, we analyzed the expression of a set of activating and inhibitory receptors that regulate NK cell activity in CD3-CD56bright and CD3-CD56dim NK cells from ccRCC patients compared to HD. Among the activating receptors analyzed, we observed that there were no differences in the frequency of CD16+ NK cells (Figure 2A). However, we observed an increased expression of DNAM-1 (Figure 2B), a reduced expression of NKG2D (Figure 2C), and no changes in the expression of NKp30 (Figure 2D), NKp46 (Figure 2E), NKp80 (Figure 2F), NKG2C (not shown), 2B4 (not shown) and NKp44 (not shown) in both subsets of PBNK. We also detected a higher frequency of NK cells that expressed the 2B4 ligand CD48 (Figure 2G) in the CD3-CD56bright and CD3-CD56dim NK cell subsets from ccRCC patients compared to HD. Both subsets of PBNK from ccRCC also exhibited increased amounts of CD48 (Figure 2H). In addition, among the inhibitory receptors and other molecules involved in negative signaling, we did not observe differences in the expression of NKG2A and TIGIT in CD3-CD56bright and CD3-CD56dim NK cells from ccRCC patients compared to HD (not shown). Also, we observed that CD3-CD56bright did not express CD85j (not shown) but that CD3-CD56dim cells from ccRCC patients exhibited higher frequencies of CD85j+ cells but with similar amounts of expression compared to HD (Figure 2I). In addition, CD3-CD56bright and CD3-CD56dim NK cells from ccRCC patients exhibited a substantially higher expression of CD45 (Figure 2J), while only CD3-CD56dim PBNK cells from ccRCC patients presented a higher frequency of PD-1+ cells (Figure 2K) without changes in the amount of PD-1 expression (not shown). We also observed that CD3-CD56bright and CD3-CD56dim NK cells from ccRCC patients displayed higher expression of MHC-I (Figure 2L).




Figure 2 | PBNK from ccRCC patients exhibit an altered phenotype characterized by a dysregulation in the expression of activating and inhibitory receptors. PBNK cells from healthy donors (HD) and ccRCC patients (P) were analyzed by FC to compare, in the CD3-CD56bright (left graph) and CD3-CD56dim cells (right graph) subsets, the frequency of cells that expressed CD16 (A), the intensity of expression of DNAM-1 (B), NKG2D (C), NKp30 (D), NKp46 (E), NKp80 (F), the frequency of cells that expressed CD48 (G), and the intensity of expression of CD48 (H). Also, we analyzed the frequency of CD85j+ cells (left graph) and the intensity of expression of CD85j (right graph) in CD3-CD56dim cells (I). In addition, in CD3-CD56bright (left graph) and CD3-CD56dim cells (right graph) we analyzed the intensity of expression of CD45 (J), the frequency of PD-1+ cells (K), and the intensity of expression of MHC-I (L). For HD: n=13 (A–F, J), n=11 (G, H), n=10 (I, L) and n=6 (K). For P: n=12 (A–C, E, J), n=1 (D, F, I), n=9 (G, H), n=5 (K) and n=6 (L). A two-sided unpaired t-test with Welch´s correction was used in left graphs of (A–C, G, H), in both graphs of (D–F), and in right graph of (I) A two-sided unpaired t-test with Mann-Whitney´s correction was used in right graphs of (A–C, G, H), in left graph of (I) and in both graphs of (J–L). ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.



In addition, we did not observe differences in the frequency and amounts of expression of molecules involved in the cytotoxic function of NK cells via the death receptor pathway, such as FasL and TRAIL, in both subsets of PBNK from ccRCC patients compared to HD (not shown).

In summary, compared to HD, PBNK from ccRCC patients exhibit features of activated NK cells with a dysbalanced array of activating and inhibitory cell surface receptors skewed towards an inhibitory phenotype.



TINK Exhibit Activated and Tissue Residency Characteristics With a Balance of Activating and Inhibitory Receptors Even More Markedly Skewed Towards an Inhibitory Phenotype

To analyze the features of TINK and considering that CD56bright and CD56dim NK cell subsets could not be assessed separately within the tumor, we used the gating strategy described in Supplementary Figure 2. A PCA of the same cell surface markers used to analyze PBNK demonstrated that, according to PC1 and PC2, PBNK from ccRCC patients could be differentiated from TINK (Figure 3A). Hence, as with PBNK, we explored these differences in more detail.




Figure 3 | Cell surface markers differentiate TINK from PBNK in ccRCC and indicate that TINK from ccRCC patients exhibit an activated phenotype. rMFI of the molecules analyzed on CD3-CD56+ cells from PBNK and TINK from ccRCC patients were used to perform PCA (A). The graph of individuals with the confidence ellipse is shown. Also, PBNK and TINK from ccRCC patients were analyzed by FC to compare the frequency of CD25+ cells (B), the intensity of expression of CD25 (C), the frequency of CD69+ cells (D), the intensity of expression of CD69 (E), the frequency of CD62L+ cells (F), and the intensity of expression of CD62L (G). In (C, E, G), relative MFI (rMFI) was used instead of MFI because the FMO was different for PBNK and TINK. n=9 (B, C); n=8 (D, E); n=6 (F, G). A two-sided paired t-test was used in (B, D) A two-sided paired t-test with Wilcoxon rank test was used in (C, E–G). ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001.



Compared to PBNK from paired ccRCC patients, TINK exhibited similar amounts of expression of CD56 (not shown), and a higher frequency of CD25+ (Figure 3B) with similar expression of CD25 (Figure 3C). TINK also displayed a higher frequency of CD69+ cells (Figure 3D) and expressed higher amounts of CD69 (Figure 3E). In addition, they showed a lower frequency of CD62L+ cells (Figure 3F) and expressed less CD62L (Figure 3G) than PBNK. Also, we did not find differences in the expression of CCR7, CD27 and CD57 (not shown). Thus, TINK from ccRCC patients also display features of activated NK cells with tissue residency characteristics.

The analysis of the expression of activating receptors revealed that TINK, compared to PBNK from ccRCC patients, exhibited a reduced frequency of CD16+ cells (Figure 4A) and expressed less CD16 (Figure 4B). Similarly, TINK presented a reduced frequency of DNAM-1+ cells (Figure 4C) and expressed less DNAM-1 (Figure 4D). TINK also exhibited reduced expression of NKp30 (Figure 4E), NKp46 (Figure 4F) and NKp80 (Figure 4G), but similar expression of NKG2D (Figure 4H) and frequencies and intensity of expression of NKp44 and NKG2C (not shown). Also, we did not observe differences in the frequency of CD48+ NK cells (Figure 4I) or in the expression of CD48 (Figure 4J). In addition, the analysis of the expression of some inhibitory receptors demonstrated that there were no differences in the frequency of CD85j+ (Figure 4K), NKG2A+ and TIGIT+ cells (not shown) or in the amount of these three molecules (not shown) or CD45 (Figure 4L) expressed by PBNK and TINK. Furthermore, there was a trend towards a higher frequency of PD-1+ cells in TINK compared to PBNK that did not reach statistical significance (Figure 4M), while the amount of expression of MHC-I (Figure 4N) was similar in both NK cell compartments.




Figure 4 | TINK from ccRCC patients exhibit a similar increased expression of inhibitory receptors than PBNK and additional decreased expression of activating receptors. Peripheral blood NK cells (PBNK) and tumor-infiltrating NK cells (TINK) from ccRCC patients were analyzed by FC to compare the frequency of CD16+ cells (A), the intensity of expression of CD16 (B), the frequency of DNAM-1+ cells (C), the intensity of expression of DNAM-1 (D), the intensities of expression of NKp30 (E), NKp46 (F), NKp80 (G) and NKG2D (H), the frequency of CD48+ cells (I), the intensity of expression of CD48 (J), the frequency of CD85j+ cells (K), the intensity of expression of CD45 (L), the frequency of PD-1+ cells (M) and the intensity of expression of MHC-I (N). In (B, D–H, J, N), the relative MFI (rMFI) was used instead of MFI because the FMO was different for PBNK and TINK. n=9 (A–D, F, H, L); n=8 (E, G, I–K); n=3 (M); n=4 (N). A two-sided paired t-test was used in (A, D, E, G–I) and (K) A two-sided paired t-test with Wilcoxon rank test was used in (B, C, F, J, L, N). ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001.



In addition, we observed no changes in the frequency of FasL+ and TRAIL+ TINK and in the intensity of expression of FasL and TRAIL compared to PBNK (not shown).

In summary, TINK exhibit features of activated NK cells with tissue residency characteristics and a pattern of activating and inhibitory receptors that is skewed towards an even more inhibitory phenotype than PBNK from ccRCC patients.



Bioinformatic Analyses Confirm That Overexpression of CD85j, CD45, CD48 and PD-1 in TINK Is Associated With a NK Cell Tumor Infiltration Signature in ccRCC

To interrogate whether the abnormal expression of NK cell receptors observed in our study is a general feature of patients with ccRCC, we performed a bioinformatic analysis using the TCGA database. We assessed whether inhibitory molecules that exhibited overexpression in PBNK and TINK compared to HD a) were encoded by genes that exhibited altered expression in ccRCC compared to healthy kidney, and b) were associated with a NK cell infiltration signature in ccRCC samples. This signature was established by the overexpression of a group of 11 NK cell-associated genes that are not expressed or are weakly expressed on CD8+ T cells: NCR1, XCL2, IL2RB, KLRF1, KIR2DL4, KLRC3, XCL1, NKG7, CTSW, NCR3, and IL18RAP. We observed that CD85j (Figure 5A), CD45 (Figure 5B), CD48 (Figure 5C) and PD-1 (Figure 5D) were significantly overexpressed in ccRCC. Moreover, expression of CD85j (Figure 5E), CD45 (Figure 5F), CD48 (Figure 5G) and PD-1 (Figure 5H) were strongly associated with a NK cell infiltration signature. Therefore, our results suggest that higher expression of CD45 on NK cells, increased frequencies of CD85j+ and higher expression and frequency of CD48+ NK cells (as detected by multicolor FC) might be a common characteristic of patients with ccRCC. Moreover, as their expression distinguishes ccRCC patients from HD, they also might emerge as potential candidates for immunotherapy.




Figure 5 | TCGA analyses shows that CD85j, CD45, CD48 and PD-1 are overexpressed in ccRCC and associated with a NK cell signature. Analysis of expression of CD85j (A), CD45 (B), CD48 (C) and PD-1 (D) in ccRCC (n=533) compared to normal kidney (n=72) using the TIMER platform with data deposited in the TCGA. Also, a correlation analysis between the expression of CD85j (E), CD45 (F), CD48 (G) and PD-1 (H) and a NK cell signature (established by the overexpression of a group of 11 NK cell-associated genes that are not expressed or are weakly expressed on CD8+ T cells: NCR1, XCL2, IL2RB, KLRF1, KIR2DL4, KLRC3, XCL1, NKG7, CTSW, NCR3, and IL18RAP) in ccRCC was performed using the GEPIA2 platform. ***p < 0.001.





Calculation of z-Scores for CD85j, CD45 and CD48 Unravel Their Potential Use as Biomarkers

To explore if these inhibitory receptors could be part of a signature that might be used as biomarkers, we normalized our results calculating the z-scores for CD85j, CD45 and CD48, and we also combined these z-scores to explore if the behavior of PBNK from ccRCC differs from HD. We observed that z-scores from CD85j (Figure 6A), CD45 (Figure 6B) and CD48 (Figure 6C) in PBNK were significantly higher in ccRCC patients than in HD. Furthermore, the sum of z-scores by pairs of receptors improved the discrimination power between ccRCC patients and HD (Figures 6D–F). However, the most remarkable discrimination power was achieved with the sum of z-scores from the three receptors, as the mean for ccRCC patients was 9.5 standard deviations above the mean of HD and every single patient’s value was at least 5 standard deviations above the mean of the HD (Figure 6G).




Figure 6 | Normalization of the expression of CD85j, CD45 and CD48 on NK cells significantly discriminates between ccRCC and HD samples. Normalization of the expression of CD85j, CD45 and CD48 in PBNK was performed calculating the respective z-scores and individual z-scores for CD85j (A), CD45 (B) and CD48 (C) were depicted. Also, the sum of z-scores was calculated for the pairs of receptors CD85j and CD45 (D), CD85j and CD48 (E), and CD45 and CD48 (F) as well as the sum of z-scores of CD85j, CD45 and CD48 (G). The dashed line in each graph indicates the value of the mean plus 3 SD. For HD: n=10 (A), n=12 (B), n=11 (C, F), n=9 (D) and n=8 (E, G). For P: n=10 (A, D), n=12 (B) and n=9 (C, E–G). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.



In summary, besides PD-1, which is an already known target for immunotherapy, our results suggest that expression of CD85j, CD45 and CD48 on NK cells from ccRCC patients constitute potential biomarkers and they might constitute candidates for therapeutic intervention that deserve further investigation.




Discussion

Most patients with advanced ccRCC experience tumor recurrence and metastases (34). Notably, ccRCC is a tumor that does not exhibit a high mutational burden (35) and therefore this finding might explain tumor progression even in the presence of high NK cell and CD8 T cell infiltration (36). However, patients with RCC treated with anti-PD-1 or anti-PD-L1 mAb respond relatively well and exhibit a higher objective response than the mean trend (37). Therefore, an immunosuppressive TME plays an important role in the generation of dysfunctional cytotoxic cells. Importantly, even though the administration of the immunological checkpoint inhibitors nivolumab and ipilimumab, alone or combined with other therapies, opened new therapeutic opportunities (38), most of the patients still do not benefit from these treatments. Therefore, the identification and validation of novel targets in immuno-oncology that, alone or combined with PD-1 blockade, may reinvigorate the function of cytotoxic cells becomes crucial but constitutes a formidable challenge. Bioinformatic analysis based mainly on RNA expression in whole tumor samples does not allow for discrimination of the different cells that constitute the TME. Additionally, such analysis does not account for post-translational modifications that may impact on cell surface expression of candidate molecules. Therefore, the analysis of the coding RNA may not mirror the protein expression. Consequently, the analysis of peripheral blood cells and paired tumor-infiltrating cells becomes a valuable tool in the path of identification and validation of novel predictive biomarkers and targets in immuno-oncology (39).

Given the relevant role of NK cells during tumor immunity and the promising pipelines in the field of NK cell therapies (40), we performed an exhaustive phenotypic analysis of NK cells from ccRCC patients with the aim to select candidates for further investigation of their potential use as biomarkers and/or targets for immunotherapy.

Interestingly, the panel of markers used in this work enabled us to discriminate ccRCC PBNK from HD, as shown by PCA. A more detailed analysis of the differences between HD and ccRCC PBNK phenotype revealed that compared to HD, PBNK from ccRCC patients exhibited features of activated NK cells shown by the increased frequency and expression of CD25 and CD69, and a decreased expression of CD62L (8, 41, 42). These PBNK did not exhibit alteration in their maturation or terminal differentiation status (according to the expression of CD27 and CD57, respectively) but displayed an abnormal array of activating and inhibitory receptors. The most notable change in the activating receptors was the decreased expression of NKG2D on PBNK from ccRCC patients. NKG2D is critical for tumor elimination (43, 44) and its down-regulation may arise as a consequence of the presence of soluble ligands such as MICA in plasma of cancer patients, a fact that contributes to tumor progression and immune escape (45, 46). Also, although there were no differences in the expression of the activating receptor 2B4, PBNK from ccRCC patients displayed increased frequencies and expression of its ligand CD48 (47). Notably, cis interaction between 2B4 and CD48 on NK cells has been reported to reduce the availability of 2B4 to interact with CD48 in trans on tumor cells, resulting in a heightened NK cell activation threshold (48). In addition, under certain circumstances 2B4-CD48 engagement leads to functional inhibition of NK cells (49). Moreover, CD48 can also bind to CD2 and this interaction and the effect of CD48 engagement on the cells that express it has not been properly studied yet. Therefore, up-regulation of CD48 on PBNK from ccRCC may contribute to tumor resistance to NK cell-mediated effector functions.

Other remarkable changes in PBNK from ccRCC patients were the increased frequencies of CD3-CD56dim cells that expressed the inhibitory receptor CD85j and the coinhibitory molecule PD-1, and the expression of higher amounts of CD45 and MHC-I on both subsets of NK cells. CD85j engagement on NK cells limits their effector functions (26, 50) and its up-regulation in PBNK from triple negative breast cancer patients has been associated with impaired antibody-dependent cell-mediated cytotoxicity (ADCC) elicited by Cetuximab (51). HLA-G, which binds to CD85j with higher affinity than the classical MHC-I (35), is expressed in RCC cells (36, 37) and plays an inhibitory role on NK cell-mediated cytotoxicity against tumor cells (37). CD45 is a receptor with tyrosine phosphatase activity that participates in fine-tuning of cellular responses (52–54). Its phosphatase activity negatively controls the activation threshold of different cells from the immune system to diverse stimuli and alteration in such signaling has been involved in different pathological conditions. Regarding the upregulation of MHC-I observed on NK cells, such effect also may contribute to their inhibition as it was shown that cross-linking of MHC-I molecules on human NK cells inhibits their function (55, 56), while protecting them from self-killing (fratricide) through engagement of 2B4 (57). MHC-I expression on tumors cells might also play an important role in preventing NK cells activation through engagement of inhibitory receptors. Therefore, PBNK from ccRCC patients, besides exhibiting an activated status exhibited a phenotype skewed towards inhibition or higher activation threshold and could be clearly distinguished from PBNK from HD with the surface molecules analyzed in this work.

Moreover, performing a PCA we also demonstrated that PBNK from ccRCC patients differ from TINK. A more detailed phenotypic analysis revealed that TINK also exhibited an activated phenotype with tissue residency features characterized by a higher frequency of CD25+ and of CD69+ cells, higher expression of this last molecule, lower frequency of CD62L+ and DNAM-1+ cells and lower expression of both molecules. Also, TINK did not exhibit alteration in their maturation or terminal differentiation status but exhibited a reduced frequency of CD16+ cells and diminished expression of CD16, NKp30, NKp46 and NKp80, but conserved the reduced expression of NKG2D detected in PBNK. Such phenotype may not only impair direct tumor recognition by TINK through many activating receptors but also may weaken their ability to trigger ADCC through CD16. Regarding inhibitory receptors, TINK maintained the increased frequency of CD85j+ and CD48+ cells observed in PBNK from ccRCC patients. Moreover, each of the 3 patients analyzed for PD-1 expression exhibited increased frequency of PD-1+ cells in TINK compared to PBNK, but such increase was not significant likely due to the low number of samples analyzed. TINK also exhibited similar heightened expression of CD45 and MHC-I as PBNK from ccRCC. Overall, our results indicate that TINK exhibit an activated phenotype with tissue residency characteristics that is even more skewed towards inhibition than PBNK from ccRCC patients. Coopting regulatory circuits that result in the upregulation of inhibitory receptors such as CD85j, CD45, CD48 and PD-1 may raise NK cell activation threshold, resulting in hyporesponsive NK cells. Such tumor-driven subversion of NK cells may impose restrictions to their effector functions to control tumor progression and metastases. In addition, within the TME, a concomitant downregulation of activating receptors also would desensitize NK cells to tumor cells that express the specific ligand, further facilitating tumor progression.

In addition, a bioinformatic analysis revealed that, compared to healthy kidneys, increased expression of CD85j, CD45, CD48 and PD-1 is a general characteristic of ccRCC and is strongly associated with an NK cell tumor infiltration signature in this type of tumor. Thus, besides the well-known role of PD-1 blockade on cytotoxic CD8+ T cells, our results suggest that NK cells might also be involved in the efficacy of anti-PD-1/PD-L1 immunotherapy in ccRCC. Also, CD85j, CD45 and CD48 emerge as novel potential targets whose inhibition or blockade should be further examined as it may promote the reinvigoration of TINK. In addition, to evaluate the potential of these molecules as a signature capable of differentiating patients and HD, we calculated z-scores for each receptor and used them alone or combined. Remarkably, the sum of z-scores for CD85j, CD45 and CD48 exhibited a strong discrimination ability between ccRCC and HD samples. Therefore, we postulate their potential utility as peripheral biomarkers in ccRCC.

In summary, PBNK from ccRCC patients display an inhibitory profile characterized by overexpression of CD85j, CD45, CD48 and PD-1, while TINK exhibit additional alterations characterized by a decreased expression of several activating receptors. Therefore, our results suggest that CD85j, CD45 and CD48 expression represent interesting potential biomarkers in ccRCC and they might constitute possible candidates for immunotherapy whose blockade may result in their validation as novel targets in immuno-oncology.
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Background

Tumor-infiltrating lymphocytes (TILs) are considered a manifestation of the host immune response against cancer and tertiary lymphoid structures (TLS) may contribute to lymphocytes recruitment. Both of them have been reported as potential prognostic parameters in some human malignancies. However, the roles of TILs, TLS, and their correlation in Epstein-Barr Virus-associated gastric carcinoma (EBVaGC) and EBV-negative gastric carcinoma (EBVnGC) are largely unknown.



Methods

To observe the correlation among TILs, TLS, and clinicopathological characteristics and their prognostic significance in EBVaGC and EBVnGC, respectively. TILs and TLS were assessed by morphology and/or immunohistochemistry, and accompanied by clinicopathological analysis from 846 gastric cancer patients in multiple institutions.



Results

Forty-two (5.0%) cases of EBVaGC and 804 cases of EBVnGC were identified by in situ hybridization, respectively. For EBVnGC, higher TILs grade was correlated with TLS-present. EBVnGC patients with high TILs grade and TLS-present exhibited survival benefits. TILs (P = 0.001) and TLS (P = 0.003), especially TILs & TLS (P < 0.001) were independent prognostic factors in EBVnGC. A nomogram was constructed and validated for predicting the probability of overall survival and performed well with a good calibration. No significant prognostic value was detected in EBVaGC.



Conclusion

TILs and TLS, especially TILs & TLS were promising prognostic indicators for overall survival in EBVnGC. TILs and TLS were highly overlapping in their extent and prognostic abilities, and may be considered as a coindicator of prognosis of gastric cancer. The evaluations of TILs and TLS are simple and can be assessed routinely in pathological diagnosis.
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Introduction

Gastric carcinoma (GC) is the fourth leading cause of cancer-related mortality worldwide and the most prevalent cancer in Eastern Asia (1, 2). Immunity plays a key role in tumor initiation and progression, with immune modulation considered to be an important strategy for cancer therapy. As the major type of infiltrating immune cells, tumor-infiltrating lymphocytes (TILs) are a heterogeneous group containing T cells, B cells, and natural killer cells, which have been reported to be related to favorable prognosis in various tumors such as melanoma, breast and nasopharyngeal carcinomas (3–5). The low TILs density could predict regional lymph node metastasis and poor prognosis for recurrence free survival in GC (6). Some suggested that TILs may direct patient selection for immune checkpoint blockade therapy in GC (7, 8). However, a large proportion of patients do not respond to immunotherapy, suggesting other possible immune factors may play a certain role in tumor microenvironment (9, 10).

Tertiary lymphoid structures (TLS), characterized by ectopic aggregated lymphocytes with high endothelial venules, have gained attention because of its correlation with prolonged patient’s survival in some tumors (11, 12). The formation and regulation of TLS involve the same chemokines and cytokines networks that orchestrate lymphoid organogenesis (13, 14). TLS have been reported to be associated with lymphocyte infiltration, represent a privileged area to provide a pathway for the recruitment of TILs, and generate the central-memory T and B cells to limit cancer progression (15, 16). Meanwhile, TLS could cooperate with TILs in a coordinated antitumor immune response (17). The exact prognostic role and the relationship between TILs and TLS in GC remain largely unknown.

Additionally, the association between Epstein-Barr virus (EBV) and GC is thought to be a predictive indicator for immunotherapy (18). Compared with EBV-negative GC (EBVnGC), EBV-associated GC (EBVaGC) has distinct clinicopathological features and most exhibit histology rich in lymphocyte infiltration and relatively favorable prognosis (19, 20).

The present study investigated TILs and TLS in the tumor tissues of patients with GC and evaluate their prognostic significance. In addition, the relationship between tumoral immune parameters such as TILs, TLS, TILs & TLS, and clinicopathological features in 42 EBVaGC and 804 EBVnGC patients was determined.



Materials and Methods


Patients and Specimens

Eight hundred forty-six cases of surgically resected GC were collected from multiple institutions including the First, Third, and Six Affiliated Hospitals of Sun Yat-sen University, from January 2001 to December 2013. An additional 86 GC patients from the Sun Yat-sen Memorial Hospital of Sun Yat-sen University (July 2008 to December 2011) were selected as a validation cohort for the nomogram. None of the patients underwent systematic chemotherapy or radiotherapy before surgery. Cases with cancer confined to mucosa were excluded because they have an excellent prognosis regardless of number of TILs.

Standard pathologic analyses were performed blindly by two experienced pathologists (CN, LP). Any discrepancy was reviewed to reach consensus at a multi-headed microscope. More than two H&E–stained section slides with tumor were obtained per case, and the mean number of slides was 4.72 (range, 3–14). In these slides, at least one slide contained the tumor invasive margin. Clinicopathological data were retrieved from the archives of the medical records and pathologic reports. All patients were restaged according to the American Joint Committee on Cancer (AJCC) Staging Manual, Seventh Edition (21).

Patients’ clinical outcomes were followed up from the date of GC resection until death or December 31, 2016. The data of patients who were alive at the last follow-up date and of those died from a cause other than GC were regarded as censored data.

This study was approved by the Institute Research Ethics Committees of the First, Third, Six Affiliated Hospitals and Sun Yat-sen Memorial Hospital, Sun Yat-sen University. All participants provided written informed consents prior to surgery.



In Situ Hybridization for EBER-1

ISH assay was performed with an EBER-1 oligonucleotide probe (PanPath, Amsterdam, Netherlands), as previously described by Chen et al. (22). Dark brown nuclear staining was considered to be a positive signal. The known EBER-1-positive nasopharyngeal carcinoma tissues were used as the positive control and a sense probe for EBER-1 was used as the negative control.



Immunohistochemistry

Immunohistochemical staining was performed on 4-µm thick sections of tissue samples using an automatic staining device (Ventana Benchmark Ultra immunostainer, Ventana Medical Systems, Inc., Tucson, USA). Antibodies were as follows: mouse anti-CD3 (clone LN10, 1:100, Novocastra), mouse anti-CD20 (clone L26, 1:250, Novocastra), and mouse anti-CD21 (clone 2G9, prediluted, Novocastra). PBS was used as the negative control. A cervical lymph node served as the positive control.



Evaluation of TILs and TLS

No current consensus exists on the morphologic evaluation of TILs in GC, so we adopted and modified the TIL scoring recommendation used in previous studies (23–25). Briefly, global TILs are defined as the mean percentage of the invasive tumor area (including the tumor bed and peri-tumoral stroma) occupied by lymphocytes and plasma cells (23, 26), which was assessed by using a continuous scale as a semiquantitative parameter in 10% increments; if less than 10%, a 1 or 5% criteria was used. All available full-face tumor sections were evaluated, with no focus on hotspots. Area with necrosis, hemorrhage, or crush artifacts was excluded for TILs evaluation.

GC with lymphoid stroma, a rare histological variant of GC with prominent lymphocytic infiltration into the tumor and surrounding stroma, has distinctive clinicopathological and molecular features and is associated with a significantly better prognosis (24, 27). Therefore, patients with TILs level of >50% were classified as a separate group, and patients with TILs level of ≤50% were subdivided into two categories based on the mean value, which was determined as a threshold for survival analysis. As a whole, TILs were divided into three groups: grade 1 (minimal, ≤10%), grade 2 (moderate, 10–50%), and grade 3 (abundant, >50%).

All available sections were screened for the presence of TLS. First, the presence of lymphoid aggregates (LAs) was confirmed, as well as their patterns of organization at the tumor invasive margin and/or within the stroma of GC. Second, LAs with the visible germinal centers were considered as TLS. Third, LAs without visible germinal center were selectively stained by immunohistochemistry. The well-organized LAs with one or more CD20+ B cells aggregations containing CD21+ FDCs, surrounded by a CD3+ T cells rich area were defined as TLS. LAs in the mucosa or submucosa of stomach were excluded (28).



Statistical Analysis

Comparisons among clinicopathologic features, EBV status, TILs, and TLS were performed by the Pearson Chi-Square test or Fisher’s exact test. Pearson correlation analysis was used to examine the correlation between TILs and TLS. Survival distribution was compared using the Kaplan-Meier method and the log-rank test. Prognostic variables associated with overall survival were examined by univariate analyses using a Cox proportional hazards regression model. Only those variables which were significantly associated with survival were enrolled into multivariate regression analyses. A nomogram was generated by R software 3.3, with the discriminative ability assessed by the concordance index (C-index), which ranges from 0.5 (no discrimination at all) to 1.0 (perfect discrimination). Calibration plots were generated to compare the predicted probability of overall survival with the observed outcome. Furthermore, the precision of survival predictions was evaluated using the area under receiver operating characteristic (ROC) curve (AUC) in the validation cohort. Two-sided P < 0.05 was considered statistically significant. Statistical analyses were performed using SPSS 17.0 statistics software (SPSS Inc., Chicago, IL, USA).




Results


Clinicopathological Features of EBVaGC and EBVnGC

According to the ISH results (Figures 1A–D), 42 of the 846 cases (5.0%) were identified as EBVaGC. As presented in Table 1, EBVaGC displayed distinct clinicopathological features, including younger age (P = 0.010), male predominance (P = 0.003), proximal stomach location (P = 0.006), bigger in tumor size (P = 0.039), Lauren diffuse type (P = 0.043), and higher grade of TILs (P < 0.001).




Figure 1 | Histology, EBER-1 ISH, and survival curves in EBVaGC and EBVnGC. Histology of the representative cases of EBVaGC (A) and EBVnGC (B) (×400). EBER-1 ISH revealed strong nuclear staining in EBVaGC (C), but not in EBVnGC (D) (×400). (E) Kaplan-Meier survival curves for overall survival in 42 cases of EBVaGC and 804 cases of EBVnGC. EBVaGC had better prognosis than EBVnGC (P = 0.001, Log-rank test). When patients were stratified based on tumor size [<5 cm (F); >5 cm (G)] and Lauren classification [Intestinal (H), Diffuse (I), Mixed (J)], EBVaGC exhibited longer overall survival than EBVnGC in patients with tumor size >5 cm (P < 0.001) and Lauren diffuse type (P = 0.001).




Table 1 | Clinicopathological characteristics of EBVaGC and EBVnGC.



During a mean of 22.1 (range, 1–99) months of follow-up, 5 (12%) patients in EBVaGC and 309 (38%) ones in EBVnGC group died. Kaplan-Meier analysis revealed that patients of EBVaGC had significantly better overall survivals than that of EBVnGC (P = 0.001, Figure 1E). While stratified by tumor size and Lauren classification, EBVaGC exhibited better overall survivals than EBVnGC in patients with tumor size >5 cm (P < 0.001, Figure 1G) and Lauren diffuse type (P = 0.001, Figure 1I). No statistically significant difference was observed in EBVaGC and EBVnGC patients with tumor size <5 cm (Figure 1F), Lauren intestinal and mixed types (Figures 1H, J).



Comparison of Clinicopathologic Characteristics According to TILs

To identify the clinicopathological significance of TILs, we divided the specimens into three groups (grade 1 TILs ≤10%, grade 2 TILs 10–50%, and grade 3 TILs >50%) (Figure 2A). For EBVnGC, a summary of the clinicopathological characteristics according to the grade of TILs is shown in Table 2. The tumor with higher grade of TILs was bigger in size (P = 0.028). According to Lauren classification, there was a significant association between the TILs density and the diffuse/mixed type (P < 0.001).




Figure 2 | Histology of the TILs grade, TLS, and survival curves in EBVaGC and EBVnGC. (A) The mean percentage of the stromal area occupied by lymphocytes and plasma cells within tumor was assessed as TILs grade 1 (minimal, ≤10%), grade 2 (moderate, 10–50%), and grade 3 (abundant, >50%) (H&E, ×400). (B) TLS (arrows) with or without germinal centers (center) were mainly localized at the invasive margin of cancer (left field) (H&E, left ×50, center ×400, right ×400). (C) Whether germinal centers were visible or not, clusters of CD20+ B lymphocytes (×50) in TLS were surrounded by CD3+ T cell areas (×50) and contained a network of CD21+ FDCs (×400) by immunohistochemical staining. Kaplan-Meier survival analyses for overall survival were performed according to the TILs grade, TLS, or TILs & TLS in EBVnGC (D, F) top and EBVaGC (E, F) bottom.




Table 2 | Correlation of the TILs grade and TLS with clinicopathological characteristics in EBVnGC.



For EBVaGC, no statistically significant difference was observed, except for gender. The patients with increasing TILs density were more likely to be male (P = 0.046; Supplementary Table 1). The proportion of TILs grade 2 and 3 in EBVaGC is 47.6%, significantly higher than that in EBVnGC (17.8%) (P < 0.001; Table 1).



Comparison of Clinicopathologic Characteristics According to TLS

TLS are highly organized structures with or without germinal center (Figures 2B, C). Among the total 804 EBVnGC patients, 563 (66.5%) cases showed the presence of TLS. Patients with the presence of TLS were younger age (P = 0.010), smaller in tumor size (P = 0.013), high pTNM stage (P = 0.036), poorly histologic differentiation (P = 0.007), Lauren diffuse type (P = 0.009), and WHO poorly differentiated type (P = 0.007) (Table 2).

For EBVaGC, no statistically significant difference was observed (Supplementary Table 1). However, the proportion of TLS-present patients was higher than that of TLS-absent ones (69.0% and 31.0%, respectively) (Supplementary Table 1).



Association Between TILs and TLS in EBVaGC and EBVnGC

The presence of TLS in EBVnGC was related with TILs (P = 0.001; Table 3). The proportion of TILs grade 2 and 3 in TLS-present patients was 21.2%, obviously higher than that in TLS-absent ones (9.9%) (Table 3). However, there was no significant association between TILs and TLS in EBVaGC (Table 3).


Table 3 | Association between TILs grade and TLS in EBVnGC and EBVaGC.





Prognostic Significance of TILs and TLS in EBVaGC and EBVnGC

We detected that EBVnGC patients with higher TILs grade and the presence of TLS showed survival benefits according to Kaplan-Meier survival analysis (Figure 2D). No significant prognostic value was detected in EBVaGC (Figure 2E).

In the univariate analysis of EBVnGC, the clinical parameters of tumor location, size, pTNM stage, lymphovascular invasion, perineural invasion, histologic differentiation, Lauren classification, WHO classification, TILs, and TLS were found to be significantly associated with overall survival (Table 4). The multivariate model revealed that pTNM stage (HR 5.025; 95% CI 3.745–6.743; P < 0.001), lymphovascular invasion (HR 2.053, 95% CI 1.571–2.684, P < 0.001), perineural invasion (HR 1.649, 95% CI 1.267–2.146, P < 0.001), histologic differentiation (HR 1.817, 95% CI 1.347–2.400, P < 0.001), Lauren classification (HR 1.782, 95% CI 1.323–2.662, P < 0.001), WHO classification (HR 1.798, 95% CI 1.337–2.416, P < 0.001), TILs (HR 1.830, 95% CI 1.295–2.586, P = 0.001), and TLS (HR 1.558, 95% CI 1.228–1.977, P = 0.003) were independent prognostic factors for overall survival (Table 4).


Table 4 | Cox proportional hazards regression models for the predictors of overall survival in EBVnGC.



For EBVnGC, even though TILs and TLS have a certain correlation (r = 0.139, P < 0.001), some tumors with moderate to abundant TILs did not show the presence of TLS. Therefore, we divided tumors into four groups according to TILs (grade 1 vs grade 2/3) and TLS (absent or present). As shown in Figure 2F, patients with higher grades of TILs and the presence of TLS had the significantly best overall survival than the other three groups. The univariate and multivariate analysis also confirmed that TILs and TLS was significantly and independently associated with better survival.



Prognostic Nomogram in EBVnGC and Validation of Predictive Accuracy of the Nomogram for Overall Survival

A prognostic nomogram was depicted to predict 1-, 3-, and 5-year individualized absolute risk for mortality based on significant factors among all EBVnGC patients (Figure 3A). Significant attributes were selected by the multivariate stepwise regression analysis, including location, pTNM stage, TILs, and TLS (all P < 0.05). Predictive accuracy of the nomogram was good, with the C-index being 0.751 (95% CI 0.724–0.779). Calibration curves for 1-, 3-, and 5-year survival prediction indicated good agreement between predicted probabilities and actual observations (Figures 3B–D).




Figure 3 | Nomogram for predicting prognosis in patients with EBVnGC. (A) A predictive nomogram for 1-year, 3-year, and 5-year overall survival was generated by combining significant independent prognostic factors including location, TNM stage, TILs, and TLS. To estimate the survival in a given patient, the “Total Points” score is calculated by summing the respective “Points” values corresponding to each variable. Using this “Total Points” score, the survival probabilities at 1, 3, and 5 years can be predicted according to the lower scales. Calibration plots of the nomogram for 1-year (B), 3-years (C), and 5-years (D) overall survival. Dotted Line, ideal model; vertical bars, 95% confident interval. (E) Predictive accuracy of the nomogram for overall survival were confirmed in the external validation cohort, indicating the model was reliable.



For the external validation cohort, the mean follow-up time was 32.1 months (range 1–82 months). A summary of clinicopathological characteristics was shown in Supplementary Table 2. Predictive accuracy of the nomogram for overall survival was good, with the AUC value of 0.759 (95% CI, 0.641 to 0.848), indicating the nomogram was useful for predicting survival of patients with GC (Figure 3E).




Discussion

In this study, TILs and TLS, especially TILs & TLS correlated with the clinical outcome of GC. Patients with higher TILs grade and TLS-present exhibited survival benefits in EBVnGC. TILs were associated with TLS and both were promising independent prognostic factors of EBVnGC. Moreover, we established a nomogram model that combined the TILs grade and TLS status as prognostic variables with other well-established prognostic factors in EBVnGC and found that the nomogram performed well for both calibration and external validation. The model may be the crucial determinants of clinical care for individual GC patients.

TILs were assessed on H&E sections and divided into three groups. EBVnGC patients with high TILs density showed markedly improved survival. The TILs grade was proved to be a promising independent prognostic indicator for overall survival in EBVnGC, which was in accordance with previous literature with regard to GC (23, 29) and other types of cancers (30–32). Generally, the predominance of TILs has been claimed to reflect an effective anti-tumor immune response, which was promoted by a dynamic and complex interaction between infiltrating immune cells and tumor cells, and this interaction is critical for tumor progression and clinical outcome (33, 34).

We found that the presence of TLS was a good, independent prognostic parameter for overall survival in EBVnGC. Despite heterogeneity in TLS-signatures and TLS-quantifying methods, most studies have consistently found the association between TLS and prolonged patients’ survival, suggesting the occurrence of an active immune response within TLS to tumor microenvironment (35, 36). Conversely, limited studies have detected that the presence of TLS was a negative prognostic factor and associated with more advanced disease in colorectal, breast, and hepatocellular carcinomas (37–39). The possible reason for this discrepancy was that the maintenance and function of TLS dictated by their cellular composition and the surrounding immune contexture may vary in different tumors (36).

In our study, 42 (5.0%) patients were identified as EBVaGC, with distinct clinicopathological features and significantly better prognosis. The high TILs density and the presence of TLS may be the possible reasons. Kang et al. assessed the prognostic value of TILs amongst EBVaGC and found that the TILs density was an independent predictor for recurrence free survival (6). However, in our study, limited numbers of EBVaGC patients and the uneven distribution of cases within each TILs and TLS group made little internal difference, so no significant prognostic value was found in EBVaGC. Further large-scale validation studies remain to be done to fully understand the exact prognostic role of TILs and TLS in EBVaGC.

Of note, TLS and the TILs were highly overlapping in their extent and prognostic abilities. Combination of the two has prognostic power superior to each one individually. Comparing to patients with high TILs grade but the absence of TLS, the ones with high TILs grade and the presence of TLS showed improved survival, suggesting that TLS may actively license the prognostic value of TILs. Dendritic cells or plasma cells expressing markers of antigen-specific responses within TLS were reported to be associated with increased responses of TILs, which propose that TLS may educate TILs to control tumors better (15, 40). Some studies demonstrated that TLS were correlated with TILs, contributing to TILs recruitment and cooperating with TILs in antitumor immune response in colorectal cancer (17) and breast cancer (41). Hennequin et al. found a significant correlation between the density of B cell aggregates and Tbet+ effector T cells in GC, which was also associated with better relapse-free survival, indicating that GC could be sustained through a complex network of tumor-infiltrating immune cells organized in TLS, allowing T/B cells coordination (42). The adhesion molecules, chemokines, and integrins may mediate migration of tumor-specific T cells into TLS. Meanwhile, TLS-serving HEVs may provide a gateway for the recruitment of circulating T lymphocytes into the tumor (43, 44).

Interestingly, we found a certain correlation between TILs and TLS, but some patients with moderate to abundant TILs did not develop TLS. The local tumor microenvironment including a series of signals or cytokines following the local cross-talk between TILs and resident stromal cells, may provide specific cues conducive to the formation of TLS (45, 46). We previously showed that CD3+ and CD8+ T lymphocytes as the predominant constituent cells of TILs in gastric cancer were associated with good prognosis (47), whereas tumor-infiltrating B cells especially when present in TLS, may be key players in anti-tumor immunity (48). Over half but not all diffuse type/genome stable GCs had enrichment of intratumoral TLS and exhibited different chemokine gene expression signature, reflecting signs of an initiated antitumor immune response and the different stages of lymphoid neogenesis (49). The presence of TLS may represent a privileged site where specific naïve B cells can undergo their final differentiation into effector B cells, such as memory B cells (48, 50). These suggest that TILs and TLS may interact with each other and play different roles in different stages of the anti-tumor immune response.

In conclusion, the present study indicated that high grade of TILs was associated with the presence of TLS and further elucidated that TILs and TLS, especially TILs & TLS were promising independent prognostic factors for overall survival in GC. TILs and TLS were highly overlapping in their extent and prognostic abilities, and could be considered as a coindicator of prognosis of gastric cancer. The evaluations of TILs and TLS are simple and can be assessed routinely in pathological diagnosis. TILs and TLS appear likely to be part of an adaptive immune response and may be helpful for understanding the immunobiology of the tumor microenvironment of gastric cancer.
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Accepting the crucial role of the immune microenvironment (TME) in tumor progression enables us to identify immunotherapeutic targets and develop new therapies. Glycoprotein A repetitions predominant (GARP) plays a vital part in maintaining regulatory T cell (Treg)-mediated immune tolerance. The impact of GARP in TME of gastric cancer is still worth exploring. We investigated public genomic datasets from The Cancer Genome Atlas and Gene Expression Omnibus to analyze the possible role of GARP and its relationship with TME of gastric cancer. Fluorescence-based multiplex immunohistochemistry and immunohistochemistry for T-cell immune signatures in a series of tissue microarrays were used to validate the value of GARP in the TME. We initially found that GARP expression was upregulated in gastric carcinoma cells, and diverse levels o3f immune cell infiltration and immune checkpoint expression were detected. Gene expression profiling revealed that GARP expression was related to the TME of gastric cancer. GARP upregulation was usually accompanied by increased FOXP3+ Treg and CD4+ T cell infiltration. In addition, GARP expression had positive relationships with CTLA-4 and PD-L1 expression in gastric cancer. Cox regression analysis and a nomogram highlighted that the probability of poor overall survival was predicted well by GARP or GARP+CD4+ T cell. Taken together, this research underlines the potential effect of GARP in regulating survival and tumor-infiltrating T-cells. In addition, the function of CD4+ T cell immune signatures in the prognosis can be clinically meaningful, thereby providing a new idea for the immunotherapeutic approach.
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Introduction

Gastric cancer (GC) patients which received the conventional treatment at the same stage usually showed heterogeneous clinical prognosis (1, 2). Therefore, we need a prognostic signature that is different from the previous staging system to accurately predict the outcome of patients and better guide adjuvant therapy (2–4). Tumor-associated immune cells in the tumor microenvironment have been demonstrated to play a vital part in tumor development and affect the clinical outcomes of patients (5, 6). Although remarkable progress has been made in cancer treatment through the blockade of CTLA-4 or PD-1 signaling using monoclonal antibodies (mAbs), most patients do not respond to immunotherapy because of primary or acquired drug resistance (7, 8). Therefore, a better understanding of the markers associated with T cells in the TME is meaningful for deciphering the mechanisms of immunotherapy and identifying new therapeutic targets (9, 10).

The transforming growth factor-β (TGF-β) superfamily is an important family of regulatory cytokines with multiple functions in development, immunity, and cancer (11). GARP (commonly known as leucine-rich repeat-containing 32) is a cell surface docking receptor for latent TGF-β, and also has been studied as a non-signal receptor on the surface of Tregs, platelets, and certain cancer cells (12–14). GARP forms a complex with integrin and releases active TGF-β from the cell surface, thereby enhancing the inhibitory phenotype of Tregs (15–17). It has been reported that GARP is overexpressed in colon, lung, and breast cancers, and patients with high GARP expression tend to have a poor prognosis (12, 18). Therefore, the roles of GARP in the immune microenvironment of gastric cancer and prognosis are worthy of further exploration. In the present study, we combined experiment and bioinformatic technique to further characterize the potential impact of GARP in regulating survival and the TME of gastric cancer, thereby finding TME-associated prognostic signature.



Methods


Bioinformatic Analysis


Evidence From the Public Database

TCGA clinical and RNA-Seq data for GC patients, including 375 tumor samples, 27 paracancerous samples, and 32 normal samples, were download from Genome Data Commons (https://portal.gdc.cancer.Gov/). We excluded data missing key information, such as overall survival (seven cases), age (four cases), and lymph node metastasis (two cases). Our research meets the publishing requirements provided by TCGA. We also obtained an additional GEO dataset, GSE84437, which contained 434 GC patients with survival information (https://www.ncbi.nlm.nih.gov/geo/).



TISIDB Analysis

TISIDB is a website for comprehensive research on the immune microenvironment that integrates tumor immunology with multiple types of data resources (http://cis.hku.hk/TISIDB/) (19). In TISIDB, we can use literature mining and high-throughput data analysis to clarify the roles of genes of interest in tumor-immune interactions. We analyzed the effect of GARP expression on the prognosis of patients with gastric cancer and its connections with the clinicopathological parameters and immune subtypes of gastric cancer.



TIMER Database Analysis

TIMER (v.2.0.) used a deconvolution statistical method to infer the prevalence of tumor-infiltrating immune cells (TIICs) based on the gene expression profile (https://cistrome.shinyapps.io/timer/), The database used TCGA data from 10897 samples of 32 cancers to approximate the abundance of TIICs. We performed a gene module to assess the association between GARP expression in gastric cancer and TIICs, including B cells, CD4 + T cells, CD8 + T cells, neutrophils, macrophages, and dendritic cells.



CIBERSORT Estimation

CIBERSORT is an analytical tool for deconvolution of the expression matrix of immune cell subtypes based on the principle of linear support vector regression (https://cibersort.stanford.edu/index.php) (20). We used the CIBERSORT database to explore the infiltration levels of 22 immune cells in gastric cancer. Standard annotation files were utilized to generate gene expression datasets. CIBERSORT approximates the p-value via Monte Carlo sampling and deconvolution to determine the credibility of the results. We grouped the data downloaded from the TCGA database according to the immune subtypes obtained via single-sample Gene Set Enrichment Analysis (ssGSEA) to evaluate the infiltration of immune cells in different immune subtypes.



Gene Set Enrichment Analysis (GSEA) and Unsupervised Clustering

GSEA is a tool for analyzing genome-wide expression profiling data (21). The basic idea is to use a predefined set of genes, sort the genes according to the degree of differential expression between two sample types, and then test whether the predefined set of genes is enriched at the top or bottom of the sorted table. The samples were first grouped according to phenotypes, and then the differential gene sets were selected according to the group. GSEA determined which group the gene sets assembly chose. In this case, the gene sets were associated with the phenotypic grouping. We downloaded RNA-Seq data for gastric cancer from the TCGA database. Then, we performed GSEA using R (v.3.5.3) to identify signaling pathways that were differentially activated in gastric cancer. The threshold was determined using the following parameters: false-discovery rate (FDR) < 0.05 and P < 0.05.

The infiltration levels of the different immune cell populations were determined via single-sample GSEA (ssGSEA) using the R Bioconductor package Gene Set Variation Analysis with the default parameters. The ssGSEA algorithm is a rank-based method that defines a score representing the degree of absolute enrichment of a particular gene set in each sample. GSEA was performed on each sample using transcriptome data and clinical data downloaded from the TCGA database. We obtained the immune cells, immune-related gene sets, and immune-related pathways of each sample, thereby permitting the immune activity of each sample to be evaluated using the CIBERSORT and ESTIMATE algorithms. Unsupervised clustering classifies the samples into distinct subtypes according to the immune cell infiltration pattern of each sample. The unsupervised clustering “Pam” method in accordance with Euclidean and Ward’s linkage was used in our analysis, executed by using the “ConsensuClusterPlus” R package, and repeated 1,000 times to ensure the classification stability.



Protein-Protein Interactions

STRING is a database of known and predicted protein-protein interactions (https://string-db.org/) (22). The interactions include direct (physical) and indirect (functional) associations. They stem from computational prediction, knowledge transfer between organisms, and interactions aggregated from other (primary) databases. We used the STRING database to build a protein network of interactions between GARP and related immune signatures.




Human Tissue Samples and Patient Clinical Information

The tissue microarray (TMA) (176 gastric cancer tissues, 52 normal gastric mucosa tissues) used in this research was prepared by the Department of Clinical Biobank of the Affiliated Hospital of Nantong University. A core on the TMA represents a sample with a diameter of 2 millimeters. We averaged the results of multiple samples from the same patient. This research retrospectively analyzed the clinicopathological features and prognoses of the patients. We collected clinicopathological information from the patients’ medical records. The patients had not received radiotherapy, chemotherapy, or biological immunotherapy before surgery. This research protocol was approved by the Human Research Ethics Committee of the Affiliated Hospital of Nantong University (Jiangsu, China).



Immunohistochemistry (IHC)

Formalin-fixed, paraffin-embedded TMA sections were deparaffinized and rehydrated using alcohol and xylene. TMA sections were heated using a microwave in sodium citrate buffer (0.01 M, pH 6.0) to repair antigen. The sections were incubated with 5%BSA to quench endogenous peroxidase activity and then with rabbit anti-PD-L1 (13684S, Cell Signaling Technology) and mouse anti-CTLA-4 antibodies (NB10064849, NOVUS). An EliVision Plus DAB Kit (Kit‐0015; Maxim Biotechnologies, Fuzhou, China) was used to analyze the result of antibody binding. The results of TMA staining were assessed using the semiquantitative H‐score method by a pathologist who was blinded to the clinical information of the patients. The staining intensity score was multiplied by the percentage of positively stained cells to calculate the total score, which ranged from 0 to 300.



Fluorescence-Based Multiplex Immunohistochemistry (mIHC)

TMA sections were heated using a microwave in AR6 buffer (AR600, AKOYA) to repair antigen. MIHC staining was performed after the secondary antibody was added, and then the antigen was repaired via heat induction and cooling. The nucleus was stained with DAPI and sealed. The slides were scanned using the Vectra 3.0 automated quantitative pathology imaging system to detect and measure the positive rate of biomarkers. The cores containing both tumor and stroma were captured with a ×20 Olympus lens objective. Using inForm® Cell Analysis software, we train machine-learning algorithms to segment the images into tissue areas of cancerous cells and stromal cells, to segment individual cells by DAPI counterstaining, and to accurately identify and quantify the phenotypes of those cells in all high-power fields within the entire tissue section.

The following primary antibodies were used in this study: rabbit anti-GARP (orb36818, BIORBYT), rabbit anti-CD3 (85061S, Cell Signaling Technology), rabbit anti-CD4 (ab133616, Abcam), rabbit anti-CD8 (ab83278, Abcam), and mouse anti-FOXP3 (ab20034, Abcam). The secondary antibody was Opal™ polymer HRP Ms+Rb (ARH1001EA, Perkin Elmer). Fluoroshield with DAPI (F6057, Sigma) was used to stain nuclei and seal the slices.



Statistical Analysis

Student’s 𝑡-test was used to compare GARP protein expression between tumor and non-tumor tissue samples. Pearson’s χ2 test was performed to determine the correlation between GARP expression and clinicopathologic parameters. Cox regression models were used to identify prognostic factors. We used the “rms” R package to formulate nomograms, which can predict the probability of 1-year, 3-year, and 5-year overall survival for GC patients. R software (v.3.6.0), SPSS (v.17.0), GraphPad Prism (v.5.0), and Strawberry Perl (v.5.30.1) were used in the early data processing of this study. For all tests, P < 0.05 was considered statistically significant.




Results


Immune Microenvironment Grouping of Patients With Gastric Cancer

TME is mainly composed of tumor-infiltrating immune cells, extracellular matrix, and secreted factors that are highly related to overall survival and treatment response (23). We used the CIBERSORT and ESTIMATE algorithms to evaluate each TCGA sample by scoring immune cells, stromal cells, and tumor purity. Besides, we divided TCGA samples into high and low immunity groups via the unsupervised clustering “Pam” method. Compared with that in the high immunity group, the immune score was significantly lower in the low immunity group, whereas the tumor score was higher in the low immunity group (P < 0.05) (Figures 1A, B). In addition, GARP expression was significantly increased in the high immunity group (P < 0.001) (Figure 1C). Then, we investigated the link between GARP expression and the markers of CD4+ T cells, CD8+ T cells, and Tregs in different immune groups. We found that GARP expression was related to CD4, CD8A, and FOXP3 expression, and the correlation was stronger in the high immunity group than in the low immunity group (P < 0.05) (Figures 1D–F). To determine whether GARP was involved in the activation of Treg in gastric cancer, we subdivided the GARP high/low group into a TGF-β1 low and high group, and then made a Kaplan-Meier curve with overall survival (Supplementary Figure 1). We also divided the GARP high/low group into a FOXP3 low and high group. However, the P-value of Kaplan-Meier curve with overall survival was no statistical significance. In TIMER database, there was a significant link between GARP expression and the levels of CD4+ T cells (Pearson correlation = 0.450, P < 0.05), CD8+ T cells (Pearson correlation = 0.290, P < 0.05), macrophages (Pearson correlation = 0.617, P < 0.05), neutrophils (Pearson correlation = 0.322, P < 0.05), and dendritic cells (Pearson correlation = 0.506, P < 0.05) (Figure 1G). These findings illustrated the relationship of GARP with the immune microenvironment in gastric cancer.




Figure 1 | (A) Immune cell score, stroma cell score, comprehensive scores of immune and stromal cells, and tumor purity score in different immunity groups. (B) Analysis of the difference of the immune score between the high and low immunity groups. (C) Analysis of the difference of glycoprotein A repetitions predominant (GARP) expression between the high and low immunity groups. (D–F) The relationships of GARP with CD4, CD8A, and forkhead box protein 3 (FOXP3) in different immune groups. Immunity-L, low immunity group; Immunity-H, high immunity group. ***, P < 0.001. (G) Correlations between GARP expression and immune cells infiltration levels in TIMER.





High Expression of GARP Is Associated With Clinicopathological Features

Although histological classification or clinical staging can well help to predict the prognosis of GC patients, other markers are needed to detect tumor progression. GARP expression was correlated with the tumor grade (P < 0.05) and stage (P < 0.05) (Figures 2A, B). In the TISIDB database, the samples were classified into distinct subtypes according to the median GARP mRNA levels. High GARP expression in patients with gastric cancer was associated with a worse prognosis (P < 0.05) (Figure 2C). A great amount of transcriptomic data may not be translated into proteins. We next performed fluorescence-based mIHC using TMA and determined that GARP protein levels significantly differed between tumor and normal tissues (P < 0.05) (Figure 2D). MIHC staining was combined with multispectral image analysis to estimate the positive rate of GARP in a cohort of GC patients. Cytokeratin (CK) was used to identify epithelial cells in tumor samples and to define tumor and stroma, and DAPI was used to stain nuclei. Machine-learning algorithms were trained to distinguish between different tissues (tumor tissue, stroma, and no tissue) and cell phenotypes (tumor cell, and immune cell).




Figure 2 | (A, B) Increased GARP expression was significantly associated with unfavorable histologic grade and advanced clinical stage. (C) The Kaplan–Meier curve for overall survival in patients with gastric cancer in the TISIDB database. The cutoff point was based on the median. (D) Fluorescence-based multiplex immunohistochemistry revealed differences in glycoprotein A repetitions predominant (GARP) expression between tumor and normal samples. Cytokeratin (CK) was used to identify epithelial cells in tumor samples and to define tumor and stroma. All images were obtained using 20 × zoom and were scaled digitally.



Then, we analyzed whether GARP expression levels were associated with clinicopathological features, including gender, age, tumor size (T), lymph node metastasis (N), distant metastasis (M), TNM stage, tumor differentiation, preoperative serum carcinoembryonic antigen (CEA) levels, and preoperative serum carbohydrate antigen 19-9 (CA19-9) levels. 176 GC patients were divided into the GARP-high group (88 cases) and GARP-low group (88 cases) based on the median GARP expression. From our analysis, we observed marked correlations of GARP expression with tumor size (P < 0.05), distant metastasis (P < 0.05), and TNM stage (P < 0.001) (Table 1). We performed Bonferroni adjustment for multiple comparisons of clinicopathologic characteristics in Supplementary Table 1.


Table 1 | Association of glycoprotein a repetitions predominant (GARP) expression levels with clinicopathological characteristics in patients with gastric cancer.





The Relationship Between GARP and TIICs

We performed computational imaging techniques to evaluate multiple lymphocyte markers at the same time, allowing spatial analysis of different T cell populations in the same sample tissue section (Figures 3E, F). TMA sections were developed to visualize CD3, CD4, CD8, FOXP3, GARP, and CK simultaneously on a cohort of gastric cancer samples. These markers were indicated as signatures for T cells (CD3, CD4, CD8, and FOXP3). Our results demonstrated that nearly all samples had varying degrees of immune cell infiltration. Then, we analyzed whether TIIC counts differed between patients with gastric cancer according to GARP expression. Our samples were divided into two groups based on the median GARP expression level. CD3+ T cell infiltration was significantly suppressed in the high GARP expression group compared with that in the low GARP expression group (P < 0.05) (Figure 3A). In addition, CD4+ T cell (P < 0.05) and FOXP3+ Treg infiltration (P < 0.05) were obviously enhanced in the high expression group, whereas CD8+ T cell infiltration did not differ significantly between the two groups (P = 0.728) (Figures 3B–D). In addition, our analysis illustrated that the levels of immune cell infiltration were vastly correlated with tumor size (T) (Figures 3G, H). According to GARP high/low expression, we subdivided our data to reveal the effect of GARP within T groups on levels of immune cell infiltration. CD4+ T cell and FOXP3+ Treg infiltration were slightly higher in GARP high group (Supplementary Figure 2). From our exploration, we can conclude that GARP, as a surface molecule of Tregs, is associated with the infiltration of CD4+ T cell and FOXP3+ Treg but not that of CD8 + T cell.




Figure 3 | (A–D) CD3+ T cell, CD4+ T cell, CD8+ T cell, and FOXP3+ regulatory T cell (Treg) infiltration levels in patients with low or high glycoprotein A repetitions predominant (GARP) expression. (E, F) Representative fluorescence-based multiplex immunohistochemistry images. (E) A staining panel was developed to visualize CD3, CD4, CD8, FOXP3, and CK simultaneously on the same tissue slide. (F) A staining panel was developed to visualize CD3, GARP, FOXP3, and CK simultaneously on the same tissue slide. (G, H) Tumor size (T) was associated with changes in CD4+ T cell and FOXP3+ Treg infiltration. Ns, P > 0.05; ***, P < 0.001.





GARP Upregulation or GARP+CD4+ T Cell Is an Independent Prognostic Factor for Poor Overall Survival

We utilized a cohort of 434 GC patients (GSE84437) to further comprehend the survival mechanism associated with the relationship between GARP and T-cell immune signatures. Cox regression analysis showed only GARP can be used as an independent factor affecting the prognosis of gastric cancer compared with other immune molecules (P < 0.001) (Figures 4A, B). In our research cohort, GARP upregulation in gastric cancer was a prognostic factor for poor overall survival (P < 0.001) (Figures 4C, D). We evaluated GARP expression levels in stroma and tumor cells, respectively. Immunofluorescence results showed the positive staining of GARP in CD4+ T cells (Figures 4F, G). Additionally, high proportions of GARP+CD4+ T cells from all T cells translated to the inferior outcome (P < 0.05) (Figure 4E). On the contrary, CD3+ T cell, CD4+ T cell, CD8+ T cell, and FOXP3+ Treg were not associated with the survival of gastric cancer.




Figure 4 | (A) A forest plot visualizing the impact of the immune microenvironment (TME)-associated signatures and GARP on overall survival (OS) in the GSE84437, as evaluated using Cox univariate tests. (B) Kaplan–Meier curve for the high and low expression groups in the GSE84437. (C) A forest plot visualizing the impact of the immune microenvironment (TME)-associated signatures and GARP on overall survival (OS) in our cohort, as evaluated using Cox univariate tests. (D) Kaplan–Meier curve for the high and low expression groups in our cohort. (E) Kaplan-Meier plot visualizing survival associations of GARP+CD4+ T cell. The optimal cutoff point was obtained from X-tile 3.6.1 software. (F) Representative fluorescence-based multiplex immunohistochemistry images of the rate of positivity for GARP+CD4+ T cell in tissue microarray sections. (G) A plot shows the rate of positivity for CD3+ T cell, CD4+ T cell, and GARP+ CD4+ T cell. White arrows in the picture that point to the GARP+CD4+ cells.





Construction and Evaluation of a Nomogram for Overall Survival

Cox regression analyses were conducted to exhibited that GARP or GARP+CD4+ T cell could serve as an independent predictor of patients’ overall survival after adjusted by TME-associated signatures in multiple GC cohorts (Figure 4). Based on logistic regression, we generated a nomogram that integrated GARP, GARP+CD4+ T cell, and other clinicopathological features, including tumor size, lymph node metastasis, distant metastasis, TNM stage, tumor differentiation to predict the probability of 1-year, 3-year, and 5-year overall survival for GC patients with the GSE84437 and the experimental cohort (Figures 5A, C). The calibration plots revealed the probability of a 3-year survival rate is well predicted in the GSE84437 cohort and the experimental cohort (Figures 5B, D).




Figure 5 | (A, C) Nomograms were constructed with the GSE84437 and our research cohort for predicting the probability of 1-year, 3-year, and 5-year overall survival for GC patients. (B, D) Calibration plots of the nomograms for predicting the probability of overall survival at 3 years in the GSE84437 and our research cohort. The grey line represents the ideal nomogram, and the red line represents the observed nomogram.





Exploration of the Molecular Mechanism of GARP

We investigated whether the prognostic effect of GARP is related to immune checkpoints in gastric cancer. IHC was performed to explore the expression of PD-L1 and CTLA-4 in gastric cancer and then analyzed their correlations with GARP expression. As presented in Figures 6A–F, GARP expression was associated with CTLA-4 (P < 0.05) and PD-L1 expression (P < 0.05). Meanwhile, a positive relationship between CTLA-4 and PD-L1 expression was noted in gastric cancer (P < 0.05).




Figure 6 | (A–C) Representative images of GARP, PD-L1, and CTLA-4 staining in tissue microarray sections of tumor tissues. (D–F) The relationships between GARP and PD-L1 expression, GARP and CTLA-4 expression, and PD-L1 and CTLA-4 expression. (G–I) GARP expression was correlated with CD80, CD86, and IL-10 expression in the TISIDB database. (J) Protein interaction network in the STRING online database. CD274: PD-L1. (K) KEGG pathway analysis revealed 10 positively correlated pathways.



As the surface receptor of Treg, CTLA-4 can bind CD80/CD86 on the antigen-presenting cells (APC) (24). Then, APC interacts with activated antigen-specific effector T cell, thereby transforming these cells into induced Tregs (25). Induced Treg exerts an immunosuppressive effect by secreting TGF-β and IL-10. In TISIDB, we found that GARP expression was correlated with CD80, CD86, and IL-10 expression (Figures 6G–I). We confirmed this correlation in the TCGA cohort (Supplementary Figures 1E, F). In addition, GARP, CTLA-4, PD-L1, FOXP3, CD80, CD86, and IL-10 formed a protein-protein network (Figure 6J).

We divided 176 GC patients into the GARP-high group and GARP-low group based on the median GARP expression. GSEA analysis screened the differential genes according to the sample groups, and then enriched the genes. The results showed that gene sets were enriched with GARP upregulation in GC samples. We selected 10 KEGG pathways with significant differences according to the normalized enrichment score (FDR < 0.25, NOM P < 0.05). Specifically, the following pathways were significantly enriched in the high expression phenotype: ECM-receptor interaction, GAP junction, leukocyte transendothelial migration, the JAK-STAT signaling pathway, the MAPK signaling pathway, pathways in cancer, the TGF-β signaling pathway, the Toll-like receptor signaling pathway, the intestinal immune network for IgA production, and natural killer cell-mediated cytotoxicity (Figure 6K).




Discussion

The genome resources of the public database provide a unique platform for us to further explore the molecular characteristics of different cancers (24). Our research explored the relationship between GARP and the immune microenvironment of gastric cancer based on TCGA and GEO data. The success of cancer immunotherapy has revealed that immune cells, especially T cells, can be helpful in eliminating tumor cells (26). Wang Yu Cai et al. revealed that evaluating the TME components can predict survival time and provide a new idea for the immunotherapeutic approach of gastric cancer (GC) (27). Compared with a low density of T cells, a higher density of T cells in the TME can better predict the prognosis of gastric cancer (28, 29). Salem et al. demonstrated that GARP restrains antitumor immunity by adjusting the function of Tregs in colorectal cancer (30). our analysis illustrated that the significant connection between GARP and TME was still worth exploring.

T helper cells, cytotoxic T cells, and Tregs are associated with T cell-mediated immune responses in the TME (31). Bioinformatic analysis illustrated that GARP expression was relevant to the immune groups of gastric cancer. In the colon cancer model, the loss of GARP in Treg leads to spontaneous inflammation and enteritis with high activation of CD4+ and CD8+ T cell, which has an important impact on immune surveillance (30). Our research illustrated GARP expression correlated with FOXP3+ Treg and CD4+ T cell infiltration and CTLA-4, and PD-L1 expression, whereas GARP expression had no remarkable connection with CD8+ T cell infiltration. Lucas et al. reported that the enhancement of this combination therapy did not depend on increasing the number of CD8+ T cells (7). Our study undoubtedly provided evidence for this result and also raised a question, specifically whether the antineoplastic effect of GARP affects the infiltration of CD4 + T cells. Despite the high expression of T cell markers indicate the improvement of progress in many cancers, no statistically significant correlation was observed in gastric cancer (24). A recent report has shown that T cells expressing immune checkpoints such as LAG3, PD1 may represent exhausted T-cell (32). In our analysis, the levels of CD4+ T cell and FOXP3+ Treg infiltration were significantly higher in patients with T3 gastric cancer than patients with T1 and T2 gastric cancer. We further found the expression of GARP in CD4+ T cells and analyzed that GARP+CD4+ T cells play a significant role in the prognosis of gastric cancer. The nomogram also showed that GARP+CD4+ T cell can predict the survival rate of GC patients together with other clinicopathological parameters. CD4 positive cells are likely to annotate as Tregs, dendritic cells, macrophages, or NK cells (27, 33). GARP may identify a special subgroup of T cells related to inferior prognosis. The variations in the phenotype of tumor-infiltrating immune cells and their relationship with prognosis highlight the clinical significance of the crosstalk between tumor cells and TME (34). However, more efforts are needed to determine whether T cell dysfunction is associated with GARP expression and poor prognosis of GC patients.

By analyzing the STRING database and our study, we also found an interaction between GARP, PD-L1 and, CTLA-4 expression. Researches have also found a significant correlation between PD-1+PD-L1+ T cells and Tregs. In animal experiments, combined therapy targeting GARP and PD-1 has achieved positive results (7, 35). A recent report suggests that combining checkpoint inhibitors with chimeric antigen receptor T-cells may also be of great significance in the treatment of cancer (27). GARP upregulation was related to the TGF-β signaling pathway. Evidence of TGF-β signaling in T cells has been found in melanoma specimens infiltrated by GARP-expressing T cells, indicating that inhibiting the activity of Treg-derived TGF-β1 using anti-GARP: TGF-β1 mAbs may effectively enhance CD8+ T cell-mediated antitumor immunity (7). Our study illustrated that the TGF-β signaling pathway was differentially enriched in the GARP high expression phenotype. Whether GARP affects the immune microenvironment of gastric cancer through the TGF-β signaling pathway is worthy of further exploration.

This study had several limitations. For example, the number of samples was limited, thus limiting the strength of our conclusions. In addition, we have not yet identified the regulatory pathway connecting GARP expression and CD4+ T cell, nor have we confirmed whether there are interactions among GARP, CTLA-4, and PD-L1. The combination of anti-GARP: TGF-β mAbs and PD-1 inhibitors can significantly enhance the effector ability of tumor T cells (36–38). Although remarkable progress has been made in cancer treatment by blocking CTLA-4 or PD-1 pathway with mAbs, most patients do not respond to therapy because of T cell-mediated primitive or acquired immune resistance to anti-tumor drugs (8, 39, 40). Combining checkpoint inhibitors with chimeric antigen receptor T-cell may also be of great significance in the treatment of cancer.

Taken together, our study proved that GARP is an independent influencing factor that is significantly upregulated in gastric cancer. We underlined the relationship between GARP and tumor-infiltrating T-cell. The phenotype of tumor-infiltrating immune cells was clinically meaningful, thereby providing a new idea for the immunotherapeutic approach of gastric cancer (30, 41).
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There is a pressing need for novel immunotherapeutic targets in colorectal cancer (CRC). Cytotoxic T cell infiltration is well established as a key prognostic indicator in CRC, and it is known that these tumor infiltrating lymphocytes (TILs) target and kill tumor cells. However, the specific antigens that drive these CD8+ T cell responses have not been well characterized. Recently, phosphopeptides have emerged as strong candidates for tumor-specific antigens, as dysregulated signaling in cancer leads to increased and aberrant protein phosphorylation. Here, we identify 120 HLA-I phosphopeptides from primary CRC tumors, CRC liver metastases and CRC cell lines using mass spectrometry and assess the tumor-resident immunity against these posttranslationally modified tumor antigens. Several CRC tumor-specific phosphopeptides were presented by multiple patients’ tumors in our cohort (21% to 40%), and many have previously been identified on other malignancies (58% of HLA-A*02 CRC phosphopeptides). These shared antigens derived from mitogenic signaling pathways, including p53, Wnt and MAPK, and are therefore markers of malignancy. The identification of public tumor antigens will allow for the development of broadly applicable targeted therapeutics. Through analysis of TIL cytokine responses to these phosphopeptides, we have established that they are already playing a key role in tumor-resident immunity. Multifunctional CD8+ TILs from primary and metastatic tumors recognized the HLA-I phosphopeptides presented by their originating tumor. Furthermore, TILs taken from other CRC patients’ tumors targeted two of these phosphopeptides. In another cohort of CRC patients, the same HLA-I phosphopeptides induced higher peripheral T cell responses than they did in healthy donors, suggesting that these immune responses are specifically activated in CRC patients. Collectively, these results establish HLA-I phosphopeptides as targets of the tumor-resident immunity in CRC, and highlight their potential as candidates for future immunotherapeutic strategies.
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Introduction

Tumor infiltration by effector T cells has been confirmed by several large studies to be significantly associated with good prognosis in CRC, even in metastatic disease (1–5). Cytotoxic T cells recognize antigenic peptides presented by HLA-I complexes on the surface of cancer cells. These T cells release cytotoxic factors, which kill the transformed cells and thus can control tumor growth. However, the targets of CD8+ T cells are not yet well defined in CRC (6).

The use of immunotherapies, such as immune checkpoint blockade (ICB), is revolutionizing cancer treatment, but their use has been limited in the majority (86%) of CRC, which are microsatellite stable (MSS) (7). The remaining 14% of tumors that may respond to ICB therapies, have a defect in DNA mismatch repair, leading to microsatellite instability (MSI) and thus a high tumor mutational burden (TMB) (8, 9). Irrespective of therapy, MSI is predictive of favorable outcomes in CRC, associated with the extensive cytotoxic T cell infiltration into these tumors (9, 10); however, once the tumor has evaded T cell recognition and recurrence occurs, prognosis is poor (7). Preclinical studies have demonstrated that PD-1 blockade is only effective in the presence of fully primed and committed antigen-specific T cells (11). Therefore, it has been proposed that the T cells infiltrating MSI CRC are targeting the mutational neoantigens that arise from the high TMB in these tumors (12, 13). TMB does show a strong correlation with ICB-response (14, 15), yet it has proven controversial and challenging to implement as a response biomarker in clinical practice (16). Moreover, cytotoxic T cell infiltration has also been shown to be a significant predictor of prognosis in MSS CRC, even though these usually have a low to moderate TMB (9). Whilst some TILs may target mutational neoantigens in MSS CRC, it seems unlikely that T cell targeting of these limited antigens could fully explain the control of tumor growth in CRC; consequently, other classes of tumor antigens are almost certainly implicated (6).

Mutations in the Wnt, TGF-β and RAS signaling pathways are ubiquitous in CRC, often affecting critical kinases and phosphatases (17). Deregulation of these kinases can lead to the activation of several signaling cascades and increase the extent of protein phosphorylation within tumor cells (18). Therefore, we hypothesized that the infiltrating cytotoxic T cells in CRC may be targeting, not only mutated peptides, but also the phosphorylated peptides resulting from this dysregulated signaling. Phosphorylated peptides have already been defined as strong candidates for tumor-specific antigens in melanoma, renal cell carcinoma and hematological malignancies (19–21). Phosphorylation is preserved on peptides through antigen processing and presentation pathways (22), and can produce T cell epitopes that differ structurally from their unphosphorylated counterparts (23, 24). In some instances, this has been shown to be due to phosphorylation-induced conformational alterations in the peptide, facilitated by novel contacts with the HLA complex (23, 25). Yet, even when these conformational alterations are minimal, T cell receptor (TCR) recognition can be specific to the phosphorylated peptide form (23). These data suggest that phosphopeptide specific T cells may not be deleted by central tolerance in the same way as those targeting other non-mutational tumor-associated antigens (26). Phosphopeptide antigens also provide an advantage as potential immunotherapeutic targets because they are often shared across patients (19). We hypothesized that CRC-specific phosphopeptides may represent a subset of posttranslationally modified (PTM) tumor antigens targeted by the tumor-resident CD8 T cell response in CRC.

Previous efforts in defining the CRC immunopeptidome have focused on mutational neoantigens and cancer germline antigens (6). To identify putative PTM tumor associated antigens, we used CRC cell lines, primary CRC tumors and CRC liver metastases. From these we purified HLA-I peptides, enriched for phosphopeptides and then sequenced these using mass spectrometry (MS). We evaluated the responses of TILs taken from the same tumors that were used for phosphopeptide identification, and then broadened this to determine if the immunogenic phosphopeptides may represent public T cell targets in CRC. In addition, peripheral T cell responses targeting CRC phosphopeptides were compared between patients and healthy donors. Finally, the functional capacity of the TILs targeting phosphopeptides was assessed in killing assays. We hope that identifying these PTM tumor antigens, and understanding their role in tumor immunity, may support the development of future targeted tumor immunotherapies.



Materials And Methods


Patient and Healthy Donor Samples and Cell Lines

Tumor and blood samples were obtained fresh from University Hospital Birmingham. Samples were received from the Human Biomaterials Resource Centre (HBRC) at the University of Birmingham (Ref 09/H1010/75) and via studies approved by research ethics committees local to the University of Birmingham (Ref: 06/Q2702/61 and 09/H1203/49). Informed written consent was obtained in accordance with the Declaration of Helsinki, in all cases. Fresh blood samples were collected from patients and healthy donors. 20-30 mL of blood was collected in vacutainers containing lithium heparin (BD, UK). CRC cell lines were grown up from laboratory stocks, originating from the European Collection of Cell Cultures and the American Type Culture Collection. All cells were stored in fetal bovine serum (FBS) with 10% DMSO at -80°C. The cells were managed in sterile conditions in a laminar airflow hood, at all times, and incubated at 37°C with 5% CO2. Cell lines were grown in D-MEM (Dulbecco’s Modified Eagle Medium (1X) liquid (High Glucose), 10% FBS, 1% penicillin/streptomycin) and the cells were grown in 25 cm2, 75 cm2, 175 cm2 and 1720 cm2 vented tissue culture flasks, with 20 mM HEPES buffer added. The cells were observed using a phase contrast microscope. Cell counts and viability were determined by the exclusion of Trypan blue dye by light microscopy. Mycoplasma infection was excluded in all cell lines, using the Lonza MycoAlert Mycoplasma Kit (Lonza, ME, USA).



TIL Isolation and Expansion

In a laminar flow hood, the tumor was sliced into small (2 mm x 2 mm) chunks and each one placed into 2 mL T cell medium, containing extra antibiotics to eliminate gut bacteria and yeast (AIM-V/10% Human serum/25 mM HEPES/6000 IU/mL IL-2/50 μg/mL neomycin/2 μg/mL micofungin/55 µM β-mercaptoethanol/15 μg/mL metronidazole/20 μg/mL vancomycin). The TILs were maintained at 1x106 cells/mL in T cell medium in a 24-well plate for 14-21 days. The cells were subsequently FACS analyzed to determine the proportion of CD8+ TILs and aliquots frozen.

TILs were rapidly expanded using a standard rapid expansion protocol (REP), as described by Dudley and colleagues (27). Briefly, 1x106 thawed TILs were added to REP medium (2x108 irradiated PBMCs/30 ng/mL OKT3/6000 IU/mL IL-2/50 mL RPMI 10% HS/50 mL AIM-V/50 μg/mL neomycin/2 μg/mL micofungin/55 µM β-mercaptoethanol/25 mM HEPES). Half of the medium was exchanged on day 5. On day 7 the TILs were counted and their density reduced to 0.5 million/mL. Cells were maintained at 0.5 million/mL until day 14 when aliquots of up to 30 million TILs were frozen.



Isolation of HLA-Associated Peptides

HLA class I molecules were immunoaffinity purified from samples, and their associated peptides were extracted as described previously (22, 28). Briefly, 1x109 cells, or 1 g of tissue were lysed in 10 mL of 20 mM Tris-HCl pH 8.0/150 mM NaCl with 1% 3-[(3-cholamidopropyl) dimethylammonio]-1-propane sulfonate (CHAPS)/1 mM PMSF/5 μg/mL aprotinin/10 μg/mL leupeptin/10 μg/mL pepstatin A/and phosphatase inhibitor cocktails II and III (Sigma-Aldrich, UK) at 4°C. Tissues were homogenized, on ice. The lysate was subject to ultra-centrifugation at 100,000 x g, for 1 hour, at 4°C (Optima LE-8K (Ti70 rotor), Beckman-Coulter, UK). Supernatants were incubated overnight with W6/32 antibody-bound NHS sepharose beads, specific for HLA class I molecules (Amersham Pharmacia Biotech). The beads then underwent a series of washes in lysis buffer, TBS (20mM Tris-HCl/150 mM NaCl pH 8), TBS2 (20 mM Tris-HCl/1 M NaCl pH 8), and 20 mM Tris-HCl pH 8. Peptides were eluted from the MHC class I molecules with 10% acetic acid and isolated by ultrafiltration (Ultrafree-MC, Millipore).



HLA-I Phosphopeptide Enrichment by IMAC

As previously described (29), samples were initially passed through C18 microcapillary cleanup-columns to desalt, internal standards were added and the samples dehydrated. Prior to phosphopeptide enrichment using Fe+3-immobilized metal affinity chromatography (IMAC), peptides were esterified to neutralize acidic groups on the peptides and prevent non-specific binding (29). IMAC columns, created in-house, as described previously (29), were used to enrich for phosphopeptides. These were eluted directly onto a C18 precolumn, and transferred to an analytical column containing irregular C18 packing material equipped with an electrospray emitter tip. Two further internal standard peptides, were loaded prior to analysis.



HPLC-ESI-MS/MS Analysis of IMAC Enriched Phosphopeptides

Enriched phosphopeptides were gradient eluted through an electrospray tip directly into a Thermo Scientific LTQ-FT-ion cyclotron resonance mass spectrometer equipped with an Agilent 1100 series binary HPLC. Mass spectra were acquired in the high-resolution Fourier transform mass analyzer, and the tandem MS spectra were acquired in the linear ion trap of the LTQ-FT-ion cyclotron resonance instrument using collision-activated dissociation (CAD) and electron transfer dissociation (ETD). Detailed methods have been previously described (29).

Data analysis was performed by using the Xcalibur software (Thermo Electron Corporation). The data files were searched against the RefSeq database (downloaded June 2009) using OMSSA (version 2.1.1) (30). An in house software program called “Neutral Loss Finder” was also used to identify phosphopeptides from their neutral loss of phosphoric acid (98 Da) in MS2 CAD spectra. OMSSA and neutral loss search results were used to guide the analysis, but all peptide sequences were determined by accurate mass measurement and manual interpretation of the MS2 spectra using theoretical peptide fragment ion masses (Supplementary Figure 1).



HLA Typing and Epitope Prediction

HLA sequences were obtained to 2 digits from the NHS clinical facility. The MHC-I binding predictions were made on 7/22/2017 using the IEDB analysis resource Consensus tool and the 6 predetermined HLA alleles for each patient (31).



Intracellular Cytokine Staining

CD8+ T cells were extracted from frozen stocks using magnetic cell separation (Miltenyi Biotec, Germany). TIL responses were expanded over 6 days. 100,000 irradiated CD8- TILs/well in TIL medium (50% AIM-V, 40% RPMI, 10% Human serum, 100 IU/mL penicillin, 100 μg/mL streptomycin, 100 mg/mL Neomycin, 2 mg/mL Micafungin, 7.5 μg/mL metronidazole, 2000 IU/mL IL-2) were pulsed with 10 μg/mL peptide overnight. These were washed and added to 200,000 CD8+ TILs/well of a 48-well plate in TIL medium. The positive control was stimulated with 1 μg/mL PHA. On day 6 the TILs were all washed twice in AIM-V and resuspended in TIL medium containing 5 μg/mL of Brefeldin A and monensin. Each well was restimulated overnight with CD8- TILs that had been peptide pulsed for 2 hours with 10 μg/mL of the relevant peptide. They were then harvested, washed with PBS and stained with a fixable viability dye (APC-Cy7) (eBiosciences) and the surface antibodies, anti-CD3 (APC) and anti-CD8 (PerCP) (Biolegend, Cambridge, UK). The cells were then washed in MACS buffer, fixed, using 2% paraformaldehyde, washed, permeablized using 0.5% saponin, and stained with anti-IFNγ (PE), anti-IL-2 (Pacific blue) and anti-TNFα (PE-Cy5.5) (BioLegend, Cambridge, UK) for 30 minutes at room temperature. Cells were washed again with MACS buffer and lightly fixed until they could be analyzed on the BD LSR-Fortessa flow cytometer (BD, Oxford, UK).



Immunohistochemistry

Sections of formalin fixed paraffin embedded tumor were baked at 60°, deparaffinized in xylene and rehydrated in descending gradient alcohols. The Leica Bond-max was used for staining, alongside Leica antibodies (Leica, UK). Endogenous peroxidase activity was blocked by incubation with 3% hydrogen peroxide for 5 min. Mouse monoclonal anti-human antibodies (Leica, UK) were applied as per manufacturer’s instructions. Sections were then incubated with HRP polymer for 8 min, washed and then developed for 10 min using diaminobenzidine (DAB) solution. The sections were counterstained in hematoxylin, dehydrated in alcohol and xylene and mounted using an automated coverslipper (Leica, Germany).



Enzyme-Linked Immunospot Assay

A cultured ELISpot was used, as previously described (19). PBMCs were cultured in AIM-V medium (Invitrogen) for 6 days with 2 ug/mL peptide at 5x105/mL. The ELISpot PRO for human IFNγ kit (Mabtech, Sweden) was used for these experiments. On day 6 cells were washed and transferred in AIM-V to the pre-washed polyvinylidene difluoriden (PVDF)-backed microplates coated with a monoclonal antibody specific for human IFNγ. The cells were restimulated with the relevant peptide at 2 µg/mL, and the CD3 monoclonal antibody (100 ng/mL) added to the positive control. The microplate was incubated for overnight at 37°C. The cells were then removed and the plate treated as per manufacturer’s instructions. Once dry, the spots representing individual IFNγ secreting cells were counted using an ELISpot reader (AID ELISpot Reader HR XL, Advanced Imaging Devices GmbH, Germany) and images captured using the AID ELISpot Software 4.0 (AID GmbH, Germany).



Generation of Phosphopeptide-Specific T Cell Lines

CD8+ TILs were plated at 1x106/mL in TIL medium and stimulated with 10 μg/mL of the relevant peptide. On days 7 and 10 TILs were adjusted to 5x105/mL and half of the medium exchanged. On day 14 phosphopeptide-specific TILs were selected, using CD137 MACS (Miltenyi biotech). Half of the cells were peptide pulsed for 2 hours, washed and added to the other half overnight. These were then rapidly expanded, and used in a killing assay on day 24.



Killing Assay

A Europium release assay was used, which produces results that are similar to the classical chromium release assay (32). Target cells were washed in the relevant medium and resuspended to 1 million cells/mL. 2.5 μL/mL of the BATDA fluorescence enhancing ligand was added and the cells incubated for 30 minutes at 37°C, 5% CO2 in a humidified environment. The cells were washed five times in excess medium. 10,000 target cells were added to each well of a V-bottomed 96-well plate. T cells at varying effector to target (E:T) ratios were added to the test wells. Lysis buffer was added to the wells for maximal release. All well volumes were made up to 200 μL. The plate was incubated for 2-5 hours in a humidified 5% CO2 atmosphere at 37°C. 20 μL of each supernatant was transferred to a flat-bottomed, white, 96-well plate and 200 μL of Europium solution was added. This was incubated for 15 minutes, shaking, at room temperature. The fluorescence was measured in a time-resolved fluorometer (Tecan Infinite 200 PRO; Tecan, Switzerland).



Statistical Analysis

Statistical analysis was performed using Graphpad Prism 5.0. EulerAPE was used to produce the Euler diagrams (33). Weblogo was used to generate the sequence logos (34).




Results


Tumor-Specific HLA-I Phosphopeptides Are Presented by CRC Cell Lines and Tumors

To identify tumor-specific phosphopeptides, we compared HLA-I phosphopeptides found on healthy colon tissue to those on tumor tissue. HLA-peptide complexes were affinity purified, the HLA-bound peptides eluted, and immobilized metal affinity chromatography (IMAC) was used to enrich for phosphopeptides, which were identified using liquid chromatography with tandem mass spectrometry (LC-MS/MS) (Figure 1 and Supplementary Figure 1). Three primary tumors, two liver metastases and three CRC cell lines were used to identify a total of 198 phosphopeptides, of which 120 were tumor-associated in our cohort: 74 tumor-specific (identified only on tumor), 12 tumor-associated (at least 10-fold higher amounts identified on tumor than on healthy tissue), and 34 CRC cell line-associated phosphopeptides (Supplementary Tables 1–5). More phosphopeptides were identified on primary tumors than neighboring healthy colon tissue – 3.1 fold more, with 73% of phosphopeptides being assigned as tumor-specific (Figures 2A, B). Liver metastases presented even more tumor-specific phosphopeptides − 1.5 fold the number identified on the primary CRC tumors. Many more phosphopeptides were also seen in neighboring healthy liver tissue than healthy colon tissue, so the number of phosphopeptides identified on healthy liver tissue and CRC liver metastases were comparable (Figure 1B).




Figure 1 | The work-flow used to identify phosphopeptides from CRC tumors and to test TIL responses to the phosphopeptides identified. Tumor and neighboring healthy tissue samples were taken at resection. Some tumor was cultured and the TILs expanded, using high-dose IL-2. The remaining sample was homogenized in sample buffer and HLA-I complexes affinity purified with immobilized W6/32 antibody. The peptides were acid eluted, the phosphopeptides IMAC enriched and then characterized using LC-MS/MS. Synthetic phosphopeptides were used to test TIL responses to the phosphopeptides identified on the tumors using an intracellular cytokine staining assay.






Figure 2 | Phosphopeptides identified from colorectal cancer samples – putative cancer antigens. (A) Comparison of phosphopeptides identified on tumors and healthy tissue from CRC patients with primary (n=3) and secondary (n=2) tumors and CRC cell lines (n=3). (B) Proportion of the phosphopeptides identified on primary and secondary tumors that were healthy specific (not detected on tumor) (blue), healthy associated (more detected on healthy than tumor tissue) (purple), equal (where equal was within one order of magnitude) (green), tumor associated (more detected on tumor than healthy tissue) (orange) and tumor specific (not detected on healthy tissue) (red). (C) The number of phosphopeptides identified predicted to bind to different HLA-I. Pie charts show the proportion of phosphopeptides shared (red) across multiple patients’ samples for the most common HLA-alleles. (D) Overlap of HLA-A*02 and HLA-B*07 phosphopeptides identified on CRC (pink) with those found on other types of malignancy; melanoma (blue) and leukemia (yellow).



The phosphopeptides identified were predominately nine (63%) or ten (23%) amino acids long and contained phosphoserine (92%) at position four (71%) (Supplementary Figure 2). These phosphopeptides were predicted to be presented by 16 different HLA alleles, but nonetheless 23% were shared across multiple patients’ samples in our cohort (Figure 2C and Supplementary Figure 3; Supplementary Tables 3–5). This proportion increased to 40% when looking at HLA-B*07, a commonly expressed HLA allele (n=3) that presents many phosphopeptides (Figure 2C and Supplementary Figure 4). The list of CRC-associated phosphopeptides was compared with published lists of leukemia and melanoma phosphopeptides (19, 20). Many of the CRC phosphopeptides have been identified on other malignancies - 11/19 (58%) of HLA-A*02, and 19/48 (40%) of HLA-B*07 phosphopeptides, with a subset being shared across all malignancies tested (Figure 2D and Supplementary Table 6). These shared epitopes may be representative of mitogenic signaling pathways shared across cancers. Therefore, we mapped the proteins to known CRC oncogenic pathways (35), and demonstrated that many of the tumor-specific HLA-I phosphopeptides derive from proteins involved in key signaling pathways, such as Wnt, MAP kinase, TGFβ and p53 (Supplementary Figure 5). Although we have denoted many of the phosphopeptides as tumor-specific, because we could not identify them on healthy tissue, there may be small amounts present on healthy cells that are below the limits of detection in mass spectrometry, or on other tissues that were not sampled. Regardless, the detection of PTM tumor antigens, which are associated with key signaling pathways, on CRC tumors hinted that they could be targeted by TILs.



Patient TILs Target Tumor-Specific HLA-I Phosphopeptides

Immunohistochemical analysis of patient tumors revealed T cell infiltration of the stroma in all cases, with functional cytotoxic T cell infiltration of the tumor apparent in the primary CRC tumor (Figure 3A). To assess whether patients harbored tumor-resident T cells capable of targeting the HLA-I phosphopeptides identified on autologous CRC tumor, TILs were extracted, expanded using cytokines, and frozen (27). Once the phosphopeptide analyses were complete, we selected the tumor-associated and tumor-specific phosphopeptides binding common HLA alleles for further study. After a 6-day culture with peptide, we quantitated immunity within the TILs against phosphopeptides, or control viral peptides (19), using intracellular cytokine staining (ICS) (Figure 3B and Supplementary Figure 6). We observed that multifunctional, memory TILs target many of the phosphopeptides identified in a CRC liver metastasis sample (CRCLM1) and a single phosphopeptide in primary CRC sample - CRC3 (RRIsDPQVF, which was predicted to bind HLA-C*06 in this patient), producing TNFα, IFNγ, and IL-2, but no TIL responses targeting phosphopeptides were detected in CRCLM2 (Figures 3C–E and Supplementary Figures 6–8). Considerable variability was observed in TIL responses, but despite this variation, clear TIL responses to a subset of the LC-MS/MS detected HLA phosphopeptides were seen. Surprisingly, phosphopeptides that were also present on adjacent healthy tissue could be targeted by TILs. Namely, those targeting RRIsDPQVF in CRC3, which was found at 18 times greater concentration on tumor than healthy colon tissue (Supplementary Table 5 and Figure 3E), and two phosphopeptides identified on CRCLM1, though these were identified only at very low concentrations (<1fmol/g) on neighboring healthy liver tissue (Supplementary Figure 9). In this small cohort, all TIL responses to the HLA-I phosphopeptides were unique; therefore, we expanded our cohort of patients to investigate whether TIL responses to shared HLA-I phosphopeptides could be found more broadly in CRC patients.




Figure 3 | TILs target phosphopeptides found on CRC tumors. (A) Immunohistochemistry (IHC) of the tumors that TILs were taken from, stained for CD3, CD8, CD45RO and Granzyme B (DAB staining in brown). Some slide images unavailable due to loss of section. (B) ICS gating strategy utilized in assessment of TIL phosphopeptide responses. (C) CRCLM1 TIL cytokine responses to phosphopeptides identified on CRCLM1 (results represent the assay repeated on 2 separate occasions, with differentially expanded TILs), pie charts show the proportion of T cells producing 1 (blue), 2 (pink) and 3 (purple) cytokines. Consistently strong responses are highlighted in purple. (D) CRCLM2 TIL cytokine responses to phosphopeptides identified on CRCLM2. (E) CRC3 TIL cytokine responses to phosphopeptides identified on CRC3, pie chart shows the proportion of T cells producing 1 (blue), 2 (pink) and 3 (purple) cytokines.





T Cells Targeting CRC HLA-I Phosphopeptides Are Present in CRC Patient Tumors and Peripheral Blood

We have demonstrated that the same tumor-specific HLA-I phosphopeptides are presented on CRC tumors from different patients, and also on other malignancies. To evaluate if any CRC phosphopeptides are commonly targeted by CRC patient TILs, we selected a subset of phosphopeptides that were predicted to bind to commonly expressed HLA-I alleles - HLA-A*02, HLA-C*06 and HLA-C*07 - and have also been identified in other malignancies (19, Penny et al., unpublished). TIL responses were assessed, using ICS, in a small cohort of patients. In all of the patients tested, we found TILs targeting the CRC-associated HLA-I phosphopeptides, with moderate to strong responses against two peptides (Figure 4A). These TIL responses were detected against an HLA-A*02-associated phosphopeptide from tensin 3 (VMIGsPKKV) and an HLA-C*07-associated phosphopeptide from selenoprotein H (RRGsFEVTL), with responses comparable in magnitude to those targeting control viral antigens. Thus, we identified shared tumor-specific phosphopeptide antigens on CRC and demonstrate that these same phosphopeptides are targeted by TILs in tumors whose HLA peptidomes have not been characterized by LC-MS/MS.




Figure 4 | T cells targeting CRC phosphopeptides are found in a number of patients. (A) Summary of CRC TIL cytokine responses to common phosphopeptides (n=3). Box and whisker plots comparing HD and CRC patient PBMC IFNg production targeting (B) HLA-A*02-associated phosphopeptides and (C) HLA-C*07-associated phosphopeptides; median, interquartile range (box) and minima to maxima (whiskers) are shown. Responses that were absent (red circles) in CRC patients are highlighted. Green circles highlight the responses that were significantly higher in CRC patients than HD (Mann-Whitney U, * denotes p<0.05). Green stars highlight the phosphopeptides to which at least one patient had a high PBMC response.



To investigate whether the T cells that target HLA-I phosphopeptides could be found in the peripheral blood of CRC patients, we used cultured IFNγ ELISpot (Supplementary Figure 10), and compared responses between CRC patients and healthy donors. We detected T cells targeting HLA-I phosphopeptides in the peripheral blood of CRC patients (Figures 4B, C and Supplementary Figure 11). Interestingly, responses targeting some of the CRC-associated HLA-I phosphopeptides were absent in CRC patients, but present in healthy donors, as has been seen in other malignancies (19, Buettner et al., unpublished) (Figures 4B, C, denoted by filled red circles). However, there were also HLA-I phosphopeptides that elicited higher responses in CRC patients than their healthy counterparts (Figures 4B, C, open green circles), some significantly so - namely RAHSsPASL (p=0.032) a peptide from transcriptional coactivator YAP1, from the TGFβ signaling pathway (Figure S4) and TRKtPESFL (p=0.036) a peptide from Epsin-1. Of note, strong responses could also be seen in the circulating T cells of many CRC patients targeting HLA-A*02-associated peptides RVAsPTSGV and VMIGsPKKV (Figure 4B), and HLA-C*07-associated peptide RRGsFEVTL (Figure 4C and Table 1). Although interpretation of these results is limited by the small patient cohort, the peripheral T cell responses observed align with responses seen in other patients at the tumor site, and warrant future investigation in additional CRC patients, as there appears to be a clear role for phosphopeptide-specific T cells in CRC.


Table 1 | Summary of responses to key CRC HLA-I phosphopeptides.





Phosphopeptide-Specific T Cells Can Kill, but May Become Dysfunctional

To test phosphopeptide-specific T cell functionality, T cell lines were established from primary CRC TILs and healthy donor peripheral blood mononuclear cells (PBMCs). Phosphopeptide-specific cells were enriched using magnetic cell sorting for activation marker CD137, after stimulation with phosphopeptide (Supplementary Figure 12). Surprisingly, when we evaluated cytotoxicity, the extensively expanded, phosphopeptide-specific TILs tested did not kill phosphopeptides pulsed target cells (Figure 5A). Nonetheless, some of the CD8+ TILs were activated in response to phosphopeptide, but not its unphosphorylated counterpart, with 16.7% upregulating the T cell activation marker CD137 (Figure 5B). Thus proving the TILs specifically target the phosphopeptide, and not the unmodified peptide. Unlike the TILs, T cell lines grown from healthy donor PBMCs targeting VMIGsPKKV and RVAsPTSGV were functional and did kill, in a dose-dependent manner (Figures 5C, D and Supplementary Figure 13). These observations suggest a loss of functional competence in HLA-I phosphopeptide specific T-cell responses - either at the tumor site, or due to their extensive ex vivo expansion – as phosphopeptide-specific T cells can clearly target and kill CRC cells.




Figure 5 | Phosphopeptide-specific T cells can kill, but expanded TILs do not. (A) A europium release assay, using a VMI-specific T cell line grown from patient (CRC5) TILs to target T2 cells pulsed with phosphopeptide VMIGsPKKV, or unphosphorylated VMIGSPKKV. (B) Flow cytometry to show the activation and degranulation of VMI-specific CRC5 TILs when stimulated with unphosphorylated VMIGSPKKV (top) and phosphorylated VMIGsPKKV (bottom). Healthy donor T cell lines targeting (C) VMIGsPKKV and (D) RVAsPTSGV were used in a europium-release killing assay with a CRC cell line natively expressing the phosphopeptides (SW620).






Discussion

Despite T cell infiltration of CRC being well-established as the most important predictor of prognosis in CRC, the targets of these T cells remain ill-defined (1, 3, 5, 6, 9). This has limited the development of antigen targeted immunotherapies in CRC, especially as the vast majority of tumors are MSS and have a low to moderate TMB (6). Recently, case reports have demonstrated promising proof of concept for adoptive T cell (ATC) therapy - targeting a HLA-C*08 restricted mutational neoantigen (KRAS G12D) in metastatic CRC - showing it to be both safe and effective (36). However, targeting mutational neoantigens is limited by the low frequencies of public neoantigens combined with the highly polymorphic nature of HLA alleles (37). Here, we have identified 74 tumor-specific HLA-I bound phosphopeptide antigens from primary and secondary CRC tumors, which may represent targetable PTM tumor antigens in CRC. We have shown that CRC TILs target these phosphopeptides, implicating them in tumor immunity and thus indicating that they may be favorable candidate immunotherapeutic targets. Importantly, although HLA-restricted, these PTM tumor antigens are public and consequently afford the opportunity to develop “off-the-shelf” cell therapy approaches. Future immunotherapeutic strategies could include: ATC therapy, using phosphopeptide-specific T cells expanded ex vivo, or engineered TCRs; chimeric antigen receptor (CAR) T cells; the use of bispecific TCRs targeting phosphopeptides; a phosphopeptide vaccine; or a combination therapy, including ICB (38–40).

Our data indicate that HLA-I phosphopeptides may be favorable candidate immunotherapeutic targets for several reasons. Firstly, we have shown a link between cancer signaling and HLA-I phosphopeptide presentation, in that some HLA-I phosphopeptides are tumor specific, and their numbers increase with tumor stage progression (Figures 2A, B). This mirrors an increase in aberrant signaling as cancers progress and metastasize (18). However, although the number and amount of phosphopeptides presented appeared to correlate with malignancy, these differences could also have been attributed to the specific binding preferences of the expressed HLA alleles. For example, we show that both HLA-B*07 and HLA-B*27 present more phosphopeptides than other alleles (Figure 2C and Supplementary Figure 4A), as previously reported (41). This overrepresentation could be ascribed to the similarity of the HLA- and the kinase- binding motifs (Supplementary Figure 4B). Nonetheless, of the two HLA-B*07 samples (CRC1 and CRCLM1, from different patients), the liver metastasis sample presented more than twice the number of HLA-B*07 phosphopeptides, indicating that this increased presentation is actually driven by the metastatic status of the tumor. We show that at least a quarter of these HLA-I phosphopeptides are derived from essential cancer signaling pathways, which may therefore limit the scope for tumor immune escape by loss of antigen (Supplementary Figure 5) (42). Since little is known about the effects of phosphorylation at the specific sites on most of the phosphopeptide source proteins (Supplementary Tables 3–5), it is difficult to reach firm conclusions about their contribution to the malignant state, creating the possibility that even more CRC phosphopeptides are implicated in cancer signaling than currently described.

Secondly, we have shown that these HLA-I phosphopeptides are public antigens, with up to 40% of the phosphopeptides presented by common HLA alleles found on more than one sample in our small cohort (Figure 2C and Supplementary Figure 2C). This would make any targeted therapies widely applicable at a population level, potentially against any malignancy. Of note, many of the phosphopeptides identified were attributed to HLA-C*07, a common allele (37-69%) across European and African populations and known to contribute significantly to tumor immunity (43, 44). Further examination of a larger CRC patient cohort is needed to confirm which phosphopeptides are most frequently presented. Promisingly, some of the identified phosphopeptides were predicted to bind different HLA-I alleles in different patients, suggesting that presentation may be not be limited by specific HLA-type, but apply across different HLA superfamilies (Supplementary Tables 3–5) (41).

Thirdly, we have shown that some of the tumor-resident immunity in CRC, which is known to be of prognostic significance, targets HLA-I phosphopeptides (Figures 3 and 4) (1, 3, 5, 9). This was true of TILs in the tumors in which we had identified the phosphopeptides (Figure 3), and in a further cohort of primary CRC tumors (Figure 4A). Previously, it has been suggested that many of the TILs in CRC are merely bystanders - not directly targeting the tumor (45). Indeed, viral responses were also assayed here, and these bystander responses were strong. However, we clearly demonstrate that at least some TILs are targeting phosphopeptides. The frequency of TILs targeting each individual phosphopeptide was low, but this has also been seen with other tumor antigen specific TILs (46). Taken together with the data from patient PBMCs, we can conclude that HLA-I phosphopeptide-specific TILs represent a subset of the tumor-resident immunity to CRC. We have also shown that phosphopeptide-specific T cells can target and kill tumor cells (Figures 5C, D and Supplementary Figure 13). Thus, these may prove ideal candidates for future immunotherapeutic strategies.

The use of phosphopeptides as immunotherapeutic targets would have limitations. Primarily, the presence of HLA-I phosphopeptides on other healthy tissues, which we discovered particularly on the “healthy” liver tissue, neighboring CRC liver metastases. This could be due to the presence of microscopic metastases; however, it may also be attributable to the role of the liver in tolerizing antigen from the gastrointestinal tract (47). There were TILs that targeted HLA-I phosphopeptides identified on healthy tissue. If this were not simply due to micrometastases, it might suggest a low T cell functional avidity, which would prevent auto-reactivity and enable targeting of tumor cells, where antigen density is much higher (48). Therefore, in these cases it would not be appropriate to use any therapeutic strategies that involve the modulation of TCR affinity, such as bispecifics (39). Strikingly, peripheral T cell responses were detected in heathy donors targeting most of the CRC phosphopeptides (Figures 4B, C). These responses may be initiated in healthy donors when pre-malignant transformation events occur, perhaps caused by infection with transforming viruses (19). In CRC, transforming events may also be initiated by bacteria, such as enterotoxigenic Bacteroides fragilis or Fusobacterium nucleatum (49, 50). The fact that some healthy donors have T cells targeting these phosphopeptides suggests that these phosphopeptides are not presented on other healthy tissues, since these donors are not showing symptoms of autoimmunity. Furthermore, phase I clinical trials using a phosphopeptide vaccine have proven safe in melanoma, which included one of the CRC phosphopeptides of interest RVAsPTSGV (40). Therefore, any therapy targeting these PTM tumor antigens should not be limited by off-target effects.

Another potential limitation of therapeutically targeting HLA-I phosphopeptide antigens is the lack of functional response seen in patient TILs in vitro. We show that phosphopeptide-specific T cell lines can kill CRC cell lines in a phosphopeptide-specific manner (Figures 5C, D and Supplementary Figure 13). This is in accordance with data from previous studies, where phosphopeptide-specific T cells were observed to kill ex vivo from leukemia patients and in vivo in a mouse melanoma model (19, 51). However, a line derived from CRC patient TILs, although activated, did not kill (Figures 5A, B). This difference in function may explain why the tumor is persisting in these patients - perhaps these T cells have become exhausted and no longer kill, or they may be functionally altered by the tumor microenvironment (52, 53). Recent studies in CRC have suggested roles for immune checkpoints other than PD-1, and exhaustion markers, such as CD39, CD73, TIM-3, LAG-3 and TIGIT (52). Limitations due to exhaustion or checkpoint blockade could be overcome using combination therapies with a checkpoint blockade inhibitor, or therapies targeting coinhibitory receptor molecules, or enhancing costimulatory immune checkpoint molecules, as has proven effective in preclinical vaccine models (54). An alternative explanation could be that the TILs lost function during the expansion in vitro (55), since using “young” TILs we observed phosphopeptide-specific upregulation of degranulation marker CD107a (Figure S14). These in vitro effects could be overcome using modified expansion protocols, to provide successful ATC therapies (56).

This study is too small to establish the clinical significance of patient T cell responses targeting HLA-I phosphopeptides. Previously, we observed that CLL patients without immunity to phosphopeptides did less well clinically (19). Although anecdotal at this stage, here we saw very few TILs targeting HLA-I phosphopeptides in the one CRC patient (CRC6) who did suffer recurrence (Figure 4A). A larger scale study in CRC is needed to determine whether having higher responses targeting tumor-specific phosphopeptides correlates with better patient outcomes. Intriguingly, we observed stronger peripheral T cell responses targeting many of the HLA-I phosphopeptides in CRC patients than healthy donors, whereas previously, in leukemia, we showed that a subset of patients have absent or impaired responses to phosphopeptides (19). The difference between the PBMC responses in CRC and leukemia patients may be due to the inherent difference between solid tumors and blood malignancies – that the tumor microenvironment can be controlled in a solid tumor, so whilst CRC patients may retain phosphopeptide-specific T cells their function may be impaired at the tumor site. Although there were also HLA-I phosphopeptides that did not elicit T cell responses from CRC patients (Figures 4B, C), given that CD8 T cells are known to control tumor growth in CRC, then the more interesting responses may be those that we have seen in tumor-resident T cells and observed to be higher in CRC patients’ peripheral blood (1–3, 9). This approach is further supported by recent reports describing the presence of memory T cells in the peripheral blood of CRC patients that target tumor-associated antigens (57), and mutational neoantigens (58). Using T cells extracted from the peripheral blood in ATC therapies would have demonstrable benefits over the requirement for surgically obtained TILs.

In conclusion, we have shown that the targets of tumor-resident CD8 T cells include PTM tumor antigens, namely HLA-I phosphopeptides. Once these findings have been validated in a larger patient cohort, tumor-specific phosphopeptides may provide an optimal target for future immunotherapeutics. Critically, these HLA-I associated phosphopeptides are public antigens - often shared across patients presenting the same HLA molecules. This would make any targeted therapies widely applicable at a population level, potentially against any malignancy. Our future efforts will be devoted to expanding this work into larger patient cohorts to further our understanding of phosphopeptide targeting by effector T cells, and to ultimately develop more efficacious immunotherapies for CRC.
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Background

Hepatocellular carcinoma (HCC) is a common gastrointestinal malignancy with high incidence and poor prognosis. Common treatment methods include surgery, transcatheter arterial chemoembolization (TACE), ablation, and targeted therapy. In recent years, combination treatment with antiangiogenic therapy and immune checkpoint inhibitors has made great progress in the treatment of advanced HCC. Here, we report the case of a patient with HCC who achieved a durable benefit from anti-vascular therapy and immune checkpoint inhibitors combined with intratumoral cryoablation.



Main Body

A 38-year-old male patient initially presented with severe abdominal pain that was identified as an HCC rupture and hemorrhage by computed tomography (CT). The patient underwent emergency surgery and postoperative pathology confirmed HCC. The patient received prophylactic TACE after surgery. Unfortunately, three months after surgery, the patient developed multiple liver metastases. Subsequently, he received systemic anti-vascular therapy and immune checkpoint inhibitors combined with intratumoral cryoablation. After treatment, the patient achieved extensive tumor necrosis and the disease was effectively controlled.



Conclusions

Anti-angiogenic therapy and immune checkpoint inhibitors combined with cryoablation can induce a powerful and effective systemic anti-tumor immune response, which is worthy of further research.
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Introduction

Liver cancer is a common gastrointestinal malignancy that is associated with a poor prognosis. Currently, among all cancers, liver cancer ranks 6th for incidence and 3rd for mortality globally (1). The two main liver cancer subtypes are hepatocellular carcinoma (HCC) and intrahepatic cholangiocarcinoma, of which HCC accounts for more than 90% of primary tumors of the liver. At present, treatment methods for HCC include surgical therapy, transcatheter arterial chemoembolization (TACE), ablation therapy, molecular targeted therapy and immunotherapy (2). However, a majority of patients with HCC are detected at an advanced stage that precludes surgical treatment and for patients able to undergo surgical intervention the postoperative recurrence rate is high. This limits the application of surgical therapy and contributes to the poor clinical prognosis for HCC.

For patients with advanced HCC with extrahepatic spread, treatment is usually based around the molecular targeted therapies sorafenib and lenvatinib. In recent years, the development of immunotherapies such as immune checkpoint inhibitors have also led to great progress in the treatment of HCC (3). In particular, based on the results of the IMbrave150 trial, combination treatment with atezolizumab (an immune checkpoint inhibitor) and bevacizumab (an anti-angiogenic agent) has been approved as a first-line treatment for advanced HCC and is recommended by the National Comprehensive Cancer Network treatment guidelines in this setting (4). However, although immune checkpoint inhibitors have achieved good outcomes in HCC, the application of immunotherapy in HCC still faces many challenges such as the relatively low response rate characteristic of this class of therapy and a lack of tumor biomarkers to identify treatment-sensitive patients.

Image-guided tumor ablation (radiofrequency, microwave or cryoablation) has been applied to numerous cancers, including renal cell carcinoma, prostate cancer, lung cancer, and liver cancer with promising short-term results. However, cryoablation has several comparative advantages over radiofrequency ablation and other thermal-based ablation approaches, including the ability to produce a larger and more precise ablation area, a more clearly identifiable therapeutic area, and the ability to stimulate immune regulation to produce ectopic tumor suppressive effects (5, 6).

Here, we report the case of a patient with HCC diagnosed as the result of tumor rupture and hemorrhage who experienced a sustained survival benefit following treatment with antiangiogenic and immunotherapy combined with intratumoral cryoablation after post-surgical tumor recurrence. To our knowledge, this treatment strategy has not been previously reported.



Case Description

A 38-year-old Chinese male patient presented to the hospital in March 2019 with severe abdominal pain. Computed tomography (CT) imaging indicated that the patient had a ruptured liver tumor in the lower right lobe of the liver and was experiencing bleeding. The patient had a history of chronic viral hepatitis B (HBV) with no previous antiviral therapy. His mother and brother also had a history of chronic HBV. The patient had no family history of cancer. The patient underwent an emergency liver tumor resection on March 2019. A postoperative pathological diagnosis revealed HCC with tumor thrombus in the vessel (Figure 1A). Hepatic arteriography was performed one month after surgery, and no tumor staining was observed in the liver. In addition, Positron Emission Tomography-CT (PET-CT) indicated no systemic metastasis after resection of the tumor in the lower right lobe of the liver. A time course of the entire case is shown in Figure 2.




Figure 1 | Pathological data. (A) Hepatic surgery specimens showed histological characteristic of hepatocellular carcinoma. (B) Liver puncture specimens showed no histological characteristic of malignancy. (hematoxylin-eosin stain; original magnification 40×and 200×).






Figure 2 | Representative upper abdominal imaging showing changes in the liver tumor throughout the treatment period and the patient’s course of treatment. After intratumoral cryoablation combined with antiangiogenic therapy plus immune checkpoint inhibitors, the patient’s liver tumor was necrotic, with no obvious tumor activity, and some tumor lesions disappeared and shrank, which were evaluated as a complete response according to mRECIST.





Diagnostic Assessment

On August 26, 2019, the patient underwent routine follow-up with an enhanced magnetic resonance imaging (MRI) of the upper abdomen, which revealed multiple metastatic tumors in the liver, the larger ones were around 6.3 x 4.3 x 4.7 cm, with hepatic hilar lymph node metastasis, suggesting that the patient’s Barcelona Clinic Liver Cancer (BCLC) stage was stage C (Figure 2). At this time, the patient’s alpha fetoprotein (AFP) was 6050 ng/mL. Subsequently, the patient underwent a liver tumor puncture biopsy and next generation sequencing (NGS) was performed on the puncture sample in a College of American Pathologists accredited laboratory (GeneCast Biotechnology Co, Beijing). The test results indicated that the patient had negative programmed cell death ligand 1 (PD-L1) expression, a microsatellite status of MS-Stable, and the tumor mutation burden (TMB) was 3 Muts/Mb. The gene mutation results are summarized in Table 1. The patient subsequently initiated treatment with lenvatinib (12 mg/day) in combination with tegafur gimeracil oteracil potassium capsules (60mg twice daily), but he developed severe nausea and vomiting.


Table 1 | Summary of genetic test results.



The patient came to our hospital in early September 2019, and at this time, the patient’s alpha fetoprotein (AFP) level was 90421.42 ng/mL (Figure 3). Considering that the nausea and vomiting may be mainly caused by the tegafur gimeracil oteracil potassium capsule, we suggested that the patient stop taking tegafur gimeracil oteracil potassium capsules, but continue to be treated with low dose lenvatinib (8 mg/day). On September 5, we performed CT-guided intratumoral cryoablation of one large metastatic tumor in the patient’s liver (other lesions and lymph nodes did not receive cryoablation). A postoperative CT scan revealed complete ablation of the tumor. On the fourth day after cryoablation, we performed a CT-guided puncture biopsy on the metastatic liver tumor that had not received cryoablation, and performed NGS testing on the tissue sample and peripheral blood plasma at GeneCast Biotechnology Co. The NGS sequencing results showed negative PD-L1 expression with MS-Stable microsatellite status and TMB of 18.67 Muts/Mb. The gene mutation results are summarized in Table 1. On September 11, the patient initiated treatment with lenvatinib (8 mg/day) in combination with the immune checkpoint inhibitor toripalimab (240 mg IV infusion every 3 weeks), a humanized monoclonal antibody targeting the programmed cell death 1 (PD-1) receptor. On October 8, the AFP of the patient dropped to 5025.00 ng/mL. An MRI of the upper abdomen indicated that after the comprehensive treatment of the liver tumors, there were multiple masses in the liver. Considering the partial survival of the tumor, the tumor necrosis was more obvious than that in the previous image.




Figure 3 | Serum alpha fetoprotein levels throughout the treatment period (red dots indicate increased and green dots indicate normal levels).



Encouraged by these exceptional results, a decision was made to continue systemic treatment with combined lenvatinib (8 mg orally daily) and toripalimab (240 mg IV infusion every 3 weeks). In early December 2019, the patient’s AFP level had dropped to 17.20 ng/mL. MRI of the upper abdomen showed multiple abnormal signals and partial abnormal enhancement in the liver. Considering most of the tumor necrosis and partial survival, the tumor volume was reduced compared with the previous images taken on 2019-10-09.

Thereafter, the patient continued lenvatinib and toripalimab. An upper abdominal MRI acquired in April 2020 revealed necrosis of the tumor and continued reductions in tumor volume. According to the modified response evaluation criteria in solid tumors (mRECIST), the patient had achieved a complete response (CR). In order to evaluate the extent of residual active tumor tissue in the liver of the patient, we conducted a puncture biopsy on the suspected active tumor under the guidance of B-ultrasound. Pathological assessment of the puncture biopsy samples revealed local hepatocyte hyperplasia with edema and degeneration, and fibrous tissue hyperplasia in some areas. No clear evidence of malignant tumor was found (Figure 1B). The patient has continued this combined treatment regimen until now (last treatment date July 11, 2021), and their AFP level in regular examinations has been consistently below the normal value (0-7 ng/mL). A PET-CT examination in August 2021 showed multiple nodules in the liver, decreased FDG metabolism indicating no active tumor in the liver, and no tumor metastasis in the whole body (Supplementary Figure 1).

During the whole treatment period, the patient had no obvious discomfort, no adverse events related to antiangiogenic therapy or immunotherapy, and their HBV replication level was well controlled.



Discussion

Here, we present the case a patient with metastatic HCC who had disease recurrence following surgery and then received cryoablation followed by combined lenvatinib and toripalimab. The patient achieved a complete response after 7 months of treatment which has been sustained until the submission of this manuscript, giving a progression free survival of 24 months at the last calculation.

The tumor microenvironment is a highly heterogeneous microecosystem composed of tumor cells and their surrounding environment, which is characterized by tissue ischemia, hypoxia and low pH, and evolves with the development of tumor (7, 8). Normalizing the tumor microenvironment to enhance anticancer therapy is currently a research topic of great interest. In particular, a large number of studies have demonstrated that antiangiogenic therapy combined with immunotherapy can normalize tumor vasculature and thus alleviate ischemia and hypoxia in the tumor microenvironment, increase the delivery of drugs and anti-tumor immune cells, and transform the tumor immunosuppressive microenvironment into an immune-supportive microenvironment (9–11). Based on the above mechanisms, anti-angiogenic therapy combined with immunotherapy (atezolizumab plus bevacizumab) has achieved breakthrough progress in the treatment of HCC, and has since been recommended as a first-line treatment for patients with advanced HCC (12). Lenvatinib is a small molecule targeted antiangiogenic agent that is approved for the first-line treatment of HCC. Toripalimab has also been shown to have excellent and durable antitumor activity against a variety of advanced or recurrent malignancies, including HBV-associated HCC (13, 14). Therefore, we treated this patient with lenvatinib combined with toripalimab with the expectation of a robust and durable therapeutic effect.

Cryoablation is a locoregional treatment for tumor lesions that is often used in patients with HCC. Studies have shown that cryoablation is safe and significantly improved local control of HCCs >2 cm in diameter compared with radiofrequency ablation and microwave ablation (15). More importantly, cryoablation can produce an abscopal effect, which is thought to affect cancer cells outside the primary ablation area. At present, the mechanism of abscopal effect in cryoablation is not clear. Cryoablation of the tumor tissue results in cell destruction by freezing. Contrary to heat-based ablative modalities, cryoablation induces tumor cell death by osmosis and necrosis. It is hypothesized that with necrosis, the intracellular contents of the cancer cells stay intact, and that these contents are mechanically similar to vaccination, where hundreds of unique tumor-derived self-antigens are released into circulation (16, 17). However, the release of tumor-derived self-antigens into the circulation alone may not be sufficient to overcome tumor immune escape. Simultaneous boosting of the immune response through the use of immune checkpoint inhibitors may therefore be the optimal treatment strategy to enable the immune system to recognize these novel circulating self-antigens. This hypothesis is supported by multiple studies showing that cryoablation can upregulate the expression of circulating PD-L1/PD-1 (18), and induce a more potent immune response compared with other local treatments such as radiofrequency ablation (19). Therefore, cryoablation combined with immune checkpoint inhibitors is considered to have a synergistic effect (20). Some preclinical and clinical evidence has shown that cryoablation combined with immunotherapy can produce synergies, generating an abscopal effect to distant lesions (21–24). However, this reaction is idealistic and is rarely observed in clinical practice. In the present case, the patient underwent NGS sequencing after cryoablation, and the results showed that the patient’s TMB was significantly higher than observed following initial surgical resection, and the number of mutated genes was also significantly increased. We speculated that this may be a manifestation of novel cryoablated self-antigens formed by the intracellular contents of the cancer cells entering the circulation system after cryoablation.

There have been preliminary studies of the effect of cryoablation on the activation of the immune system, but the effect of cryoablation on tumor blood vessels is less well described. It has been reported that cryoablation of normal rat skin can stimulate local angiogenesis, but the resulting neovasculature may not be fully functional (25). Some studies have found that the expression of vascular endothelial growth factor (VEGF) is up-regulated in tumor tissue after cryoablation, and angiogenesis in residual tumor is significantly increased. Anti-angiogenic therapy can downregulate the expression of VEGF, inhibit tumor angiogenesis, and therefore improve the inhibitory effect of cryoablation on tumors (26, 27). It is well known that in the tumor vascular system, the vascular structure is disordered, the morphology is abnormal, and the structure of vascular walls is incomplete, leading to leakage of the vascular wall, elevated interstitial fluid pressure, and elevated blood flow resistance (28). We therefore hypothesized that new blood vessels formed after cryoablation will also have these characteristics and therefore antiangiogenic therapy combined with cryoablation may also have a synergistic effect. However, the choice of dosage for antiangiogenic therapy is very important.

High-dose antiangiogenic therapy may over-prune tumor vessels, which may adversely affect the delivery of systemic therapies, while low-doses of antiangiogenic therapy can normalize tumor blood vessels, and increase the delivery of anti-tumor drugs and immune cells (29), and at the same time allow the cryoablated self-antigens to efficiently enter the circulation, thus stimulating strong tumor immunity. In addition, the order of drug administration also plays a very important role. Experiments have shown that sequential immunotherapy or chemotherapy after antiangiogenic therapy generates a vascular normalization window and has a better therapeutic effect (28, 30).

A key limitation of this case study is that the patient underwent an emergency surgical resection of HCC and may not represent the usual population of patients with HCC who undergo surgery. In summary, the patient in this case received intratumoral cryoablation after low-dose antiangiogenic therapy. We hypothesize that the normalized tumor blood vessels facilitated entry of cryoablated self-antigens into the circulation as well as promoting the formation of an immune-supportive tumor microenvironment, which was then followed by the administration of immunotherapy to the patient. The three synergistic effects of antiangiogenic therapy, intratumoral cryoablation, and immunotherapy resulted in a very positive outcome for the patient. However, the mechanism of this synergistic therapy is still unclear, and there are no clear criteria for the selection of drug dosage, sequence of drug administration and time point of cryoablation, which are worthy of further study.



Patient Perspective

The written informed consent of the patient was obtained for the publication of this case report and any identifying information and images. He was happy to agree to publication of this case report in hopes of furthering medical knowledge in this area.
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Anti-angiogenesis therapy, a promising strategy against cancer progression, is limited by drug-resistance, which could be attributed to changes within the tumor microenvironment. Studies have increasingly shown that combining anti-angiogenesis drugs with immunotherapy synergistically inhibits tumor growth and progression. Combination of anti-angiogenesis therapy and immunotherapy are well-established therapeutic options among solid tumors, such as non-small cell lung cancer, hepatic cell carcinoma, and renal cell carcinoma. However, this combination has achieved an unsatisfactory effect among some tumors, such as breast cancer, glioblastoma, and pancreatic ductal adenocarcinoma. Therefore, resistance to anti-angiogenesis agents, as well as a lack of biomarkers, remains a challenge. In this review, the current anti-angiogenesis therapies and corresponding drug-resistance, the relationship between tumor microenvironment and immunotherapy, and the latest progress on the combination of both therapeutic modalities are discussed. The aim of this review is to discuss whether the combination of anti-angiogenesis therapy and immunotherapy can exert synergistic antitumor effects, which can provide a basis to exploring new targets and developing more advanced strategies.
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Current Status of Anti-Tumor Angiogenesis Therapy

In 1971, Folkman hypothesized that “neovascularization is critical for tumors growth”. Since then, anti-tumor angiogenesis therapy has gained considerable attention, and is currently one of the most effective methods to treat cancer. Tumor blood vessels are fundamental for tumor growth and metastasis. Tumor angiogenesis is regulated by a variety of cytokines. The vascular endothelial growth factor (VEGF) family regulates the growth of blood vessels. In mammals, there are five isoforms within the VEGF family, including VEGF-A, VEGF-B, VEGF-C, VEGF-D, and placental growth factor (PGF). These proteins correspond to three different tyrosine kinase receptors, known as VEGFR1, VEGFR2, and VEGFR3. Studies have demonstrated that VEGF is highly expressed in different types of tumors, including vascular endothelial growth factor receptor (VEGFR1), VEGFR2, and VEGFR3. VEGFR2 plays a significant role in angiogenesis. VEGFR2 can activate the MAPK and PI3K signal pathways, which, in turn, activates the downstream ERK1/2 or mTOR ligand, leading to tumor growth and angiogenesis (Figure 1). Therefore, most anti-angiogenic drugs target the VEGF signaling system (ligands, receptors, and intracellular downstream pathways). Over the past 20 years, dozens of antiangiogenic drugs have been granted approval for treatment of multiple cancer types. One meta-analysis of randomized phase II/III trials (1) showed that, compared to platinum-based chemotherapy alone, the combination of bevacizumab and chemotherapy significantly prolonged survival of previously untreated patients with advanced non-small-cell lung cancer (NSCLC) (HR = 0.90, 95% CI: 0. 81-0. 99, P = 20). In the phase III LUME - Lung1 trial, the combination of docetaxel and nintedanib increased the median overall survival (OS) of lung adenocarcinoma patients, who had relapsed within 9 months of first-line chemotherapy, from 7.9 months to 10. 9 months (HR = 0.75, 95% CI: 0.60- 0.92, P = 0. 0073) (2). In the second cohort, the combination treatment also provided a survival benefit (median OS of docetaxel + nintedanib group vs control group = 12.6 months vs 10.3 months; HR = 0.83, CI:0.70-0.99, P = 0. 0359). The phase III REVEL trial (3) compared the therapeutic effect of docetaxel alone, as well as in combination with ramucirumab, in advanced NSCLC patients recalcitrant to platinum-based dual-drug chemotherapy. The median survival duration of the combination treatment group was 10.5 months, while the docetaxel group was 9.9 months (HR = 0.86, 95% CI: 0.75-0.98, P = 0.023). Subsequently, docetaxel and ramucirumab were granted approval by both EMA and FDA for treating metastatic NSCLC.




Figure 1 | Angiogenic signaling pathway and key anti-angiogenic targets in tumor angiogenesis. VEGFR、PDGFR、FGFR、c-kit、c-Met involved in the key molecular signal events(RAS-RAF-MEK-ERK signaling pathway and PI3K-AKT-mTOR signaling pathway) which plays a significant role in tumor proliferation, migration and invasion. All approved angiogenic tyrosine kinase inhibitors (TKIs) can target multiple receptors simultaneously and inhibit the transduction of downstream signaling.



However, anti-tumor angiogenesis therapy has shown limited efficacy, with survival benefits ranging from only a few weeks to months. On the other hand, other studies have reported tumor progression (4) during anti-angiogenesis treatment. For example, Kindler et al. (5) compared the therapeutic effect of gemcitabine alone and combined with bevacizumab on advanced pancreatic cancer patients, and found that the combination therapy did not improve OS. Similarly, a significant recurrence rate was seen among glioma patients treated with bevacizumab (6). Studies on xenograft models of melanoma or breast cancer (7) showed that sunitinib, in fact, increased metastasis and shortened the survival of the tumor-bearing mice. Recently, the China Food and Drug Administration (CFDA) approved the single agent anlotinib as a third-line treatment for patients with advanced NSCLC. Compared to placebo, anlotinib has been demonstrated to improve both progression-free survival (PFS) and overall survival (OS) in a phase III trial among patients with advanced non-small-cell lung cancer (NSCLC), despite progression of cancer after two lines of prior treatments.



The Resistance to Antiangiogenic Therapy

Among normal healthy human beings, angiogenic balance exists due to regulation of the vascular endothelial growth factors (VEGFs) - angiostatin and the angiogenic molecules. However, in tumors, this balance becomes converted to pro-angiogenesis. VEGFs, which play pivotal roles in wound healing and angiogenesis, consist of five members, VEGF A-E. VEGF works by binding to the vascular endothelial growth factor receptor (VEGFR), which is comprised of three tyrosine kinases. VEGA-A is up-regulated in most solid tumors, including breast cancer and lung cancer, which makes it a significant target of anti-angiogenesis drugs (8). The first FDA-approved anti-angiogenesis treatment was kinase inhibitors that targeted the VEGFR. Subsequently, antibodies against VEGF-Trap and VEGFR2 have been approved (9). Hepatocyte growth factor (HGF) promotes cell survival, enhances cell invasion ability, and facilitates epithelial-mesenchymal transition by activating the mesenchymal-epithelial transformation factor (c-MET) signaling pathway in endothelial cells. To date, researchers have discovered that c-MET and HGF are overexpressed in a number of tumors, which has led to abnormal gene amplification, activation of transcription or hypoxia microenvironment. Aberrant HGF/Met signaling is associated with poor prognosis in several tumor types. HGF/Met signaling stimulates several pathways, including MAPK signal pathway, which we mentioned above. PI3K signal pathway and Wnt/β-catenin pathways play significant roles in cell proliferation, survival, and angiogenesis. However, clinical efficacy of VEGF-targeted drugs has vital limitations. Although phase 3 trials have demonstrated that use of anti-angiogenic agents leads to significant improvements in overall survival (OS) for several cancers, such as advanced-stage CRC, RCC, and HCC, it is also associated with a failure to improve OS in other cancers, such as breast cancer, glioblastoma, pancreatic ductal adenocarcinoma (PDAC) and prostate cancer (10–13). Carvalho B et al. discovered that, in glioblastoma, c-Met overexpression is associated with a time-to-progression (TTP) after bevacizumab of 3 months (95% CI, 1.5–4.5), compared with a TTP of 7 months (95% CI, 4.6–9.4) among patients with low or no expression of c-Met (p = 0.05). VEGFR2 expression was associated with a TTP after bevacizumab treatment at 3 months (95% CI, 1.8–4.2) compared with a TTP at 7 months (95% CI, 5.7–8.3) among patients with no expression of VEGFR2 (p = 0.009). Concomitant c-Met/VEGFR2 overexpression was found to be associated with worse overall survival (13 months) compared to concomitant c-Met/VEGFR2 negative expression (19 months; p = 0.025). Their data indicates that c-Met and VEGFR2 overexpression play a significant role in the development of glioblastoma early resistance and may predict poorer responses to anti-angiogenic therapies (13).

Either anti-VEGFs or anti-VEGFRs or other nonspecific tyrosine kinase inhibitors ultimately shut down tumor blood supply and drive tumor necrosis. Necrosis usually occurs in the central part of the tumor, and the surrounding tumor cells remain alive as they are benefited by nutrition delivered by nearby normal blood vessels. As a result, most vascular disruptor therapy does not completely prevent tumor growth. This may be one of the reasons why antiangiogenic therapy improves therapeutic outcomes, while beneficial effects remain short (9). In addition, primary or acquired resistance contributes more to failure of anti-angiogenesis treatment. Tina Cascone used mouse-and human-specific profiling of human NSCLC xenografts in mice in order to investigate stromal and tumor cell changes that occur in tumors that acquire resistance to anti-angiogenesis treatment. Researchers found that changes in gene expression, particularly changes in expression of angiogenesis-related genes, occurred predominantly in stromal cells, but not in tumor cells. The observation reinforces the notion that tumor stroma may play an important and potentially dominant role, in at least some circumstances — in VEGF inhibitor resistance (14). Furthermore, extrinsic mechanisms have also been shown to be involved in resistance to antiangiogenic therapy, including changes in the tumor microenvironment (TME), the presence of cancer stem cells (CSCs), and tumor immunosuppression, which significantly limits their clinical value (15, 16).



Tumor Microenvironment and Antiangiogenic Therapy

The tumor microenvironment (TME) is composed of immune cells, stromal cells, extracellular matrix (ECM), blood vessels, tumor cells, lymphatic vessels and CSCs. The constant changes that occur in the various components of the TME result in its complexity and heterogeneity. TME is associated with multiple processes, including proliferation, angiogenesis, apoptosis, and immune surveillance. The stromal cells, particularly cancer-associated fibroblasts (CAFs), can promote tumor cell survival mainly by recruiting immune cells into the TME, and promote invasion by constructing a hypoxic environment. Tumor-driven hypoxia, increased inflammation, or MMPs overexpression in the TME induces alterations in the ECM, following the tumor biological behavior of evading apoptosis, elevating invasion and metastasis (17, 18). In addition, ECM components can regulate the cancer-immunity cycle. The above TME changes cause tumor progression and drug resistance (19). As tumors generally tend to be hypoxic, prolonged use of anti-angiogenesis drugs can often aggravate hypoxia (20, 21). As previously reported, the upregulation of hypoxic inducible factor 1a (HIF-1a) is also responsible for heterogeneity of breast cancer, lung cancer, cervical carcinoma, and gliomas (22–24). Hypoxia-induced upregulation of HIF-1a can mediate tumor cell de-differentiation into CSCs, which is a primary mechanism that underlies resistance to anti-angiogenesis therapy (25, 26). In addition, HIF-1a upregulates the expression of nuclear factor-kβ and leads to increased recruitment of monocytes and tumor-associated macrophages (TAMs), including polarization of the M2 phenotype TAMs, which promotes recurrence and metastasis (27). The immune system can have a dual effect in cancer biology, including pro-tumorigenic and anti-tumorigenic effect. The immune surveillance system identifies, kills, and removes tumor cells from the body. NK cells, CD8+ cytotoxic T cells and the major histocompatibility complex (MHC) class 1 molecules are known to play major roles in the function of immunosurveillance. Unsurprisingly, the host immune system is often disrupted and creates an immune imbalance among cancer patients. Tumor cells can camouflage themselves in order to hide from immune cells, thus avoiding being discovered. Numerous cellular and molecular mechanisms have been shown to be responsible for tumor evasion (28, 29). Immunosuppressive cells, such as T-regs, TAMs, and MDSCs frequently accumulate within the TME, which is associated with an unfavorable prognosis. When there are a large number of immune cells in tumor tissues, such as T-regs, MDSCs, TAMs, and DCs, they can promote an immunosuppressive microenvironment and participate in immune escape. Anti-angiogenic therapy for VEGF or VEGF receptor-2 (VEGFR-2) can increase the transport of T cells to the tumor, thereby reducing immunosuppressive cytokines and T-regs, helping overcome resistance to the checkpoint inhibitors’ medicinal properties (30) (Figure 2). Furthermore, tumor cells also secrete immunosuppressive cytokines, such as IL-10 and TGF-β, which are known to inhibit perforin and production by CD8+ T cells and inactivate cytotoxicity of NK cells (31–33).




Figure 2 | The role of anti-VEGF treatment in the tumor microenvironment (TME). Tumor angiogenesis creates a hypoxic tumor microenvironment, which impedes T-effector cells、NK cells and DC cells infiltration into tumor, mediates tumor cell de-differentiation into CSCs, promotes proliferation of immunosuppressive cells, including Tregs and MDSCs, and polarizes TAMs to the immune inhibitory M2-like phenotype. After anti-VEGF treatment, the anti-tumor factors increase, and the pro-tumor factors are decreased. In summary, anti-VEGF treatment alleviate the immunosuppressive tumor microenvironment and improve cancer immunotherapy.



Additionally, primary drug resistance due to a lack of tumor-infiltrating lymphocytes in the tumor should not be ignored. In addition to the VEGF pathway, angiogenesis can be induced by the angiopoietin (Ang1-2)/Tie-2 pathway. Studies have shown that patients that receive immunotherapy with higher Ang-2 expression tend to have poorer clinical outcomes. This suggests that the Ang-2 pathway is another cause of immunotherapy resistance (34, 35).



The Efficacy of Anti-Cancer Immunotherapy

Under normal circumstances, the immune system can recognize and eliminate tumor cells within the tumor microenvironment. However, in order to survive, tumor cells can adopt different strategies in order to suppress the immune system and protect itself from CD8+ T cells. Immunotherapy has heralded a new era of oncotherapy and aims to either directly eliminate cancer cells or activate the host immune response. It is mediated through anti-cancer cell vaccines and antibodies, cytokines, adoptive immune cell transfer and immune checkpoint blockers (ICBs). Tumor immunotherapy is a treatment that restores the body’s normal anti-tumor immune response by restarting and maintaining the tumor-immune cycle, thereby controlling and eliminating tumor cells. Tumor immunotherapy includes monoclonal antibody immune checkpoint inhibitors (36), therapeutic antibodies, cancer vaccines, cell therapy and small molecule inhibitors. In recent years, cancer immunotherapy has continued to progress. At present, this treatment method has shown strong anti-tumor activity in the treatment of solid tumors such as melanoma, NSCLC, kidney cancer, and prostate cancer. Furthermore, immunotherapy drugs have been approved by the US FDA (Food and Drug Administration) for clinical application (37). Moreover, increasing evidence has shown that overexpression of vascular growth factors can activate immunosuppressive cells directly and suppress immune effector cells to alter the immunosuppressive microenvironment.



Combination of Immunotherapy and Anti-Tumor Angiogenesis

The relationship between angiogenesis and immune therapy is a complicated interplay. Anti-angiogenic agents can stimulate the immune system and improve the immunosuppressive environment, while immunotherapy can also have anti-angiogenesis effects. Therefore, there is a synergistic relationship between the two treatment methods (38, 39). Tumor cells can evade T cell-mediated killing by up-regulating the interaction of PD-L1 with the inhibitory receptor PD-1, which is expressed on tumor-infiltrating T-cells. Tumor cells can evade T cell-mediated killing by upregulating the interaction of ligands (such as PD-L1) with the inhibitory receptor PD-1, CTLA-4, and LAG-3, which are expressed on tumor-infiltrating T-cells (40). It is inevitable that patients will develop resistance to immune checkpoint inhibitors due to a lack of PD-L1 and the inhibitory effect in the TME. Facing a complex TME, the key strategy is to inhibit angiogenesis, and an effective immune response (41).


Anti-Angiogenesis Produces Vessel Normalization and Stimulates Immune Responses

The formation of blood vessels in malignant tumors is largely caused by hypoxia and the excessive secretion of VEGF. Anti-angiogenic therapy for VEGF or VEGFR-2 can increase the transport of T cells to the tumor, thereby reducing immunosuppressive cytokines and regulatory T cells, which may help overcome resistance to checkpoint inhibitors’ medicinal properties (30). A case study of immune checkpoint inhibitors combined with anti-angiogenic drugs in the treatment of metastatic renal cell carcinoma demonstrated that antigen-specific T cell migration and expression of MHC-1 and PD-L1 were increased. Furthermore, anti-tumor activity was enhanced with less toxicity (42). Tumor blood vessels were found to be highly abnormal, with tumor vessels showing structural abnormalities, leading to hypoxia, acidity, and a high interstitial fluid pressure microenvironment. These microenvironmental abnormalities can affect immune cell proliferation, infiltration, survival, and function (43). Myeloid-derived suppressor cells (MDSCs) are one of the most important stromal cells of the TME, and protect tumor cells from the host immune system by suppressing T-cell function (44). There is evidence to support the hypothesis that anti-angiogenic therapy and immunotherapy act synergistically (45). GM-CSF, a potent cytokine promoting the differentiation of myeloid cells such as dendritic cells, macrophages and granulocytes, which elicits antitumor immunity by enhance tumor antigen presentation to T cells, has been proven to be effective across numerous clinical trials (46–50).

Another study has reported that binding of tumor-derived VEGF to VEGFR on CD34+ bone marrow progenitor cells reduces the differentiation of these cells into dendritic cells, thus limiting the efficacy of GM-CSF-related immunotherapy (51). And Sylvie et al. also included that human GFs in vitro actively inhibit the differentiation of monocyte-derived dendritic cells through the secretion of IL-6 and VEGF, limiting the immunotherapy of GM-CSF (52). Furthermore, it also promotes proliferation of immunosuppressive cells, such as Tregs and MDSCs, and inhibits DC maturation, and restricts the development of T lymphocytes from the lymphoid progenitors (30, 53–55). A study (56) on three different NSCLC animal models demonstrated that combining adoptive transfer of cytokine-induced killer (CIK) cells with recombinant human endostatin significantly inhibited angiogenesis and tumor growth, whereas neither was effective when used alone.



Blocking VEGF Induced Immune Checkpoint Expression

Lydia Meder et al. conducted an experiment on five groups on the combined use of vehicle, IgG, VEGF inhibitor, PD-L1 inhibitor, VEGF inhibitor, and PD-L1 inhibitor in a mouse model of small cell lung cancer. The results indicate that treatment with VEGF, compared to any other treatment methods, the combination of inhibitor and PD-L1 inhibitor greatly improved PFS and OS in mice (57). S. Yasuda et al. reported that in a mouse model of colon cancer, the combined use of PD-1 inhibitors and VEGFR2 inhibitors demonstrated no obvious toxicity. Compared to the control group, the experimental group drugs were found to better inhibit tumor growth. The author believes that the combined use of inhibitors can produce a synergistic anti-tumor effect in the body through a variety of mechanisms, including anti-VEGFR2 therapy resulted in a significant decrease of tumor micro vessels as well as reducing tumor vasculature and anti-PD-1 mAb treatment enhanced the infiltration of T cells into tumors. And that the two drugs are not mutually exclusive (58). Since immunotherapy has been proved to be effective against CSCs and the immunosuppressive TME, it is reasonable to surmise that a combination of anti-angiogenesis and immunotherapies would have a synergistic effect against recalcitrant tumors. Indeed, studies have shown that (38) targeting the angiogenic factor VEGF, as well as its receptors, stimulates onco-immunity, since VEGF is known to be involved in the immune escape of tumors. The VEGF signaling pathway can abrogate the effects of anti-tumor therapy via various mechanisms. Usually, is LFA1 that can interact on ICAM1. LFA1 is expressed on lymphocytes and it is a crucial for T cell entry into mammalian lymph nodes and tissues while ICAM1 on tumor target cells or endothelial cells (59). Previous study showed that clustering of ICAM-1 was indeed prevented by VEGF and a reduced induction of ICAM-1 and VCAM-1 mRNA transcripts by TNF in the presence of VEGF (60). VEGF can also block T-cell activation and induce apoptosis via the Fas/FasL pathway (61). Therefore, blocking VEGF and its receptor can help stimulate immune responses and improve immunotherapy outcomes. Studies on tumor-bearing mouse models have demonstrated that (62, 63) multi-targeted anti-angiogenic tyrosine kinase inhibitors (TKIs) increased tumor infiltration of CD8+ and CD4+ T cells by downregulating PD-1 expression, and decreased the number and activity of Tregs and MDSCs (64). Similarly, sunitinib inhibited the expansion of Tregs and MDSCs in patients with renal cell carcinoma (30, 63, 65). The VEGFR2-targeting TKI cabozantinib was also associated with a reduction in the number of Tregs and MDSCs, and simultaneously promoted tumor infiltration of CD4+ and CD8+ T lymphocytes, both alone and in combination with the anti-cancer vaccine MVA/rF-CEA/TRICOM (65). VEGFR1/R2 and soluble chimeric VEGF receptor, can bind to VEGF with high affinity and efficiently play an anti-angiogenic therapy function. In animal experiments, the combination of sVEGFR1/R2 therapy and GM-CSF–secreting tumor cell immunotherapy can remarkably prolong the survival of tumor model mice (66, 67). Similarly, the combination of cabozantinib and MVA/rF-CEA/TRICOM was found to significantly inhibit growth of MC38-CEA tumors in a mouse model (65). In a mouse model of colon cancer, anti-PD-1 monoclonal antibodies and VEGFR2 resulted in significantly greater tumor inhibition compared to either monotherapy (58).




Clinical Use of Antiangiogenic Drugs and ICBs Against Tumors

The relationship between angiogenesis and immune therapy has been suggested to be a complicated interplay (68). Anti-angiogenic agents are known to stimulate the immune system and improve the immune suppression environment (69). Furthermore, immunotherapy can also cause anti-angiogenesis effects, and there is a synergistic relationship between the two treatment methods (39). Tumor cells can evade T cell-mediated killing by up-regulating the interaction of PD-L1 with the inhibitory receptor PD-1 that is expressed on tumor-infiltrating T cells. Thus, it is inevitable that patients develop resistance to immune checkpoint inhibitors due to a lack of PD-L1 and the inhibitory effect in the tumor microenvironment. The therapy should inhibit angiogenesis, on the other hand trigger anti-tumor immunity (41). The formation of blood vessels in malignant tumors is mainly caused by hypoxia and excessive secretion of vascular endothelial growth factor (VEGF). Recently, an accumulating number of clinical trials have been conducted to explore the efficacy of the combination of anti-angiogenesis and immunotherapy (Table 1).


Table 1 | Principal clinical trials for the approval of antiangiogenic and or immunotherapy agents.




Clinical Trials on NSCLC

In a phase 3 clinical trial IMpower150 (NCT02366143), 1202 patients with metastatic non-squamous NSCLC (ns-NSCLC) were treated with a combination of Atezolizumab to Bevacizumab-based chemotherapy, including three groups: (1) Atezolizumab, Carboplatin, and Paclitaxel (ACP); (2) Atezolizumab, Bevacizumab, Carboplatin and Paclitaxel (ABCP); (3) Bevacizumab, Carboplatin and Paclitaxel (BCP). The results demonstrated that the ABCP group had significantly improved PFS and OS, with an average of 8.3 and 19.2 months, respectively, both of which were better than the control group (70). Subgroup analysis was performed according to the status of EGFR, results of which indicated that the PFS of ABCP group (n=356) and BCP group (n=336) in EGFR wild-type (WT) population were 11.3 months and 6.8 months, respectively. Furthermore, 124/1202 EGFR-positive patients were randomized to three groups, including the ABCP (n=34), ACP (n=45), or BCP (n=45). The median OS was not estimated in the ABCP, but it was 21.4 months in the ACP group and 18.7 months in BCP group (71). In addition, patients with advanced NSCLC receiving treatment with a combination of Nivolumab and Bevacizumab were recruited for a phase 1 study (NCT01454102), which aimed to evaluate whether the combination therapy improves PFS and OS. The experimental results indicate that the combined treatment group had significant safety, and the incidence of grade 3 and above adverse reactions is low. Therefore, it has shown excellent therapeutic effects compared to the single-agent treatment group (72). The combined treatment group had a median PFS of 37.1 weeks; however, in the Nivolumab monotherapy group, the median PFS of squamous cell carcinoma was 16 weeks, and the median PFS of non-squamous cell carcinoma was 21.4 weeks. Additionally, the median OS of the combined treatment group was 86.7 weeks, which is much larger than that of the monotherapy group (73). In 2019, results of the phase 1 study (NCT02443324) were reported. Among the total 27 enrolled patients with previously treated advanced NSCLC that received Ramucirumab plus Pembrolizumab, 8 patients achieved an objective response. Results also demonstrated that the disease control rate was 86%, with a median PFS and OS of 9.7 and 26.2 months, respectively (74). Another phase 1 study (NCT02572687) indicated that the combination of Ramucirumab plus Durvalumab led to an enhancement of preliminary antitumor activity in heavy pre-treated NSCLC patients with a median PFS of 1.7 months and OS of 12.4 months (75).



Clinical Trials on RCC

A first randomized phase 2 IMmotion150 study (NCT01984242) for patients with previously untreated mRCC treated with Atezolizumab combination Bevacizumab or single Atezolizumab or single sunitinib showed that the PFS of this combination group significantly improved within the population, whatever the PD-L1 status (76). Immunotherapy with PD-1 and PD-L1 inhibitors or combined with antiangiogenic therapy (i.e. VEGF inhibitors or CTLA-4 antibodies) has become a first line therapy for advanced RCC patients (77). Nivolumab plus Ipilimumab in a phase 3 trial (NCT02231749) has provided significant benefits in untreated intermediate and poor-risk RCC patients with a higher 18-month OS rate of 75% and objective responses rate (ORR) of 42%, compared to sunitinib with 18-month OS rate of 60% and ORR of 27% (78). In 2018, an open-label, dose-finding and dose-expansion multicenter phase 1 study (NCT02493751) confirmed the disease control rate (DCR) of 78% with the security in the combination therapy of axitinib plus Avelumab in advanced RCC patients (79). Another phase 3 study (NCT02684006) validated that the combination of Avelumab plus axitinib enhanced the curative effect in patients with advanced RCC, leading to remarkable improvement in median PFS (13.8 months) and ORR (51.4%), compared to treatment with sunitinib (8.4 months and 25.7%, respectively) (80). In 2020, a pivotal phase 3 study (NCT02853331) demonstrated that Avelumab or Pembrolizumab Plus axitinib were more efficacious than sunitinib, a previous standard of care. This study recruited 861 metastatic renal cell carcinoma (mRCC) patients with results showing an improvement in PFS, a high response rate, and a low rate of intrinsic resistance (81). Recently, a phase 1b/2 study (NCT03136627) of Tivozanib combined with Nivolumab in patients with mRCC has been completed. The results demonstrated a promising antitumor efficacy with ORR of 56%, DCR of 96% and median PFS of 18.9 months (82).



Clinical Trials on HCC

Phase 1 study (NCT02942329) of the VEGFR2 inhibitor apatinib plus anti-PD1 antibody SHR-1210 in patients with advanced hepatocellular carcinoma (HCC) has demonstrated manageable toxicity and encouraged clinical activity at recommended single-agent doses of both drugs (83). A phase 1b clinical trial (NCT02715531) proved that combination of Bevacizumab and Atezolizumab profoundly improved the therapeutic effect compared to the standard-of-care sorafenib in a phase 3 trial with ORR and DCR of 62% and 78%, respectively. With regards to safety, the combination group demonstrated tolerable safety, with serious adverse events (AEs) rate of only 8% (84). CheckMate040 is a phase 1/2 randomized clinical trial (NCT01658878) which comprised of 148 HCC patients that were randomized 1:1:1 into three dosing arms (Nivolumab, alone or in combination with ipilimumab). These cohort results suggest that Nivolumab, plus Ipilimumab, may provide an improved ORR and OS, especially in arm A (lower dose Nivolumab and higher dose Ipilimumab), relative to anti-PD-L1 monotherapy (85). The combination of lenvatinib plus Pembrolizumab for unresectable HCC (uHCC) patients in the Phase 1b trial (NCT03006926) represented a promising antitumor activity with an ORR of 46.0%, and a median PFS of 9.3 months (86). Moreover, an ongoing double-blind randomized controlled phase 3 study (NCT03713593) of lenvatinib plus Pembrolizumab treatment of uHCC is currently being undertaken (77). Imbrave150 (NCT03434379), a randomized, multicenter phase 3 clinical study aims to evaluate the efficacy and safety of Atezolizumab plus Bevacizumab versus Sorafenib among patients with advanced HCC. The results indicated that, among 501 patients (336 in the combination group and 165 in the Sorafenib group) with HCC, the combination group showed a remarkable improvement in median PFS and OS with tolerated and controllable toxicity, compared to the Sorafenib group (87).



Clinical Trials on Melanoma and CRC

Dacarbazine in combination with Bevacizumab was studied in a phase 2 study (NCT01164007) of 40 unresectable/metastatic melanoma patients. The results from this study indicated that the treatment had an ORR of 18.9% and a median OS of 11.4 months, with no new toxicity (88). Preliminary results from the phase 1 clinical trial (NCT00790010) showed that Ipilimumab (CTLA-4 antibody) plus Bevacizumab (VEGF inhibitors) in patients with metastatic melanoma (MM) had favorable clinical outcomes, for reasons of increasing tumor vascular expression of ICAM-1 and VCAM-1 and lymphocyte infiltration in tumors (89). Another open-label phase 1b trial (NCT03086174) validated the efficacy of axitinib in combination with Toripalimab among patients with advanced melanoma with an ORR of 48.3% and a median PFS of 7.5 months (90). In addition, a phase 2 study (NCT0287319) in 133 mCRC patients also demonstrated that the addition of Atezolizumab to Bevacizumab, as well as capecitabine, improved the median PFS of 4.4 months compared to that of 3.3 months in the modified intent-to-treat analysis (mITT) analysis group (91). Another open-label, multicenter phase 2 trial (NCT04072198) of FOLFOXIRI/Bevacizumab, in association with Nivolumab, was conducted in patients with mCRC. The results demonstrated that the combination was generally well tolerated, with an acceptable toxicity profile without any unexpected findings (92).




Future Prospects

Anti-tumor angiogenesis was found to be favorable to T-cell infiltration and drug delivery to the tumor, thereby enhancing the efficacy of immunotherapy. Additionally, immunotherapy can also increase tumor vascular normalization and form positive feedback to anti-angiogenesis. Therefore, the combination of anti-angiogenic agents and immunotherapy provides a new therapeutic approach for tumor patients. A large number of studies have demonstrated that the combination therapy has good clinical application prospects. However, the relationship between tumor angiogenesis and immune response is intricate, and some tough problems still need to be solved for future practical application.

Firstly, there is no way to identify tumor patients that can benefit from combination therapy (93), and anti-angiogenesis therapy has a lack of biomarkers, as mentioned above. In order to address the problem, oncologists have to identify the biomarkers that can be associated with patient groups that would be advantaged with this therapy. Secondly, the dose of each drug, the optimal sequence, and the time of the combination also remain significant. The high or low dose, simultaneous or sequential treatment, will have an effect on the efficacy of the combination therapy. Furthermore, studies have demonstrated that high doses of anti-angiogenic drugs can directly damage tumor blood vessels, which results in more serious disturbances of tumor microenvironment, such as hypoxia and immunosuppression (94). Therefore, it is necessary to choose the appropriate drug dosage, and optimize the schedule of tumor immunotherapy and anti-angiogenesis therapy in order to obtain improved anticancer efficacy. Moreover, the most frequent side effect of anti-angiogenic is hypertension (95). Therefore, primary or acquired resistance, including non-upregulation VEGF in tumors, changes in the TME, the presence of CSCs, and the patient with hypertension contribute to anti-angiogenesis failure (16). Besides, resistance to immunotherapy, including lack of tumor-infiltrating lymphocytes in the tumor, accumulating immunosuppressive cells in the TME and secreting immunosuppressive cytokines in the tumor cells, contributes significantly to failure of immunotherapy.
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Tumor-infiltrating lymphocytes are extensively used as prognostic biomarkers in cancer. Regulatory T cells (Tregs) or CD8+ T cells frequencies in tumor site, or their ratio, are the most common markers used to assess prognosis. This work offers a possible explanation for the opposite correlations between intra-tumoral Tregs and survival, associated with different types of cancer. The complexity involved with the selection of a preferred marker, including the effect of variability, is presented and discussed. The lymphocytes frequency ratio is proposed as the marker of choice in most types of cancer. The ratio correlates directly with survival, irrespective of cancer type and is also less variable than the frequencies of each of the two lymphocytes, if these frequencies correlate with each other in the tumor microenvironment. However, if the frequency of one of the two lymphocytes is highly variable, abandoning the ratio in favor of the lymphocyte with less variable frequency will improve correlation with survival, especially when the intra-tumoral frequencies of the two species are inversely correlated. It is plausible, that the best prognostic marker selected this way, will be also be the best predictor of checkpoint inhibitor therapy success.
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Introduction

Tumor-infiltrating lymphocytes can affect cancer progression. Tumor-infiltrating lymphocytes may generally be classified as tumor-suppressive or tumor-promoting lymphocytes.

Cytotoxic CD8+ T cells play a major role in sustaining anti-cancer immunity by attacking cancer cells directly (through FAS-mediated apoptosis and perforin-mediated cytolysis) (1). Within the tumor microenvironment (TME), regulatory T cells (Tregs) are the major tumor-suppressive lymphocytes (2). Regulatory T cells suppress the anti-cancer activities of CD8+ T cells and of CD4+ T cells and dendritic cells (DCs) that mediate CD8+ T cell activation. Diverse contact-dependent and cytokine-mediated mechanisms are employed by Tregs for this purpose, as thoroughly reviewed by Han et al. (3). For example, perforin and granzyme expressed by Tregs in the TME (but not by naïve Tregs) trigger lysis of effector T cells (and of NK cells) (4). In addition, CD39 and CD73 expressed on Treg cells catalyze adenosine generation which suppresses the anti-tumor function of other T cells (5). It is not surprising therefore, that CD8+ and regulatory T cells are vastly used as markers for cancer prognosis. This commentary provides a possible explanation for the opposite correlations between intra-tumoral Tregs and survival, affiliated with different types of cancer. It also proposes simple rules for the selection of preferred prognostic biomarkers, considering the variability in frequency and function of intra-tumoral lymphocytes.



Intra-Tumor Accumulation of Tregs May Correlate With a Better or Worse Prognosis, Depending on Cancer Type. A Possible Explanation

Shang et al. performed a meta-analysis to assess the prognostic value of Tregs (FoxP3+ T cells) across different types of cancer (6). Seventeen types of cancer and 15,512 cancer cases were analyzed. Using intra-tumoral Tregs as a marker, and a 95% confidence interval, cervical cancer, lung cancer, renal cancer, ovarian cancer, hepatocellular carcinoma, melanoma, and pancreatic cancer, positively correlated with a shorter survival while colorectal cancer, head and neck cancer, endometrial cancer, and esophageal cancer correlated with a longer survival compared to cancer-specific mean values.

The present work proposes an explanation for the direct or inverse correlations of intra-tumoral Tregs with survival, observed in different cancer types. The clue for this puzzle lies in the opposite effects of CD8+ T cells and Tregs on cancer growth, coupled with different penetration rates of the two lymphocytes into the TME. In some types of cancer, impairment of CD8+ T cell anti-cancer activity in the TME also affects the relation between Tregs accumulation in tumor and cancer prognosis.

Suppose that intra-tumoral cell frequencies of CD8+ T cells and Tregs correlate directly with each other. Suppose that Treg frequency is used as a marker. Any increase in intra-tumoral Treg cell number will be associated with an increase in CD8+ cell number. Since CD8+ T cells have a positive effect on survival, prognosis will be better than expected if the two frequencies were independent of each other. Accordingly, the hazard ratio (HR) will be smaller than expected if correlation between the frequencies is not assumed.

Consider the opposite scenario, when intra-tumor frequencies of the two lymphocytes inversely correlate with each other. Suppose that Treg frequency is used as a marker. Any increase in intra-tumoral Treg cell number will be associated with a decrease in CD8+ cell number. Since CD8+ T cells have a positive effect on survival, prognosis will be worse than expected if the two lymphocytes were independent of each other. The hazard ratio (HR) in this case will be larger than expected if correlation between the frequencies is not assumed.

Inspecting published experimental data, it seems that the effect of intra-tumoral Tregs on CD8+ tumor infiltration depends on the specific type of cancer. As will be demonstrated below, in cancer types presenting HR < 1, an increased intra-tumoral Tregs is involved with an increased infiltration of CD8+ T cells. On the other hand, in many cancer types presenting HR>1, an increased intra-tumoral Tregs is involved with a decreased infiltration of CD8+ T. In line with this, in several types of cancer with HR >1, CD8+/Treg frequency ratio is reduced at higher tumor grades. In addition, in several cancer types with HR > 1, an impaired cytotoxic function of CD8+ T cells has been reported. Each of these properties contributes to the effect of intra-tumoral Tregs on survival. The examples below illustrate these points.


Hazard Ratio < 1


Colorectal Cancer (CRC)

Sideras et al. reported a positive (though not statistically significant) effect of tumor penetration by FoxP3 cells on survival of CRC patients with liver metastases, after metastatectomy. At the same time, the intra-tumoral CD8/FoxP3 cell ratio was an independent positive predictor of survival (7). Similar results were observed by Suzuki et al. (8). Assuming a pro-cancer role for Tregs and an anti-cancer role for CD8+ T cells, such an event is possible only if the two lymphocytes infiltrate simultaneously into the tumor, where the positive effect of CD8+ T cells overweighs the negative effect of FoxP3+ T cells on cancer prognosis. In accordance with this, several works demonstrated a positive correlation between the frequencies of intra-tumoral CD8+ T cell and Tregs in colorectal cancer (9–12). In addition, CD8+ T cell densities at high tumor stages were similar to these at lower tumor stages (the difference was statistically non-significant), while Treg cell densities at high tumor stages were statistically significantly lower compared to lower stages (T3+4 vs. T1+2; P = 0.007) (11). This behavior however did not repeat using the AJCC staging system. At AJCC stage III, both CD8+ and Treg densities were reduced compared to their values at AJCC stage II, but the reduction in CD8+ T cell density was larger (11).



Head and Neck Cancer

Echarti et al. compared lymphocyte densities in head and neck tumor tissue samples with different degrees of lymphocyte infiltration (13). The authors noticed that CD8+ and FoxP3+ T cells infiltration occurred simultaneously. However, the CD8+/FoxP3 frequency ratio was higher in tumor epithelia than in stroma indicating a higher influx of CD8+ cells than Tregs into tumor epithelia. This difference in flow rate may contribute to the beneficial effect of intra-tumoral Tregs on the prognosis of head and neck carcinoma.



Hypopharyngeal Squamous Cell Carcinoma (HSCC)

Wang et al. noticed a beneficial effect of both tumor-infiltrating Tregs and of the CD8/FoxP3 density ratio on the survival of HSCC patients (14).The simultaneous validity of these two observations can hold only if the positive effect of CD8+ T cells overweighs the negative effect of Tregs on prognosis, considering the opposite effects of the two lymphocytes on tumor growth.



Ovarian Cancer (Advanced Stage)

In advanced stage ovarian cancer, the presence of CD8+ cells, FoxP3+Treg or a high CD8/FoxP3 frequency ratio in tumor tissue was associated with an increased disease specific survival (15). Similarly, disease-specific survival was positively associated with the markers CD8 and FoxP3 in high-grade serous tumors from optimally debulked patients (16). These scenarios can hold only if the beneficial effect of tumor-infiltrated CD8+ T cells on patients survival, more than compensate for the detrimental effect of tumor-infiltrating Tregs on survival.




Hazard Ratio > 1


Lung Cancer

An inverse correlation between CD8+ T cells and Tregs intra-tumor frequencies was reported in lung adenocarcinoma tumors, whereby CD8+ T cell frequency reduced while Tregs frequency increased at the tumor site compared to non-involved lung tissue (17). Jackute et al. reported an increase in both CD8+ cells and Tregs numbers in non-small cell lung cancer tumors, in comparison to controls, but the increase in Treg cells number was double the increase in the number of CD8+ T cells (18). In a mouse model of pulmonary adenocarcinoma, Tregs accumulated over the time in tumor tissues and induced tumor growth, while CD8+ T cells restrained this growth (19). In addition, Tregs were elevated in the circulation of patients with untreated extensive stage small cell lung cancer, compared to healthy controls. These circulating Tregs negatively correlated with the percentage of proliferative CD8+ T cells in peripheral blood (20).



Renal Cell Carcinoma (RCC)

Using specimens collected from RCC patients, Kawashima et al. performed RNA sequencing of both CD8+ T cells and CD4+ T cells based on the expression patterns of PD-1 and TIM-3 in tumor and adjacent normal tissue. Among these T cells, a sub-population of regulatory CD4+ T cells (Tregs) and a subpopulation of exhausted CD8+ T cellswere identified. These two subpopulations accumulated more in high-grade RCC tumors than in low-grade tumors (21). It turns out that RCC high-grade tumors are infiltrated more by Tregs and less by active (unexhausted) CD8+ T cells than low-grade tumors.



Endometrial Cancer

The infiltration of CD8+ T cells and Tregs into endometrial cancer tumors was evaluated by Yamagami et al. using immunohistochemistry. Both CD8+ and Treg cell counts as well as the Treg/CD8+ count ratio increased with higher tumor grades, implying a larger increase in Treg frequency compared to CD8+ frequency at higher tumor grades. Disease free survival (DFS) was shorter in patients with high Treg counts or a high Treg/CD8 count ratio (22) [in opposite to the pooled analysis by Shang et al. (6)]. In addition, it was reported that endometrial cancer cells suppressed CD8+ T cell cytotoxicity (23). This effect counteracts the effect of the increased number of CD8+ T cells and further explains the association between high tumor infiltration by Treg cells and shorter survival of endometrial cancer patients.



Cervical Cancer

In a study including 115 cervical cancer patients, the mean frequencies of both, CD8+ T cells and Tregs, increased considerably in tumor tissue compared to cervical tissues excised from women with no cervical abnormalities. However, the increase in Tregs frequency was double the increase in CD8+ frequency. In this study, both, low FoxP3 frequency and high CD8+/FoxP3 frequency ratio in tumor tissue correlated with a longer survival (24). A study by Shah et al. confirmed the negative effect of high intra-tumoral Tregs on the survival of cervical cancer patients (25). The higher influx of Tregs into tumor tissue compared to that of CD8+ cells may explain the negative correlation between high intra-tumoral Tregs and survival in cervical cancer.



Ovarian Cancer

Adams et al. found that high frequency of intra-tumoral FoxP3+ T cells in ovarian adenocarcinoma specimens was statistically significantly associated with diminished long-term survival. They noticed that patients who had tumors with a high frequency of intraepithelial CD8+ cells and a low frequency of FoxP3+ T cells had a 5-year survival rate of 64.3%, while patients with high frequency of intraepithelial CD8+ T cells and high frequency of FoxP3+ T cells had a much lower survival rate of 32.1% (26). It is clear that here, the negative effect of intra-tumoral Tregs on patients survival, overcomes the positive effect of CD8+ T cells. As aforementioned, in advanced ovarian cancer, intra-tumoral high Tregs frequency is associated with improved survival. A change in the relative tumor penetration rates of CD8+ T cells and Tregs, between advanced and early cancers, may be the cause for this discrepancy. Such a change, however, is not documented in the literature.



Hepatocellular Carcinoma (HCC)

In a pooled analysis of HCC studies, high intra-tumoral infiltration of Tregs was associated with a mean HR value of 1.894 (95% CI: 1.658 – 2.164) for overall survival, while high infiltration of CD8+ T cells was associated with a mean HR value of 0.676 (95% CI: 0.540 – 0.845) for overall survival (27). An increased frequency of Tregs together with a decreased frequency of CD8+ T cells was observed in HCC tumor regions (relative to healthy tissue) (28, 29). In addition, higher histologic grades of HCC tumors were associated with a higher FoxP3/CD8 frequency ratio (30). An impairment of intra-tumoral CD8+ cell cytotoxic function by HCC intra-tumoral Tregs was also reported (28).The association between high infiltration of Tregs on the one hand, and low infiltration of CD8+ cells on the other hand, coupled with a decreased activity of intra-tumoral CD8+ cells, contribute to the positive correlation between high intra-tumoral Tregs and poor survival in HCC.



Pancreatic Cancer

Two meta-analyses have shown a high negative impact of intra-tumoral Tregs on the prognosis of pancreatic cancer (6, 31). The relative numbers of intra-tumoral CD4+CD25+Foxp3+ Tregs and CD8+ T cells were negatively correlated in pancreatic ductal adenocarcinoma (32).

These results are summarized in Table 1.


Table 1 | Hazard ratios associated with Tregs infiltration and the related lymphocyte frequencies in the TME.







Tumor-Infiltrating CD8+ T Cells, Treg Cells or CD8+/Treg Ratio: Which Is the Preferred Prognostic Marker?

Selecting the best prognostic marker is important not only for improving cancer prognosis. A better prognostic marker may better correlate with the response to checkpoint inhibitor therapy.

By the earlier discussion, it is clear that survival is a function of both intra-tumoral lymphocytes, Tregs and CD8+ cells. However, due to the opposite effects of these two lymphocytes on survival, it seems that the frequency ratio would better correlate with survival, than the frequency of each of the single species. In addition, the use of the CD8/Treg frequency ratio as a marker is expected to correlate directly with cancer prognosis, irrespective of cancer type or stage, unlike a prognosis based on a the frequency of CD8+ cells or Tregs.

However, more confounding factors are involved in the process of selecting the “the best” marker. In particular, it should be realized that the addition of any extra variable may affect variability. In fact, when x and y are two correlated random variables, the variance (σ) of {x/y}can be approximated by (33):



Where: σ = variance; Cov = covariance; µ = arithmetic mean;

By eq. 1, when x and y directly correlate with each other (Cov> 0), the variance of {x/y} is lower compared to the variance involved with independent (uncorrelated) variables (Cov=0), assuming fixed µx, µy, σx, σy values. Under the same assumption, when x and y are inversely correlated (Cov< 0), the variance of {x/y}is higher compared to the variance involved with independent variables.

Thus, the prognostic power of the ratio is inherently poorer when CD8+ cell and Treg frequencies are inversely correlated, compared to a situation when they are directly correlated, assuming all other variables in eq. 1 are fixed.

When HR decreases with a higher Tregs intra-tumoral frequency, the two lymphocytes intra-tumoral frequencies necessarily correlate directly with each other (Cov>1). Both lymphocytes infiltrate simultaneously into the tumor tissue, but CD8+ T cells infiltrate faster than Tregs, resulting in improved prognosis. Table 1 includes 3 types of cancer with HR < 1. Indeed, in CRC (9–12), in head and neck cancer (13, 14), and in advanced ovarian cancer (15, 16), the tumoral frequencies of the two species positively correlate with each other (comparing tumors of different grades or comparing tumor with normal tissue).

When HR increases with higher frequencies of intra-tumoral Tregs, the two lymphocyte frequencies either inversely correlate with each other (Tregs frequency increases while CD8+ cells frequency decreases) (Cov<1), or they are directly correlated(Cov>1), however in the last scenario Tregs are expected to infiltrate faster than CD8+ T cells into the tumor site, affecting an increase in HR this way. Table 1 includes 7 types of cancer with HR > 1. In lung adenocarcinoma (17), renal cell carcinoma (21), HCC (28, 29), and pancreatic cancer (32), the frequencies of Tregs and CD8+ (or active CD8+) are inversely correlated. In ovarian cancer (26), and cervical cancer (24) these frequencies are directly correlated. In endometrial cancer, even though the frequencies directly correlate with each other (22), the tumor microenvironment downregulates the activity of CD8+ T cell (23), and the number of active CD8+ T cells plausibly decreases.

Consequently, for most types of cancer listed in Tab. 1, when intra-tumoral Tregs frequency is used as a marker for cancer prognosis, equation 2 holds:



Where HR is the mortality hazard ratio affected by an increase in intra-tumoral Tregs frequency.

Inspection of the data presented in Shang et al. meta-analysis (6) (which is based on Tregs as a marker) confirms eq. 2 for all cancer types: within this list of 11 types of cancers, any cancer type with HR > 1, presents a larger variance than any cancer type with HR < 1.It should be realized that the hazard involved with an increase in Tregs frequency is different from the hazard involved with an increase in the lymphocytes frequency ratio. Thus, eq. 2 does not hold when the lymphocytes frequency ratio is used as a marker.

As mentioned above, dendritic cells and effector CD4+ T cells also affect survival, since both types of cells are involved in priming cytotoxic reaction (34). In addition, effector CD4+ T cells may demonstrate direct cytotoxicity (35).The control of dendritic cells and CD4+T effector cells by regulatory T cells adds to the complexity involved with the prediction of prognosis.

Due to these intricate relationships it seems that no single marker would fit all types of cancer and all patient subpopulations as “the best” prognostic marker.

Having said that, the frequency ratio of the two lymphocytes(CD8+/Treg or Treg/CD8+) demonstrates good correlation with survival in many types of cancer. A good correlation of the ratio with survival was observed in lung adenocarcinoma (17), cervical cancer (24), type I endometrial cancer (36), ovarian cancer (37, 38), colorectal cancer (7, 8), endometrial cancer (overall survival) (22), and breast cancer (39). In some of these studies (7, 8, 24, 37, 38) the frequency ratio was found superior to the single lymphocyte frequencies (one of them or both) as a prognostic marker. Moreover, {PD1+Tregs/PD1+CD8+T cells} ratio was found superior to all other markers in predicting the efficacy of programmed cell death protein 1 (PD-1) blockade therapies (40).

However, the frequency ratio did not correlate with survival in three clinical studies: in type II endometrial cancer study (36), in a CRC study (41), and in endometrial cancer study (DFS) (22). In addition, a meta-analysis of 21 ovarian cancer studies did not show a correlation of the ratio with survival (42).

Taken together, the use of the lymphocytes frequency ratio as a marker is recommended when the frequency variances of the two lymphocytes within the tumor site are of comparable size, or when their values are unknown. However, if one lymphocyte presents highly variable frequency or function, the other specie should be preferred as a marker. In such a case, the lymphocyte frequency ratio may demonstrate high variability and may poorly correlate with survival, especially when the intra-tumoral frequencies of the two species inversely correlate with each other.



Summary

This commentary provides a possible explanation for the opposite correlations between intra-tumoral Tregs and survival, associated with different types of cancer. For most types of cancer, it also explains the higher variances of hazard ratios (σHR) observed in cancer types with HR>1 compared to cancer types with HR<1, when Tregs frequency in the tumor microenvironment is used as a marker for cancer prognosis. The complexity involved with the selection of a preferred prognostic marker is presented and discussed. The lymphocytes frequency ratio is proposed as the marker of choice, in the absence of data regarding the variances of the two lymphocytes (frequency or function) within the tumor microenvironment, or if the two variances are of comparable size. If the intra-tumoral frequency of one of these two species exhibits high variability, the low variable lymphocyte should be preferred, over both, the highly variable lymphocyte and the frequency ratio, especially when the intra-tumoral frequencies of the two lymphocytes inversely correlate with each other. The best prognostic marker selected this way, may also be the best predictor for checkpoint inhibitor therapy of cancer. Table 2 summarizes these results.


Table 2 | A summary table of (a) mortality hazard ratios associated with the use of different intra-tumoral markers; (b) the preferred markers under different relationships between lymphocyte-related variances.
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Glioblastoma (grade IV glioma) is the most aggressive histopathological subtype of glial tumors with inordinate microvascular proliferation as one of its key pathological features. Extensive angiogenesis in the tumor microenvironment supplies oxygen and nutrients to tumoral cells; retains their survival under hypoxic conditions; and induces an immunosuppressive microenvironment. Anti-angiogenesis therapy for high-grade gliomas has long been studied as an adjuvant immunotherapy strategy to overcome tumor growth. In the current review, we discussed the underlying molecular mechanisms contributing to glioblastoma aberrant angiogenesis. Further, we discussed clinical applications of monoclonal antibodies, tyrosine kinase inhibitors, and aptamers as three major subgroups of anti-angiogenic immunotherapeutics and their limitations. Moreover, we reviewed clinical and preclinical applications of small interfering RNAs (siRNAs) as the next-generation anti-angiogenic therapeutics and summarized their potential advantages and limitations. siRNAs may serve as next-generation anti-angiogenic therapeutics for glioma. Additionally, application of nanoparticles as a delivery vehicle could increase their selectivity and lower their off-target effects.
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Introduction

Brain gliomas are a major neurooncological challenge because of high mortality, morbidity and recurrence rates. Among the glial neoplasms of the brain, glioma grade IV or glioblastoma multiform (GBM) is the most frequent and deadliest. Despite the current advances in development of novel therapeutic strategies for gliomas, the prognosis of patients suffering high-grade gliomas is very poor. Up to present, aggressive surgery (ideally gross total resection of the tumor bulk), Temozolomide (TMZ) chemotherapy, and radiation therapy are the standalone and gold standard of care for GBM, based on the National Comprehensive Cancer Network (NCCN) guidelines. Meanwhile, many patients receiving the standard of care experience recurrence and disease-specific survival and progression-free survival for GBM patients are very poor. Extensively aggregating focally anastomosing capillaries forming glomeruloid vessel-like structures which are supported by basal lamina and pericytes and are devoid of astrocytic end-feet is a key histopathological characteristic of GBM (1). Hence, anti-angiogenic therapy is one of the well-known adjuvant therapy strategies for GBM. Proposing that vascular-reach tumor such as GBM depend on neovessel formation for survival and nutrient supply, inhibiting tumor angiogenesis is one of the key treatment strategies that could help combat glioma growth and also increase the patients’ quality of life due to symptom alleviation and reduction of peritumoral edema. Additionally, tumor aberrant angiogenesis supports the immunosuppressive tumor microenvironment (TME) in GBM and hence, reducing the angiogenic signals in the TME could enhance anti-tumor immune responses. However, the hypoxia caused by the severe reduction of tumor vasculature after anti-angiogenic therapy, contributes to activation of compensatory signals which resist against anti-angiogenic therapies and maintain tumor angiogenesis. Herein, we critically discuss the major contributing mechanisms to tumor angiogenesis and resistance to anti-angiogenic therapeutics and also discuss the novel advances in the field of designing anti-angiogenic therapeutics for GBM. We provide a detailed discussion on antibody-based anti-angiogenic therapies; small peptides; tyrosine kinase inhibitors and oligonucleotide-based therapeutics (e.g. aptamers and siRNAs) and critically review their potential challenges, safety, efficacy and future perspective. Furthermore, we explore the challenges of BBB for targeted brain delivery and strategies to overcome comprising passive and active targeting of both biological and synthetic nano-carriers.



Biology of GBM Angiogenesis and Resistance Mechanisms to Anti-Angiogenic Therapy

Of all brain tumors, gliomas make up about 70% of brain neoplastic lesions. The prognosis of patients with high-grade gliomas is very poor despite development of advanced neurosurgical approaches. Glioma angiogenesis has long been considered to be a key controller of tumor progression and acquisition of aggressive phenotypes. Tumor aberrant angiogenesis was first described by Folkman et al. (2). Currently, several contributing cellular and molecular mechanisms have been proposed for incremental angiogenesis in GBM tumors, the most stated of which are as follows: (1) Hypoxia: The extensive cellular proliferation in tumoral bulk of the GBM, causes severe hypoxia, nutrient-deprivation and also induces secretion of angiogenic cytokines (Figure 1) and Matrix Metalloproteinases (MMPs). Consequently, neo-angiogenesis forming haphazard blood vessels lacking normal vessels structure speeds-up due to extracellular matrix (ECM) degradation. Quiescent endothelial cells (ECs) get activated via complex downstream signaling pathways induced by the TME cytokines, and ECs extensively proliferate and sprout in a complex TME comprising pericytes, reactive astrocytes, glioma-associated macrophages (GAMs), tumoral cells and ECs. Propagation of newly-formed vessel buds are enhanced by the interactions of binding proteins (e.g. αvβ5 and αvβ3 integrins) and furthermore, pericytes and smooth muscle cells eventually surround the newly lumenized tubes and stabilize their basement membranes. In the proangiogenic and proinflammatory TME of the GBM, extensive proliferation of ECs leads to formation of leaky and abnormal blood vessels. However, the haphazard vessels formed are not able to efficiently deliver the nutrients and oxygen demand of the proliferating tumor bulk and also are not efficient for delivering the chemotherapeutics. (2) Vasculogenic Mimicry (VM) of Cancer Stem Cells (CSCs): firstly, Maniotis et al. reported melanoma cells forming tube-like structure with no vascular endothelial cells containing red blood cells and this type of vessel formation was therefore named vasculogenic mimicry (3). Tumor-initiating cells have high dedifferentiation plasticity and can Trans-differentiate to vessel-like structures (identified by accumulation of RBCs and CD31/CD34-negative and PAS-positive cells) supported by glycoproteins comprising type I, IV, and VI collagen, and laminin Ln5 and its cleavage products, γ2x and γ2´ (4, 5). These vessel-like structures eventually merge with micro-vessels formed by angiogenesis or vascularization to retain blood supply and nutrient delivery and also play pivotal roles in tumor metastasis by shedding tumoral cells directly into the bloodstream. Epithelial-Mesenchymal Transition (EMT) and VE-cadherin/EphA2/MMP signaling pathway are key players to facilitate VM. Additionally, adenosine/STAT3/IL-6 pathway, MAPK/ERK pathway, Wnt/β-catenin, Notch, Wnt, Hedgehog, Hippo signaling pathway are also key triggers for VM due to their pivotal roles in generating CSCs. Hypoxic TME is a key trigger for GBM angiogenesis. The major contributing TME cytokines in VM are summarized in Figure 1 (6). Over production of HIF1α in the TME increases BCL9 expression, mediating activation of β-catenin-mediated transcriptional activity at hypoxic tumor tissues, and facilitates VM. Tight junction proteins are negatively regulated by overexpression of CSCs markers (Twist and Snail) enhancing the migration capacity of endothelial cells (7). Moreover, the ECM is degraded by overproduction of matrix metalloproteinase such as MMP9 mediating EphA2/MMP signaling pathway. Afterwards, the newly-proliferated cancer stem cells form vessel-like structures in order to support tumor oxygen delivery. (3) Infiltration of Bone Marrow-Derived Mesenchymal Cells (BM-MCs): BM-MCs infiltrate into tumor tissues via chemo-attraction (e.g. by CX3CL1) and secrete pro-angiogenic and pro-inflammatory cytokines (e.g. HIF1α, VEGF and IL6). The recruited tumor-associated BMDCs may differentiate into macrophages and pericytes. Macrophages in the TME modulate the pro- and anti-angiogenic balance by cytokine production and pericytes, derived from PDGFRβ+ BMDCs, can enhance the ECs survival and also provide an extensive mechanical support to maintain the vessels (Figure 1) (8). (4) Over-activation of Cyclooxygenase-2 (COX-2) hydroperoxidase pathway: COXs, checkpoint enzymes of prostanoids production, have two mammalian isoforms. COX-1 regulates the homeostatic synthesis of prostanoids expressed in the most tissues and retains the physiological functions of prostanoids at target organs. COX-2, also known as prostaglandin G/H synthase, is expressed at extremely low levels in physiological circumstances, and the robust increase in COX2 expression reflects severe inflammatory responses to tissue injuries and other detrimental stimuli such as tumorigenesis. COX2 activation results in an eventual overproduction of prostaglandin E2 (PGE2), thromboxane A 2 (TXA2) and prostaglandin I2 (PGI2). TXA2 facilitates ECs migration and proliferation and PGI2 is involved in multiple angiogenesis-related processes (e.g. ECs sprouting, ECs proliferation and vessel permeability; Figure 2). PGE2 facilitates glioma angiogenesis via protein kinase C activation (PKC) by activating G-protein-coupled receptors. Additionally, the interactions of Epidermal Growth Factor Receptors (EGFR)/Signal transducer and activator of transcription 3 (STAT3) or the epidermal growth factor receptor variant III (EGFRvIII)/STAT3 signaling axes with COX2 downstream pathways contributes to glioma angiogenesis (Figure 2) (9). (5) Overexpression of tyrosine kinase receptors (TKRs): Over-activation of TKRs are thought to be of the key players in oncogenesis. Major TKRs families which are extensively involved in tumor angiogenesis are thought to be the VEGF receptors (VEGFRs), the Tie receptors platelet-derived growth factor (PDGF) receptors and Eph receptors. VEGFR-2 and VEGFR-3 act in order to facilitate and drive angiogenesis, whereas VEGFR-1 restricts the angiogenic response and is said to be a key player in tissue remodeling acting to recruit macrophages. Under physiological circumstances, stimulation of VEGFR-2 contributes to angiogenesis of blood vascular ECs, however, activating VEGFR-3 elicits a similar response for lymphatic ECs. During the cancer pathogenesis, VEGFR2 is extremely overexpressed. Tie2/Ang1, Ang2, and Ang4 interactions also play pivotal roles in EC survival, stabilization and remodeling of blood and lymphatic vessels. The PDGF receptors mediate vascular wall stabilization by mural cells (e.g. pericytes and smooth muscle cells), and the Eph receptors contribute in determining arterial versus venous identity. The TKRs downstream signaling pathways contributing to glioma aberrant angiogenesis are depicted in detail in Figure 2. Over-activation of mitogen-activated protein kinase (MAPK) and Phosphoinositide 3-kinase (PI3K)-Akt signaling pathways eventually result in sustained angiogenesis, cellular proliferation and evasion from apoptosis (10).




Figure 1 | Major mechanisms of GBM angiogenesis. (A) Cellular schema of the angiogenic tumor microenvironment (TME) of GBM. GBM TME consists numerous cell sources (e.g. immune cells, GBM cells, astrocytes, macroglia/macrophages, and astrocytes) which support the angiogenic TME by overproducing angiogenic cytokines. (B) Vasculogenic mimicry; GSCs form vessel-like structures which invade to tumoral endothelia to get nutrient and oxygen supply. (C) Chemical attraction and infiltration of angiogenic clones of BMSCs in the tumor tissue by TME chemotactic signals. Some of the vectors used to design this figure were downloaded from Vecteezy under a free license.






Figure 2 | Molecular mechanisms contributing to tumor angiogenesis and resistance to anti-angiogenic therapy in a GBM cell. The major molecular pathways responsible for GBM angiogenesis comprise: (1) TKR-mediated angiogenesis via activation of downstream signaling pathways (PI3K-Akt signaling pathway, and MAPK signaling pathway) (2) cytokine-mediated angiogenesis via activation of downstream signaling pathways (JAK-STAT signaling pathway) (3) SDF1, ANG2 as compensatory mechanisms (4) Hypoxia-mediated angiogenesis via activation of HIF1α signaling pathway (5) COX2-mediated angiogenesis via activation of G-protein- coupled receptors mediating activation of protein-kinase C (PKC) and also its interactions with EGFR signaling (6) Notch-mediated angiogenesis. Some of the vectors used to design this figure were downloaded from Vecteezy under a free license.



Although the normalized tumor vasculature after anti-angiogenic therapy with a high dose interrupted protocol which is conventionally used as an adjuvant therapy for GBM with Tyrosine Kinase Inhibitors (TKIs) or monoclonal antibodies (mAbs) provides a transient window period for more efficient chemotherapy, high dose systemic consumption of mAbs or TKIs can cause tumor escape and acquisition of resistance to anti-angiogenic therapies (Figures 1, 2). Previous studies have identified several mechanisms for tumor escape from anti-angiogenic therapy which include: (1) over-activation of compensatory angiogenic signaling pathways: In the hypoxic GBM TME with few remaining vessels after angiogenesis blockade, cells rewire their signaling pathways to activate compensatory signals comprising the Hypoxia-inducible factor signaling pathway, Notch signaling pathway, and Ang2/Tie2 signaling pathway (Figure 2). (2) Immunological escape: Briefly, pro-angiogenic signals produced by TIE2+ monocytes, GAMs, reactive astrocytes and CD11b+ myeloid cells, neutrophils and T helper-17 cytokines enhance infiltration of the pro-angiogenic clones of BM-DSCs and result in tumor angiogenesis. (3) Increased pericyte coverage: after anti-angiogenic therapy, extensive pericyte coverage may also be another contributing mechanism to maintain the survival of ECs. (4) Vessel co-option and perivascular invasion:  Invasion of tumoral cells to co-opt with the vessels in the tumoral tissues is a well-known characteristic of aggressive tumors which facilitates nutrient delivery and oxygenation of the rapidly-expanding tumor tissue. The exact molecular mechanisms mediating vessel co-option are not yet fully-described however previous evidence highlights the role of Bradykinin/bradykinin receptor-2 (B2R) signaling pathway, CXCR4/SDF-1α pathway, MDGI/FABP3 signaling pathway, EGFRvIII signaling pathway, and Olig2/Wnt7a signaling pathway (11). It is noteworthy to note that increased pericyte coverage in the co-opted blood vessels supports survival of ECs under anti-angiogenic therapy by promoting an autocrine VEGF-A signaling and consequently, vessel co-option was previously noted as an indicator of poor clinical response to anti-angiogenic therapy in many cancers including breast, colorectal, lung and pancreatic cancer, GBM, melanoma, hepatocellular carcinoma, and renal cell carcinoma (12). Hence, the modulating molecular targets of vessel-cooption serve a potent future perspective for generating more efficient anti-angiogenic drugs for cancer therapy and also as a mechanism to enhance tumor chemo-sensitization. Co-option of tumoral cells to tumor vessels is also another compensatory mechanism to get oxygen and nutrient supply which supports the survival of tumoral ECs. (5) VM; as previously described. (6) Autophagy process: Both selective and non-selective autophagy mechanisms are ways to provide energy for tumoral cells in order to maintain their survival under hypoxic or anoxic conditions through both HIF-1 dependent/independent mechanisms. A well-known strategy to overcome anti-angiogenesis therapy resistance is to pursue low dose and continuous inhibition rather than disrupted high dose consumption. A future perspective therefore proposed is to use slow-releasing nanoparticles as vehicles for anti-angiogenic compounds.



Optimization Strategies for Anti-Angiogenesis Drug Designing

The primary objective of anti-angiogenic therapy for GBM is to normalize the tumor vasculature rather than eliminating all the tumoral vessels. Normalized tumor vasculature serves as a window for more effective chemotherapy and enhance tumor delivery of therapeutic agents. An ideal anti-angiogenic drug should have the following characteristics: (1) Target multiple signaling pathways (2) cause minimal drug-induced resistance (3) increase endogenous anti-angiogenesis substances (4) have minimal off-target effects (5) high selectivity (6) and limited systemic toxicity. Anti-angiogenic therapeutics are categorized as tabulated in Table 1.


Table 1 | Major categories of anti-angiogenic immunotherapeutics.





Anti-Angiogenic mAbs; Current Status, Challenges and Future Perspective

Currently, the clinical applicability of a large number of mAbs for GBM is under evaluation however major challenges exist to optimize the efficacy of anti-angiogenic therapy with mAbs which include: (1) Low tumor accumulation rates: low absolute tumor accumulation of the large molecules of intact mAbs are due to increased interstitial fluid pressure (IFP). The increased IFP and extensive peritumoral edema impair the trans-capillary transport of mAbs into the tumor tissue. High IFP slows the diffusion constants and forms a “binding site barrier” that causes uneven tumor penetration and hence mAbs tend to bind to the first antigen molecules they encounter. (2) Low concentration in tumor tissue due to the Blood-Brain Barrier (BBB): Prolonged high dose consumption of mAbs to overcome the BBB challenge insert systemic AEs and enhances acquisition of resistance to anti-angiogenic therapy due to extensive tumor hypoxia after angiogenesis blockade. (3) Long circulation time (days to weeks) resulting in dose-limiting toxicities (4) slow tumor uptake (5) heterogeneity in the expression of targeting antigens in the tumor tissue. Due to the aforementioned limitations of intact mAbs, there is a rising tendency to use antibody fragments with smaller molecular sizes (e.g. minibodies, diabodies, single-chain fragment variable, camelid antibodies, and small peptides) for future clinical applications. As a future perspective, camelid antibodies, also named as noanobodies or single-domain antibodies, are completely devoid of light chain and have only one single VH domain termed VHH in the antigen binding regions (13). Previously, we have successfully generated combined Mucin-1 (MUC1)-specific nanobody-tagged poly-ethylene glycol (PEG)-polyethylenimine polyplex targeting and transcriptional targeting of tBid transgene for directed killing of MUC1 over-expressing tumor cells (14). Production of camelid antibodies is a future perspective for antibody-based knockdown of tumor angiogenesis by phage display technologies with particular advantages comprising (1) small molecular size of about 10-15 KDs (2) robust kinetics and behavior (3) high affinity (4) high specificity and (5) better tissue penetration due to smaller size and (6) ability to deliver therapeutic cargos. Investigating the in-vivo efficacy of nano-bodies to successfully penetrate the BBB and deliver their cargo to the region of interest in the brain with high affinity for tumoral cells is a potential future perspective. Muruganandam et al. reported that two llama single-domain antibodies were selected, sequenced, subcloned, and expressed as fusion proteins with c-Myc-His5 tags which selectively bind to human cerebromicrovascular endothelial cells and transmigrate across an in vitro human BBB model (15). Additionally, Wouters et al. also reported successful generation of an anti-transferrin receptor nano-body that can reach the brain via receptor-mediated transcytosis after peripheral administration (16). Moreover, Li et al. also reported successful generation of two novel single-domain antibodies (VHHs or nano-bodies) against extracellular amyloid deposits and intracellular tau neurofibrillary tangles and reported gradual extravasation of the VHHs across the BBB, diffusion in the parenchyma and labeling of amyloid deposits and neurofibrillary tangles in transgenic Alzheimer’s disease mice models (17). Moreover, Farrington et al. (18), M Vandesquille et al. (19), and Rutgers et al. (20) also reported that camelid antibodies pass through the BBB. In a review by GAO Et Al the potential mechanisms by which the nano-bodies pass through the BBB are completely discussed (21). We are currently investigating the BBB penetration of some VHH clones by phage display strategy as an experimental project and aim to examine the efficacy of VHH nano-bodies as carriers for brain delivery as a future perspective. Despite previous evidence suggesting that nano-bodies may cross the BBB by direct penetration or RMT, yet future research may shed light to the exact molecular mechanisms mediating BBB penetration of VHHs and their efficacy to target tumoral tissues in the brain. Novel technologies developed for high-yield production of recombinant mAbs by cloning of immunoglobulin gene segments and producing libraries of antibodies (e.g. repertoire cloning, CRISPR/Cas9 and phage display) has attracted much attention in the recent years compared to the traditional methods (e.g. chimeric antibodies, and hybridoma technologies) Traditional methods are less efficient and may cause adverse events (AEs) such as human anti-mouse antibodies (HAMA) formation. Consequently, phage display technologies can be a potential future perspective to cross the blood-brain-barrier with nano-ligand drug carriers in clinics to optimize the drug delivery process for neurological disorders and brain tumors (22). The aforementioned technologies enables the scientific committee to engineer the mAbs with modified amino acid (AA) sequences to achieve the desired characteristics. Production of fully-humanized antibody fragments with modifiable AA sequences are the goal for novel anti-body-based products which can be achieved by newer antibody engineering techniques (e.g. phage display, transgenic mice and single B cell cloning; Figure 3). Small peptides are also potentially more advantageous to intact mAbs due to faster clearance rates and tumor penetration. However, one of the major drawbacks of peptides is that a slight change in their AA composition causes major conformation modification which results in huge changes in their relative affinity. Consequently, they are relatively less potent for designing novel therapeutic conjugates than mAbs.




Figure 3 | Novel advances in generation of anti-angiogenic monoclonal antibodies (mAbs). (A) Novel strategies used for industrial production of engineered fully-humanized mAbs comprising (1) phage display technologies (2) transgenic mice (3) single-cell sorting. (B) An intact mAb and antibody fragments (i.e. minibody, tirabody, tetrabody, and scFv) (C) camelid antibodies. Some of the vectors used to design this figure were downloaded from Vecteezy under a free license.





CLINICAL TRIAL PIPELINES OF ANTI-ANGIOGENIC mAbs/fusion proteins FOR GBM

As summarized in Table 2, the majority of previous evidence suggests poor clinical applicability of mAbs for GBM. However, Bevacizumab (BV), a humanized anti-VEGF mAB targeting circulating VEGF, is now broadly used as an FDA-approved adjuvant immunotherapy for recurrent GBM. A major concern for using BV in patients suffering GBM at childbearing ages is that it may impair fertility. Other serious systemic adverse events (AEs) of BV include gastrointestinal perforation, thromboembolic events, renal injury, and impairment of wound healing process which may increase the risk of post-surgical infections, Posterior Reversible Encephalopathy Syndrome (PRES), congestive heart failure and hypertension. Aflibercept: Aflibercept is an IV-injected soluble decoy receptor (a decoy fusion protein of domain 2 of VEGFR-1 and domain 3 of VEGFR-2 with the Fc fragment of IgG1) binds to VEGF-A, VEGF-B, and PGF with greater affinities than their native receptors (e.g.VEGFR family). Hence, it traps the soluble VEGF preventing its interaction with VEGFR family to activate downstream angiogenic pathways. The phase II trials of Aflibercept in patients with recurrent GBM reported moderate toxicity, including fatigue, hypertension, lymphopenia, CNS ischemia and systemic hemorrhage. In addition, in another trial of TMZ-resistant malignant gliomas, moderate toxicity was also reported with major adverse events being fatigue, hypertension, hand-foot syndrome, lymphopenia, thrombosis, proteinuria, CNS ischemia and systemic hemorrhage. Further, a phase I clinical evidence suggested that Aflibercept in combination with TMZ was well tolerated and the dose-limiting toxicities reported were thrombotic microangiopathy and thrombocytopenia in the dose escalation study. Although the monotherapy of Aflibercept may cause moderate systemic toxicities, potential advantages of adding Aflibercept to TMZ chemotherapy still needs further clinical investigations (23–26). Tanibirumab: In a phase I investigation, Tanibirumab was considered tolerable and had modest clinical efficacy for refractory solid tumors. Furthermore, the results of a phase IIa clinical study of Tanibirumab in patients with recurrent GBM revealed that Tanibirumab is safe and a common AE of Tanibirumab was cutaneous hemangiomas (27, 28). Cetuximab: Cetuximab is an EGFR inhibitor, a fully humanized mAB, with FDA-approval for patients with K-Ras wild-type, EGFR-expressing colorectal cancer, metastatic colorectal cancer and advanced squamous cell carcinoma of the head and neck in combination with radiation therapy. Results of a phase II clinical trial suggested that cetuximab had both minor toxicities and minor clinical benefits in progressive malignant gliomas (29). Two serious AEs of Cetuximab reported in patients with head and neck squamous were heart attacks and sudden deaths. Onartuzumab: Onartuzumab is a fully-humanized and monovalent antibody against c-met. A phase II trial reported adding Onartuzumab to BV had no further clinical benefits compared to BV alone (30).


Table 2 | Clinical trials on mAbs/fusion proteins for GBM.





Anti-Angiogenic Tyrosine Kinase Inhibitors (TKIs); Current Status, Challenges and Future Perspective

TKs are a group of phosphorylating enzymes which activate a variety of downstream pathways resulting in a biological response (e.g. cellular proliferation, differentiation, migration, survival, vessel formation or permeability). TKs can be further categorized as Receptor-Tyrosine Kinases (RTKs) and non-Receptor-Tyrosine Kinases (nRTKs). RTKs transduce extracellular signals into cells, while nRTKs reform intracellular communications. The downstream pathways of the overexpressed TKRs result in glioma angiogenesis and proliferation (Figure 2). Up to the present, a large number of TKIs are under clinical investigation for GBM. TKIs, as small hydrophobic molecules, can pass through the cellular membranes and inhibit the functions of multiple downstream pathway, whereas mAbs are extracellular antagonists of specific protein targets. Therefore, the majority of anti-angiogenic TKIs have multiple targets of several signaling pathways (e.g. VEGFRs EGFRs, FGFRs and PDGFRs) despite mAbs. Therefore, TKIs are more potent to reduce tumor angiogenesis than single-targeted blockade with mAbs. However, due to limited selectivity of TKIs, the off-target effects and systemic AEs are major challenges of TKIs. Despite the overproduction of TKRs in cancer cells and tumor ECs, TKs are expressed in lower levels in all cells. Consequently, inhibition of TKs can result in the impairment of important hemostatic or endocrine organs functions (e.g. thyroid gland or kidney). Nephrotic syndrome and hypothyroidism are rare but possible off-target effects of TKIs. Moreover, TKIs administration impairs the wound healing process due to a significant reduction in growth factors and may also cause bleedings due to impaired platelet interaction with ECs. In addition, the tumor heterogeneity affects the efficacy of TKIs. Taken together, accumulating evidence suggests that there are still many concerns about TKIs, including systemic AEs and low selectivity. Previously, it was taught that TKIs and mAbs do not insert cytotoxic effects on normal endothelia due to the quiescent state of adulthood ECs and only target tumor angiogenesis. However, some further investigations unveiled that anti-angiogenic therapy reduces survival and renewal capacity of normal ECs via growth factor signaling pathways. Hence, the development of novel anti-angiogenic agents with lower off-target effects can help reduce the side effects of systemic administration of TKIs or mAbs.



Clinical Trial Pipelines of Anti-Angiogenic TKIs for GBM

Table 3 summarizes some previous clinical trial pipelines of Antiangiogenic TKIs on GBM. Axitinib: Axitinib showed a manageable toxicity profile and the most frequent grade III/IV AEs were fatigue, diarrhea and oral hyperesthesia. Axitinib had objective response rates as a monotherapy compared with BV or lomustine (28% in axitinib-treated individuals and 23% in BV or lomustine-treated group) in a phase II trial. Another phase II trial suggested that Axitinib increases the response rate and progression-free survival in recurrent GBM, but the combination therapy of lomustine and Axitinib did not show any promising priorities compared to Axitinib monotherapy. The results of another phase II trial testing clinical efficacy and safety of Axitinib+Avelumab were not justifying for further clinical investigations (31–33). Cabozantinib: Phase I clinical investigations of Cabozantinib concurrent with chemradiation therapy in newly diagnosed patients with high‐grade gliomas were well-tolerated and also showed promising results (34). Lenvatinib: in a phase I/II study for recurrent and refractory pediatric CNS tumors, the clinical efficacy and safety of Lenvatinib+ everolimus was investigated (35). Nintedanib: phase II clinical study of Nintedanib in recurrent high-grade gliomas showed promising results regardless of previous BV therapy. However, in another phase II clinical trial, Nintedanib showed minimal clinical anti-tumor activity despite its perfect safety profile with no grade III/IV AEs (36, 37). phase I/II trial in adult patients with relapsed malignant glioma, and the results showed limited efficacy. Also, monotherapy of Pazopanib did not associate with any significant survival benefits in a phase II investigation in patients with recurrent GBM (38–40). Sunitinib: monotherapy of Sunitinib showed insufficient activity as a monotherapy regimen in recurrent high-grade gliomas. The combination therapy of Sunitinib and Irinotecan showed moderate toxicity and limited anti-tumor activity (41–47). Ponatinib: Ponatinib administration in patients with BV-refractory GBMs showed minimal clinical efficacy (48). Regorafenib: The results of comparing Regorafenib with Lomustine in patients with relapsed GBM was promising with an encouraging overall survival benefit (49). Sorafenib: Sorafenib combined with radiation therapy and TMZ showed significant AEs and resulted in moderate clinical outcomes (50, 51). Vandetanib: Seizures were a major concern as a serious AE in Vandetanib monotherapy, and Vandetanib did not show significant anti-tumor activity in patients with recurrent malignant glioma (52–54).


Table 3 | Clinical trials on TKRs for GBM.





Anti-Angiogenic Aptamers

Aptamers are single-stranded short oligonucleotides with architectural folding to bind their targets (mostly proteins) with high specificity and affinity. Aptamers can be designed to target a wide range of biological targets (e.g. whole cells, nucleic acids, proteins, and peptides). Compared to mAbs, aptamers are advantageous in many aspects, which comprise (1) minimal immunogenicity (2) minimized toxicity (3) easy and fast in-vitro production without need for hosting animals (4) smaller size (8-15KD compared to 150 KD for mAbs) (5) higher tumor permeability (6) easy site-directed modifications (7) ability to be conjugated with broad ranges of tags (8) high chemical compatibility in organic and biological solutions (pH ranges:4-8.5 active temperature up to 95°C) and (9) lower cost. Design and discovery of aptamers is performed by Systematic Evolution of Ligands by Exponential Enrichment (SELEX) strategy, which includes a random synthesis step followed by selection, amplification and mutation steps. Potential challenges faced for clinical applications of aptamers are: (1) degradation by endogenous nucleases resulting in low stability in biofluids which can be further improved by backbone modifications (e.g. sugar modifications) or using spiegelmer®s. (2) Relatively high renal filtration rates. A possible strategy to overcome this challenge is PEGylation. The first anti-angiogenic aptamer FDA-approved for age-related macular degeneration was Pegaptanib-sodium (Macugen; Pfizer/Eyetech) (55). As a future perspective, aptamers can be used as theranostic agents delivering the cargo of interest to tumor site. Yet, further clinical investigations are required to shed light on the efficacy and safety of anti-angiogenic aptamers for GBM.



The BBB Hurdle; Strategies to Overcome for GBM Anti-Angiogenic Therapy

The BBB functions as a selective barrier to import nutrients so as to maintain neuronal survival and limit the passage of neurotoxins or infectious particles. The main element of BBB functions is the presence of dozens of tight junction proteins resulting in low para-cellular permeability (e.g. cluadins 3, 5, 12, ZO1 and occludin). However, several subsidiary mechanisms also maintain the appropriate BBB functions in physiological conditions including (1) high Transendothelial Endothelial Electrical Resistance (TEER) (2) low transcytosis/pinocytosis rates (3) lack of fenestrations in the apical surface of brain microvessels (4) size selectivity for diffusion of small molecules (e.g. lipophilic small molecules, O2, and CO2). (5) carrier-mediated transport of larger nutrients such as glucose, amino-acids, ketones, nucleosides and neurotransmitters (6) receptor-mediated transcytosis of specific proteins (e.g. transferrin, or insulin) (7) and efflux of toxic metabolites, xenobiotics, and chemo-agents (56). In the TME of GBM however, the BBB disruption is due to the following cellular or molecular mechanisms: (1) imbalance of tight junction proteins due to alterations in the synthesis, trafficking, or post-transcriptional modifications (2) secretion of multiple pro-inflammatory cytokines (3) extensive edema and increased interstitial fluid pressure (4) lower capability of tumor-reactive astrocytes to support normal BBB functions (5) active degeneration of the BBB tight junction proteins by invasion of glioma cells to tumor ECs (6) leaky and haphazard nature of glioma microvessels with suboptimal delivery functions (i.e. to deliver chemoagents or TKIs). Accumulating evidence suggests that the impaired BBB in GBM pathogenesis provides an important area of research to enhance drug delivery strategies for BBB penetration. This section is devoted to a detailed and critical literature review on the BBB targeting strategies previously reported. (1) Passive targeting: Nano-carriers (NCs) can passively target neoplastic tissues through Enhanced Permeability and Retention (EPR) effect. EPR and passive targeting is highly dependent NCs characteristics such as size, shape, spatial characteristics and surface charge as well as the tumor biology, itself. Previously, numerous passively-targeted NCs have been commercialized comprising Doxil™, Abraxane™, Marqibo™, DaunoXome™, and Onivyde™ in the US; Myocet™ and Mepact™; Genexol-PM™; and SMANCS™ however, there is a rising tendency to increase the accumulation rates and enhance tissue-specific-targeting by active strategies. (2) Active targeting: several Moieties can be used to actively deliver the siRNA cargo through the BBB, including receptor substrates, cell-penetrating peptides, mAbs, aptamers, monosaccharides, polysaccharides, proteins, peptides and surface modifications. Receptor-Mediated Transcytosis (RMT) is one of the most frequently used strategies to transfer the cargos of interest into the brain. The most common RMT targets are the transferrin receptor (TfR), low-density lipoprotein (LDL) receptor, insulin receptor, ApoE receptors growth factors, biotin-binding proteins, insulin, lactoferrin, and EGFR variants (Figure 4).




Figure 4 | Active targeting to overcome the BBB hurdle for drug delivery in GBM. Active targeting using receptor-mediated transcytosis by using a diverse range of nano-carriers.





RNA Interference: A Future Perspective for GBM Anti- Angiogenic Therapy

Small interfering RNAs (siRNAs); known as 20-25 base pairs-in-length double-stranded non-coding RNAs; interfere expression of mRNAs. They are known as post-transcriptional silencers of a specific gene target by assembly of the RNA-induced silencing complex (RISC). This causes cleavage of the target mRNA molecules and its further degradation by cellular exonucleases (57). Molecular therapy using siRNA has indicated promising results in treating diseases caused by abnormal gene overexpression or mutation-based diseases. Naked siRNAs are unstable, and their physicochemical features (e.g. size and charge) may prevent them from crossing the BBB and the blood-tumor barrier (BTB). Additionally, they can potentiate immune responses when systemically administered and also may be entrapped by the reticuloendothelial system. Meanwhile, siRNAs loaded in tumor-targeted nanoparticles display many benefits, including minimal recognition by the immune system, more blood stability, high specificity and low off-target effects. Consequently, nanotechnology could aid development of novel and effective delivery systems that can enhance targeted delivery siRNAs and also protect them from degradation, rapid cellular washout and systemic clearance. When loaded in nano-carriers as a nanopelex, they are advantageous to mAbs/TKIs in several aspects as follows: (1) Firstly, siRNAs can be encapsulated into various nano-vehicles to mediate active transport of the nano-vehicle-siRNA complexes (nanoplexes) to targeted cells. Hence, nanoplexes may show higher tumor penetrance compared to intact mAbs (2) the nanovehicles’ characteristics can be engineered to pass through the BBB more efficiently (e.g., by consumption of a BBB-penetrating peptide which mediates active transport of nano-vehicle) (3) circulation time, pharmacodynamics and pharmacokinetics of the nanoplexes is modifiable (4) Developing multidisciplinary treatment strategies (e.g., loading multiple siRNAs, chemo agents and also radio-active isotopes into a single nano-vehicle to increase the synergic potential) (5) siRNAs have relatively lower systemic adverse events due to precise tumor targeting (e.g. by loading tumor-specific Abs on the nanoparticle’s surface). (6) Sustained and long release of siRNAs from engineered nano-vehicles reduces the injection frequency and increases the treatment efficacy (7) High selectivity of targeted nanoplexes to target a specific organ as well as a specific gene target reduces “off-target effects” compared to TKIs (8) need for relatively lower doses due to slow and targeted release which reduces tumor acquired resistance. To date, various carriers have been used for siRNA delivery to combat the main obstacles in GBM comprising liposomes, polymeric nanoparticles, gold nanoparticles and exosomes. Up to the present, only two clinical trials have been published on siRNA therapy for solid tumors (e.g. glioma), which are summarized in Table 4. Delivery of EphA2 siRNA via neutral liposomes (1,2-dioleoyl-sn-glycero-3-phosphatidylcholine or DOPC) in patients with advanced/recurrent neoplasms showed an acceptable safety profile. Moreover, delivery of Bcl2L12 siRNA-conjugated with gold nanoparticles penetrating BBB were promising and showed minimal toxicity (58, 59). Herein, we highlight the recent advances developing nano-carriers for siRNA delivery to GBM.


Table 4 | Clinical trials on siRNAs for GBM.





Nanovehicles for siRNA Delivery Across the BBB

The synthesis strategy, size/charge optimization or conjugation strategies should be modulated for generating BBB penetrating nano-carriers with robust drug delivery properties. Previous literature suggests nano-carriers can be designed to pass through the BBB successfully (e.g., exosomes (60), liposomes (61–63), and even gold nanoparticles (64–66). An optimal nano-carrier for delivery of siRNAs should have the following characteristics; (1) protection drugs from degradation (2) low-immunogenic properties (3) high uptake rates by target cells (4) acceptable blood circulation time (5) rapid and high accumulation at target organs (6) a long and controlled release pattern to obtain a permanent and effective gene-silencing response. Potential challenges of using synthetic nano-carriers also comprise (1) low blood circulation time (2) rapid entrapment in filter organs and recognition by the immune system causing fast clearance and (3) immunogenicity. Consequently, various strategies have been utilized to prolong nano-carriers’ circulation time in the peripheral blood (e.g. by grafting biocompatible hydrophilic polymers like polyethylene glycol or PEG). PEGylation, impairs the opsonin proteins binding to nano-carriers and protects them from recognition by reticuloendothelial system. Moreover, PEGylation can effectively prevent nanoparticles from aggregation and the endosomal release due to its esteric barrier nature and also lowers the immunogenicity of the synthetic nanocarriers. Hence, the nano-carriers can accumulate in the tumor milieu in higher concentrations. Herein, we discuss the previous attempts using nanocarriers for siRNA delivery to GBM. Previously reported nanocarriers for siRNA delivery to GBM comprise the following:

(1) Cationic liposomes: One of the most frequently used nano-carriers for gene delivery is liposome. The liposome-siRNA complex is also named as a lipoplex. Due to the negatively-charged nature of oligonucleotides, cationic lipids have attracted much attention and have advantageous properties for optimization of gene delivery process in cancers which comprise (1) easy synthesis (2) surface-modifiable domains which facilitates engineering and targeting properties (3) high and efficient loading of nucleic acids through electrostatic interactions (4) the excess cationic coats also facilitate vectors binding to negatively charged cell membranes (5) interruption of endosomal membrane to improve cytoplasmic delivery of nucleic acids. Major hurdles that limits the advantages of lipoplexes for high yield siRNA delivery comprise (1) aqueous instability of suspensions limiting the shelf life of produced siRNA-nanoparticles (2) electrostatic attraction force also is a challenge for optimized synthesis and design of lipoplexes which directly impacts the therapeutic efficacy. A balance of strong enough to protect nucleic acids from degradation during transportation and weak enough to allow for timely release of the payload of nucleic acids within target cells should be maintained. Mounting the previous evidence, cationic liposomes functionalized with two receptor-specific peptides, including Angiopep-2 and neuropilin-1 has been developed for glioma targeting and BBB penetration, respectively. They reported successful knockdown of VEGF and inhibition of glioma growth by loading VEGF-siRNA and docetaxel in the Angiopep-2 and neuropilin-1 targeting liposomes (67). Wei et al. developed an effective siRNA delivery system through T7 peptide-conjugated cationic liposomes (named as T7-LPC/siRNA NPs) as a targeted drug delivery system for transferrin receptor-mediated active targeting for GMB therapy (68). Another hurdle in using liposomes for gene delivery purposes is the loading efficacy. Development of hybrid nano-systems or introducing different alkyl chains in the same lipid with varying lengths in the hydrophobic domain are possible strategies to overcome the loading efficacy and transfection challenge. (2) Polymeric nanoparticles: Polymeric nanoparticles offer high yield transfection and are advantageous for many reasons comprising unlimited gene packing and the ability of polyplexes to be extensively modified via multiple modifiable moieties. In addition, polymers with specific functional groups such as positively charged or pH-sensitive moieties promote the endosomal escape of encapsulated therapeutic agents into the cytoplasm. Among the cationic polymers previously suggested for targeted drug delivery to brain, Poly (lactic-co-glycolic acid) PLGA, poly (glycolic acid) PGA, and poly (lactic acid) PLA are frequently reported. PLGA and PLA has been approved by the US Food and Drug Administration (FDA) for clinical use in humans therefore can be considered as a safe option for brain drug delivery. Kozielski et al. developed a biodegradable polymer consisting two monomers (1) bis(2-hydroxyethyl) disulfide (BR6) and (2) 4-amino-1-butanol (S4) to deliver siRNAs targeting GBM-promoting genes (e.g. Survivin, EGFR, NKCC1, YAP1, and Robo1) with promising results (69). Polyamidoamine (PAMAM) dendrimers are one of the most frequently used cationic polymers, which comprise of a variety of surface functional groups (-OH, -COOH, -NH2). Moreover, these nanoparticles has a pH-sensitive property due to the existence of protonated amine groups in an acidic condition, which imparts electrostatic repulsion between the polymer chains. These attractive features provide a versatile carrier for controlled siRNA delivery in GBM. One example was a PAMAM-dendrimer carrier with a RGD receptor-specific anchored to the surface, which was designed for the delivery of siRNA plus doxorubicin (DOX) against GBM. Peptides containing an arginine-glycine-aspartic acid (RGD) can be detected by the integrin receptors, especially ανβ3, which are often overexpressed in tumor cells, but rarely identified in normal tissue cells. Previous evidence suggested that these pH-sensitive effectively penetrate the BBB and co-deliver Doxorubicin and c-Myc-siRNAs in order to suppress GBM progression (70). Gold nanoparticles: Gold nanoparticles are reliable drug delivery systems for loading siRNAs conjugated covalently or by electrostatic conjugation onto their surface. The free thiol groups also can be used for surface modifications and bio-conjugation of targeting moieties to gold nanoparticles. Promising results have been reported by using synthetized gold-liposome nanoparticles functionalized with ApoE and rabies virus glycoprotein (RVG) as the targeting peptides for brain delivery (71). Solid Lipid Nanoparticles (SLNs): SLNs are also considered as promising nano-carriers for gene delivery because of their lipid nature, biodegradability and bio-compatibility. Due to their promising properties for oligonucleotide delivery, SLNs have been used for generation of the COVID19 vaccine; Pfizer recently. Neves et al. prepared a solid lipid nanoparticles (SLNs) functionalized with ApoE to improve brain drug delivery. Confocal images and flow-cytometry results indicated an increase in brain cellular uptake compared to the non-conjugated SLNs (72). Super-paramagnetic iron oxide nanoparticles (SPIONPs): SPIONPs have a wide range of clinical utilities (e.g. theranostic applications and hyperthermia). When external magnetic field is applied, SPIONPs can be used for efficient and targeted delivery of the loaded cargos with potential advantages such as high stability and increased blood circulation. Previously, EGFR-conjugated superparamagnetic iron oxide nanoparticles (SPIONPs) were loaded with survivin siRNAs (apoptosis-related inhibitors) and doxorubicin with promising results (73). Biological nanocarriers such as exosomes: Exosomes are natural drug delivery systems (40–100 nm) with advantageous properties for either active or passive targeting secreted by various cell types and are able to transfer different types of biological molecules (e.g. mRNAs and small RNAs). They can be obtained from autologous dendritic cells (DCs), Chimeric Antigen Receptor T cells (CAR T cells), stromal/stem cells (bone-marrow derived mesenchymal stem cells, placenta derived mesenchymal stem cells or adipose tissue mesenchymal stem cells), Natural Killer Cells (NK cells), CAR NK cells or NK T cells. To focus on the biogenesis process, one of the major exosome formation mechanisms is the endosomal sorting complexes required for transport (ESCRT) pathway however ESCRT-independent pathways may also be responsible for EV formation. Consequently, ESCRT proteins and their accessory proteins (Alix, TSG101, HSC70, and HSP90β) are noted as positive EV markers for characterization however the Tetraspanin transmembrane proteins family (e.g. CD63, CD81, and CD9) are also of the frequent markers used for EV characterization and validation of EV purification procedures (Figure 5) (74). Encapsulated drugs in exosomes have demonstrated multiple advantages compared to synthetic nanoparticles, including (1) more biocompatibility due to human-derived nature and better membrane fusion (2) unique proteo-lipid structure which stabilizes exosomes in blood circulation and increases their shelf-life (3) minimal recognition by the mononuclear phagocytic system (MPS) and immunogenicity (4) easy and fast production from cell culture media; a byproduct of cell-therapy facilities (5) intrinsic anti-cancer cargos of exosomes derived from mesenchymal cells or dendritic cells (e.g., miRNAs, proteins, mRNAs, or DNA fragments). Added to the mentioned advantages, exosomes may have the ability to cross different biological barriers (e.g. the BBB) (75). Despite the potential advantages of exosomes as biological nanocarriers, scale up process for high yield and purified exosome production faces many potential challenges. Major industrial-Scale exosome isolation methods depend on ultracentrifugation and ultrafiltration and both methods are time-consuming and have low yield for clinical applications (76). Mounting the previous evidence, Erviti et al. prepared engineered Lamp2b expressing self-derived dendritic cell exosomes for siRNA delivery to target the neuron-specific RVG peptide which is preferably expressed in the neurons, microglia, oligodendrocytes in the brain leading to a knockdown rate of 60% at mRNA level and 62% at protein-level for BACE1 (77). Another hurdle to use exosomes for siRNA delivery is the loading efficacy which does not exceed 20-30% in most of the previous studies. Modifying the siRNAs by adding hydrophobic tags (e.g. cholesterol tags) is a potential strategy to overcome the loading efficacy challenge (78).




Figure 5 | Exosomes biogenesis. Mainly, exosomes are produced by ESCRT- dependent mechanisms from early endosomes into the multivesicular bodies (MVBs). Exosomes contain the members of tetraspanin protein family and ESCRT proteins and their accessory proteins as positive markers for EV characterization. Moreover, exosomes also contain signaling cargos which mediate paracrine interaction of cells (DNAs, proteins, and also RNAs). Exomes are potent engineerable biological nano-carriers which pass through the BBB and can be used as a trojan horse to deliver the drugs to the brain. Some of the vectors used to design this figure were downloaded from Vecteezy under a free license.





Conclusions


Next-Generation Anti-Angiogenic Therapies

Tumor angiogenesis is a vital mechanism for maintaining tumor cell survival, providing nutrients, and oxygen uptake. Inhibition of tumor angiogenesis can act as a highly effective mechanism to combat vascular-rich tumors such as GBM. So far, extensive research has been focused on the production of novel anti-angiogenic drugs for gliomas, most of them were focused on mAbs and TKIs. Clinical application of intact mAbs faces many challenges, including low penetration into solid tumor tissues, failure to cross the BBB due to its large size, and systemic side effects. Despite the advantages of TKIs compared to mAbs (i.e., including smaller size and targeting angiogenesis via several molecular pathways), they also have disadvantages such as low selectivity. TKs are expressed in numerous cell types and systemic inhibition of TKs increases the risk of major systemic toxicities. Moreover, acquired resistance to anti-angiogenic TKIs is another challenge which limits their clinical advantages as adjuvants to radiation therapy or chemotherapy as a post-surgical management strategy (79). As a future perspective, siRNAs are potent effective silencers of tumor angiogenic gene expression for GBM. Exosomes obtained from various cell sources comprising autologous dendritic cells (DCs), Chimeric Antigen Receptor T cells (CAR T cells), stromal/stem cells (bone-marrow derived mesenchymal stem cells, placenta derived mesenchymal stem cells or adipose tissue mesenchymal stem cells), Natural Killer Cells (NK cells), CAR NK cells or NK T cells can serve as potent biological nano-carriers for efficient and targeted drug delivery to GBM with modifiable surface characteristics for a precisely targeted therapy with minimal systemic adverse side effects (80). Moreover, exosomes can also be used to minimize the AEs of chemo agents by targeting them directly to the tumor site with priorities to synthetic nanocarriers such as liposomes due to their human-derived and biological nature (81). Additionally, using nanobodies as an immunotaregting strategy could aid deliver the cargo of interest to tumor site with minimal systemic adverse events and optimal passage through the BBB (82).



Combination Therapy; a Future Perspective to Improve Anti-Angiogenic Therapy Efficacy

As another future perspective, adjuvant combination immunotherapies may aid increase the efficacy of anti-angiogenic therapy for GBM which comprise immune check-point blockade (83) and DC vaccination. Moreover, using anti-angiogenic agents which target multiple downstream angiogenic signaling pathways or using a combination of antiangiogenic agents may help reduce therapy resistance and also using long-release nanoparticles to maintain the antiangiogenic properties at a low permanent concentration rather than using high dose interrupted systemic injections of mAbs/TKIs may also be effective strategies to overcome therapy resistance (84, 85). Combination therapies of antiangiogenic agents with chemoagents are also a future perspective to obtain a permanent anti-tumor response (86). In addition, anti-angiogenic therapy could serve as a potential complementary treatment adjuvant to many anti-cancer immunotherapies comprising DC therapy or adoptive T/CART cells transfer. Previous literature suggests that there is a substantial relationship between tumor aberrant angiogenesis and cytotoxic T cells functions as well as dynamics of DC maturation. Anti-angiogensis therapy empowers anti-tumor immune response and therfore using anti-angiogenic agents as adjuvants to immune therapy may be a future perspective for more efficient treatment of the GBM. In addition to increasing knowledge about developing safe and efficient nano-carriers for effective siRNA delivery, the identification of novel strategies to overcome the BBB hurdle such as using focused ultrasound will also enhance our ability to target GBM (87). Generating multidisciplinary nanoplexes delivering anti-cancer agents (e.g. chemoagents) and antiangiogenic therapeutic cargos could be a future perspective to combat glioma angiogenesis with minimal systemic adverse events and high potency in the future. Up to present numerous multidisciplinary nanoplexes are being tested in preclinical grades which could serve as potential clinical-grade next-generation anti-angiogenic therapeutics for GBM (88–98). Future work will shed light to the clinical applicability of active targeting using RMT to overcome the BBB hurdle for GBM drug delivery (99–103).



Optimizing Carrier Design for Potent Drug Delivery Through the BBB

Despite accumulating preclinical evidence on designing BBB penetrating vehicles, still a major hurdle for successful delivery of anti-angiogenic agents to brain in clinical settings is the BBB. Despite accumulating preclinical evidence on designing BBB penetrating vehicles, still a major hurdle for successful delivery of anti-angiogenic agents to brain in clinical settings is the BBB. Up to present, numerous strategies have been introduced to overcome the BBB hurdle comprising: Convection enhanced delivery (CED), chemical permeation using vasoactive agents and hyperosmotic Manitol, physical permeation by applying external magnetic fields for magnetic vehicles, using intraoperative drug-coated wafers or intraventricular injections. However, a major shortcoming for the aforementioned methods is the infection risk. One of the most promising methods which could serve as a future prospect is active targeting via RMT. Future work will shed light to the clinical applicability of active targeting using RMT to overcome the BBB hurdle for GBM drug delivery.
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Background

Poor prognosis of kidney renal clear cell carcinoma (KIRC) is often related to angiogenesis. The lncRNAs that regulate angiogenesis could also affect the prognosis of KIRC. It is meaningful for us to use lncRNAs related to angiogenesis to construct a generic, individualized prognostic signature for patients with KIRC.



Methods

We identified eight angiogenesis-associated genes (AAGs) by differential expression analysis and univariate Cox regression from The Cancer Genome Atlas dataset, including 537 KIRC samples and 72 normal samples. In total, 23 prognostic lncRNAs were screened out after Pearson correlation analysis and univariate Cox regression analysis. Then, we performed least absolute shrinkage and selection operator (LASSO) regression and multivariate Cox regression to establish a four-AAG-related lncRNA prognostic signature.



Results

The risk score was calculated for each KIRC patients by using a four-AAG-related lncRNA prognostic signature. We divided the KIRC patients into high- and low-risk groups by the median of the risk score. It was confirmed that the AAG-related lncRNA prognostic signature has good prognostic value for KIRC patients by time-dependent receiver operating characteristic and Kaplan–Meier survival analysis. We identified 3,399 differentially expressed genes between the high- and low-risk groups and performed their functional enrichment analyses. The AAG-related lncRNA prognostic signature was an independent prognostic predictor for KIRC patients and was used to perform a combined nomogram. We reevaluated them in terms of survival, clinic characteristics, tumor-infiltrating immune cells and tumor mutation burden.



Conclusion

Our research indicates that the AAG-related lncRNA prognostic signature is a promising and potential independent prognostic indicator for KIRC patients. Then, it could offer new insights into the prognosis assessment and potential treatment strategies of KIRC patients.





Keywords: angiogenesis-associated genes, lncRNA, KIRC, independent prognostic predictor, treatment biomarkers



Introduction

Renal cell carcinoma (RCC) is the third most common urologic cancer, with an annual global incidence of more than 400,000 and a mortality rate of more than 170,000 (1). RCC is classified into different histopathological subtypes based on a specific molecular pattern. KIRC is the most common histopathological subtype, accounting for 75% of all RCC cases (2). KIRC could not be diagnosed early, resulting in the poor efficacy of conventional treatment and low survival rate (3). Molecularly targeted therapies, including anti-vascular endothelial growth factors, have made therapeutic advances, but improving patients’ overall survival (OS) and progression-free survival (PFS) remains a major challenge (4, 5). The development and metastasis of malignant tumors require the establishment of an adequate blood supply, that is, tumor angiogenesis (6). During angiogenesis, pro-angiogenic growth factors are highly expressed in tumor cells (7). Therefore, it is necessary to identify some new effective angiogenic gene signatures for KIRC.

lncRNAs have been found to play key roles in cell growth, cell cycle, apoptosis, cell differentiation, cell invasion, and metastasis (8–11). Abnormally expressed lncRNAs are closely related to various diseases, such as tumor occurrence and development (12–15). Recently, some independent studies have shown that dysregulation of lncRNAs affects tumor angiogenesis (16, 17). The lncRNA RPL34-AS1 regulates the angiogenic gene VEGFA to promote proliferation and angiogenesis in glioma (18). The lncRNA MALAT1 affects the miR-101-3p/STC1 axis to promote the development of colon cancer (19). Currently, few studies have explored the underlying mechanisms of angiogenic lncRNAs for the initiation, progression, and treatment of KIRC. Therefore, exploring unclear correlations between angiogenesis-related genes and lncRNAs may help identify biomarkers as useful therapeutic targets for KIRC.

In this research, we constructed a new AAG-related lncRNA prognostic signature from the TCGA dataset for the KIRC. We used the ROC analysis to confirm that the signature has a high prognostic value. The prognostic signature of AAG-related lncRNAs was well validated in different clinical features and stratified analyses. The AAG-related lncRNA prognostic signature was closely related with tumor-infiltrating immune cells (TICs) and tumor mutation burden (TMB). The AAG-related lncRNA prognostic signature will provide a theoretical basis for better realization of precision targeted therapy in clinical practice with KIRC patients.



Materials and methods


Data acquisition

The transcriptome RNA-seq data of 609 KIRC cases (KIRC samples, 537 cases; normal samples, 72 cases) and related clinical information were obtained from The Cancer Genome Atlas (TCGA) dataset (https://portal.gdc.cancer.gov/). To ensure valid analyses, we retained samples with survival time ≥30 days. In total, 36 AAGs were obtained from the MSigDB Team (Hallmark Gene set) (20) (Supplementary Table S1).



Eight AAGs in KIRC acquisition

The 14 AAGs which were differentially and highly expressed in KIRC that were in tumor samples relative to normal samples were determined (p < 0.05, logFC > 1) (Supplementary Table S2). According to the 14 AAGs, the univariate Cox regression analysis by R package “survival” (21) (p < 0.05) showed the eight AAGs which were significantly correlated with KIRC prognosis.



Four AAG-related lncRNAs of prognostic signature obtainment

To identify AAG-related lncRNAs, we firstly acquired all lncRNA expression data according to the GENCODE project (http://www.gencodegenes.org) in the TCGA dataset. We used the Pearson correlation analysis to identify the AAG-related lncRNAs between AAGs and all lncRNAs based on the correlation coefficient and p-values (|Corpearson| > 0.5 and p < 0.01). Then, we identified 23 AAG-related lncRNAs by univariate Cox regression (p < 0.001). We used the R package “glmnet” (22) with the minimum 10-fold cross-validation (23) to perform the LASSO regression. Lastly, we used multivariate Cox regression to obtain an AAG-related lncRNA prognostic signature for the KIRC patients involving four AAG-related lncRNAs (p < 0.05).



RNA extraction and quantitative real-time PCR

We extracted total RNA from 786O and 293T cells by the TRIzol reagent (Life Technologies, Thermo Fisher Scientific, USA). We used All-in-one First Strand cDNA Synthesis Kit (Seven Bio Inc., Beijing, China) to synthesize the complementary DNA and used 2× SYBR Green qPCR MasterMix (Seven Bio Inc., Beijing, China) to perform quantitative real-time PCR (qRT-PCR) following the standard protocol (24). The forward primer for AC093278.2 was 5′-GCAAGCTTTGTGGGAAGGAA-3′, and the reverse primer for AC093278.2 was 5′-TGGGCAATAGAGGCACTTGA-3′. The forward primer for NNT-AS1 was 5′-CTGGAATCCCTGCTACTCAGGA-3′, and the reverse primer for NNT-AS1 was 5′-GCCATGTGATATGCCTGCTC-3′. The forward primer for CYTOR was 5′-TGGGAATGGAGGGAAATAAA-3′, and the reverse primer for CYTOR was 5′-CCAGGAACTGTGCTGTGAAG-3′. The forward primer for NUP50-DT was 5′-CTGGAAGTTAGAGCTGAGGAAGTT-3′, and the reverse primer for NUP-50DT was 5′-GGGAAATAATAAGGGCTCAGGAAGG-3′. The forward primer for GAPDH was 5′-CATGTTCGTCATGGGTGTGAA-3′, and the reverse primer for GAPDH was 5′-GGCATGGACTGTGGTCATGAG-3′. GAPDH served as the control. The relative expression was calculated by the 2−△△Ct method.



Non-negative matrix factorization clustering

KIRC samples were clustered by applying non-negative matrix factorization (NMF) clustering algorithm via the R package “NMF” to explore potential subgroups (25). We set the number of clusters k from 2 to 9. Lastly, due to the cophenetic correlation coefficients, the best k = 2 was chosen.



Screening of prognostic-related lncRNAs and verification of a prognostic model

The risk score is the lncRNA expression for each prognosis multiplied by the lncRNA coefficient for each prognosis: risk score = AC093278.2 × (-0.351782815872485) + NNT-AS1× (-0.336893752787579) + CYTOR × (0.256677130521836) + NUP50-DT × (0.584700743765635). KIRC patients were divided into high- and low-risk groups according to the median cutoff of the risk score from the R packages “survival”, “pheatmap” (26), and “ggupbr” (27). We used the Kaplan–Meier survival curve analysis with log-rank test and time-dependent ROC analysis to analyze OS and to evaluate the accuracy of model predictions. Principal component analysis (PCA) has demonstrated the expression of KIRC samples. Chi-square test was used to analyze the relationship between clinical characteristics and prognostic models. We performed univariate and multivariate Cox regression analyses between the risk score and clinical characteristics to confirm that the prognostic model was an independent predictor of clinical prognosis. In addition, a nomogram was established, using the independent prognostic predictors, by the R package “rms” (26).



GO and KEGG enrichment analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were performed by the R packages “clusterProfiler” (28), “enrichplot” (28), and “ggplot2” (29). Both p- and q-values <0.05 were considered significantly enriched.



Immune microenvironment analysis

The CIBERSORT algorithm was used to acquire the TICs content of the tumor gene expression dataset. Then, we tested the difference between risk groups defined by the prognostic signature using a two-sample t-test. Moreover, the R package “ggpubr” (27) was used to exhibit the relationship between immune checkpoints and different risk groups.



Mutation analysis

We achieved the mutation data of KIRC patients from the TCGA dataset (https://portal.gdc.cancer.gov/). Then, we used the R package “maftools” (30) to analyze and summarize the data containing somatic variants. The TMB score was measured by the formula: (total mutation/total covered bases) × 106.



Statistical analysis

The prognostic differences between the groups were examined using the Kaplan–Meier survival curves analysis, and the p-value was checked in the log-rank test. Univariate and multivariate Cox regression analyses were conducted to illustrate the relationship between the risk score and clinical characteristics. The ROC curves evaluated the value of the risk score for prognosis prediction, and we used the area under the ROC curve as an indicator of prognostic accuracy. Pearson’s correlation test was used for correlation analysis. We used R software (version 4.0.3) for statistical analysis and used Strawberry Perl programming language (version 5.30.1) for data processing (***p < 0.001, **p < 0.01, and *p < 0.05).




Results


Identification of eight AAGs in KIRC patients

Firstly, we acquired the transcriptome profiling data through the KIRC projects of the TCGA dataset, including 537 KIRC samples and 72 normal samples. Next, we used Ensemble’s gene transfer format file to annotate the data and then extracted the expression matrix of 36 AAGs from TCGA. In total, 14 different AAGs which were differentially and highly expressed in KIRC were identified due to their expression levels in the KIRC samples and the normal samples (Figures 1A, B). The 14 different AAGs included CCND2, COL3A1, COL5A2, FSTL1, JAG2, MSX1, NRP1, PF4, PGLYRP1, POSTEN, PRG2, TIMP1, VCAN, and VEGFA (p < 0.05, logFC>1). The correlations among these 14 AAGs are shown in Figure 1C. Lastly, we used univariate Cox regression analysis to evaluate the prognostic effect of 14 AAGs. The forest plot showed that JAG2 and NRP1 were protective factors with hazard ratio (HR) <1 (p<0.05), while COL5A2, MSX1, PF4, PRG2, TIMP1, and VCAN were risk factors with HR > 1 (p < 0.05) in KIRC patients (Figure 1D). The abovementioned results showed that the eight AAGs played an essential biological role in the development of KIRC patients.




Figure 1 | AAGs screening. Heat map (A) and box plot (B) showing the expression distributions of differentially expressed genes between KIRC and normal samples of the AAGs. (C) Correlation analysis of the 14 AAGs. (D) Univariate Cox regression analysis of 14 AAGs. The meaning of the symbol *** is p<0.001.





Exploration of the prognostic AAG-related lncRNAs in KIRC

According to the eight AAGs, we used the Pearson coefficient and p-value (|Corpearson| > 0.5 and p < 0.01) to acquire the AAGs significantly related to lncRNAs. The Sankey diagram showed the relationship between AAGs and 47 targeted lncRNAs (Figure 2A). The 47 AAG-related lncRNAs were included in the univariate Cox regression analysis, and 23 prognostic lncRNAs demonstrated their prognostic roles (p < 0.001) (Figure 2B). To construct the AAG-related lncRNA prognostic signature for forecasting the OS of KIRC patients, we performed a LASSO Cox regression analysis due to the 23 AAG-related prognostic lncRNAs, and it generated the AAG-related lncRNA prognostic signature which contains nine AAG-related lncRNAs and the coefficient of each (Figures 2C, D). Lastly, we used the multivariate Cox regression to screen the AAG-related lncRNAs with the greatest prognostic value. The four AAG-related lncRNAs include AC093278.2, NNT-AS1, CYTOR, and NUP50-DT (p<0.05) that were identified to construct the prognostic model for KIRC patients (Figure 2E). The correlations among these four AAG-related lncRNAs are shown in Figure 2F.




Figure 2 | Screening of the four AAG-related prognostic lncRNAs. (A) Association between AAGs and targeted lncRNAs. (B) Univariate Cox regression analysis of 23 AAG-related lncRNAs (p < 0.001). (C) LASSO coefficient profiles of 23 AAG-related lncRNAs. (D) LASSO regression with 10-fold cross-validation obtained nine AAG-related lncRNAs using a minimum lambda value. (E) Multivariate Cox regression of the four prognostic AAG-related lncRNAs. (F) Correlation analysis of the four AAG-related lncRNAs.





Exploration of the expression of the four AAG-related lncRNAs in KIRC

We compared the expression levels of four AAG-related lncRNAs in KIRC and normal samples through the TCGA dataset and found that AC093278.2 and CYTOR showed higher expression levels in the KIRC samples compared to the normal samples, while NNT-AS1 and NUP50-DT showed lower expression levels in the KIRC samples compared to the normal samples (Figure 3A). The expression levels of four AAG-related lncRNAs in 786O and 293T cells were evaluated by qRT-PCR analysis and found to be consistent with the TCGA results (Figure 3B).




Figure 3 | (A) Expression of four lncRNAs in KIRC and normal samples from The Cancer Genome Atlas. (B) A qRT-PCR analysis was conducted to detect the expression levels of four lncRNAs among 786O and 293T cells. The meaning of the symbol *** is p<0.001.





Two molecular subgroups of KIRC divided from NMF clustering

We selected AAG-related lncRNAs with significant survival differences from the results of the univariate Cox regression analysis to explore the potential molecular subgroups of KIRC. A total of 528 KIRC patients with 23 lncRNAs were used in the NMF consensus clustering analysis. Moreover, k = 2 was determined as the optimal k value by cophenetic correlation coefficients (Figures 4A–C). The KIRC samples were divided into cluster 1 (n = 340) and cluster 2 (n = 188) (Figure 4D). We found significant differences in the gene expression profiles between cluster 1 and cluster 2 by PCA (Figure 4E). Moreover, the Kaplan–Meier survival curves showed that cluster 1 had a better OS than cluster 2 in KIRC patients (p < 0.001) (Figure 4F). The abovementioned results not only showed that the KIRC patients could be divided into two subgroups but also identified their differences in OS. Our results showed that subgroups defined by AAG-related lncRNA expression had a close relationship with the heterogeneity of KIRC patients.




Figure 4 | Consensus clusters by 23 AAG-related lncRNAs. (A) Consensus clustering cumulative distribution function (CDF) for k = 2 to 9. (B) Relative change in area under the CDF curve for k = 2 to 9. (C) Tracking plot for k = 2 to 9. (D) Consensus clustering matrix for k = 2. (E) Principal component analysis of the gene expression profiles. (F) Kaplan–Meier curve showing a different prognosis between the two clusters.





Construction and validation of the AAG-related lncRNA prognostic model in KIRC

Excluding the KIRC samples with incomplete clinical information, the coefficients of four AAG-related prognostic lncRNAs were used to calculate the risk score of each patient. According to the determined cutoff point, there were 264 cases in the high-risk group and the low-risk group, respectively. The Kaplan–Meier analysis showed that low-risk KIRC patients had a higher OS than high-risk KIRC patients (p < 0.001; Figure 5A). The risk scores and survival of each case showed that the clinical outcomes of patients in the low-risk group were better than those in the high-risk group (Figure 5B). Moreover, the four AAG-related prognostic lncRNAs showed great AUC values in a time-dependent ROC analysis (Figure 5C), which meant that the AAG-related lncRNA prognostic model had better prediction ability of the 1-, 3-, and 5-year OS. The Kaplan–Meier survival curves showed that not only the high expression of AC093278.2 and NNT-AS1 but also the low expression of CYTOR and NUP50-DT were associated with better OS in the TCGA dataset (Supplementary Figure S1). Different distribution patterns between the high- and low-risk groups were detected by PCA. The PCA results based on the prognostic model genome showed a significant difference between the high-risk and the low-risk groups (Figure 5D), while we did not detect a significant separation on the basis of the AAG-related lncRNAs and the genome-wide expression profiles (Figures 5E, F). To sum up, the four AAG-related prognostic lncRNAs performed well in the prediction of OS in KIRC patients.




Figure 5 | (A) KIRC patients in the high-risk group had a worse overall survival than the low-risk group by Kaplan–Meier curves. (B) The distribution of risk score and survival times of KIRC patients. (C) Receiver operating characteristic analysis of the angiogenesis-associated gene (AAG)-related lncRNA prognostic signature for predicting the 1/3/5-year survival. (D) Principal component analysis among high- and low-risk groups based on the four prognostic AAG-related lncRNA sets. (E) PCA among high- and low-risk groups based on all the AAG-related lncRNA sets. (F) PCA among high- and low-risk groups based on the whole gene sets.





Clinical evaluation by the AAG-related lncRNA prognostic model

The heat map shows the relationship between the risk score of KIRC and clinical characteristics (Supplementary Figure S2A). Then, consequent scatter diagrams obtained by the Wilcoxon signed-rank test showed that tumor grade, clinical stage, T stage, N stage, and M stage (Supplementary Figures S2B–F) were positively related to the risk score, while age and gender (Supplementary Figures S2G, H) were not significantly related to the risk score. The abovementioned results confirmed that KIRC had a higher risk score and a higher degree of malignancy, regardless of age and gender.



The AAG-related lncRNA prognostic signature was an independent prognostic predictor for KIRC patients

We used univariate and multivariate Cox regression analyses to assess independent prognostic predictors in KIRC patients. The univariate Cox regression analysis showed that the AAG-related lncRNA prognostic signature had a close relationship with OS (HR: 1.324, 95% CI: 1.211–1.449, p < 0.001) (Figure 6A), and the multivariate Cox regression analysis also further showed that the AAG-related lncRNA prognostic signature was remarkably associated with OS (HR: 1.160, 95% CI: 1.041–1.293, p < 0.001) (Figure 6B). We established a nomogram using the AAG-related lncRNA prognostic signature screened by univariate and multivariate Cox regression analyses (Figure 6C). The calibration plots showed high concordance in predicting the 1-, 3-, and 5-year OS in KIRC patients (Figures 6D–F). These results showed that, as the only independent prognostic predictor, the AAG-related lncRNA prognostic signature may be useful for clinical prognostic evaluation.




Figure 6 | (A) Forest plot for univariate Cox regression analysis showing that grade, stage, T stage, M stage, N stage, and risk score were prognostic risk-related variables (p < 0.001). (B) Forest plot for multivariate Cox regression analysis showing that only the risk score was the independent prognostic factor (p < 0.001). (C) Nomogram integrating the risk score of four AAG-related lncRNAs. (D–F) Calibration curve analysis of the nomogram for predicting the 1-, 3-, and 5-year overall survival in The Cancer Genome Atlas dataset.





Pathway and process enrichment analysis

To explore the potential biological pathway and process involved in the molecular heterogeneity between the high- and low-risk groups, we identified 3,399 differentially expressed genes (DEGs) [|log2 (fold change)| > 2 and p < 0.05] between the high- and low-risk groups in KIRC patients. GO enrichment analysis and KEGG pathway analysis of DEGs were adopted. We found that the top five GO terms for biological processes were response to oxidative stress, viral process, positive regulation of cell adhesion, positive regulation of response to external stimulus, and positive regulation of cell activation. The top five GO terms for cellular components were cell−substrate junction, focal adhesion, cell leading edge, vesicle lumen, and cytoplasmic vesicle lumen. The top five GO terms for molecular functions were cadherin binding, actin binding, ubiquitin-like protein ligase binding, structural constituent of ribosome, and antigen binding (Figure 7A). According to the KEGG analysis, the top five pathways included pathways of neurodegeneration-multiple disease, Alzheimer disease, amyotrophic lateral sclerosis, Huntington’s disease, and Parkinson’s disease (Figure 7B). These abovementioned results may give us some insights into the cellular biological effects related to the AAG-related lncRNA prognostic signature.




Figure 7 | Functional enrichment analysis. (A) Gene Ontology analysis of DEGs revealed the enriched biological processes, cell components, and molecular functions. (B) Kyoto Encyclopedia of Genes and Genomes pathway analysis of DEGs revealed the enriched signaling pathways.





The relationship between immune microenvironment and risk score

To explore the relationship between the immune microenvironment and risk score, we analyzed the proportion of tumor-infiltrating immune groups by CIBERSORT algorithm and constructed 21 immune cell profiles in the KIRC samples (Supplementary Figure S3). We combined correlation analysis (p < 0.01) (Figure 8A) and difference analysis (p < 0.01) (Figure 8B) to obtain a total of five TICs associated with the AAG-related lncRNA prognostic signature risk score (Figure 8C). Among them, CD4 memory-activated T cells, follicular helper T cells, and regulatory T cells (Tregs) had a positive correlation with the risk score, while CD4 memory resting T cells and resting mast cells were negatively correlated with risk score. Moreover, compared with the low-risk group, the high-risk group had relatively higher expression levels of immune checkpoints, including IL6, CXCR4, CD276, TGFB1, CTLA4, LAG3, CD274, and CD4 (Figure 8D). The abovementioned results suggested that different risk groups had a specific relationship with immune microenvironment. We could formulate treatment methods for KIRC patients with different risk groups through the differences between different risk groups and the immune microenvironment.




Figure 8 | Correlation of immune microenvironment with risk score. (A) Scatter plot showing eight significantly correlated TICs (p < 0.01). The blue line in each plot was a fitted linear model indicating the proportion of tropism of the immune cell along with risk score, and Pearson coefficient was used for the correlation test. (B) Radar plot showing differences in TICs between the high- and low-risk groups as measured by Wilcoxon rank-sum test. (C) Venn diagram showing that the 5 TICs were associated with the risk score jointly determined by the difference and correlation tests shown in the scatter and radar charts, respectively (p < 0.01). (D) Box plot showing the correlation between immune checkpoint and risk score. The meaning of the symbol *** is p<0.001.





The relationship between risk score and TMB

In the high-risk group, we listed the 20 most frequent mutant genes, including VHL, PBRM1, TTN, SETD2, BAP1, MTOR, HMCN1, MUC16, PTEN, SPEN, KDM5C, DNAH9, FLG, ROS1, XIRP2, ABCC6, ANK2, CELSR1, RYR3, and TP53 and the interaction among them (Figures 9A, B), while in the low-risk group, PBRM1, VHL, ANK3, ARID1A, KIF13A, AFF3, ALMS1, CSMD3, DNMT3A, INPP5F, INPPL1, KIF1B, LRP1B, NEB, NOS1, NSD1, PDGFRA, POLR2B, POCK1, and RP1 were the 20 most frequent mutant genes, and their interactions are shown in Figures 9C, D. A summary of variant classification, variant type, SNV class, and variants per sample in the high- and low-risk groups is shown in Supplementary Figure S4. In Figures 9E, F, the analysis showed that the high-risk KIRC patients had higher TMB with shorter OS. These data were consistent with previous results obtained with Kaplan–Meier survival curves for the high- and low-risk groups.




Figure 9 | Mutation profile and relationship between tumor mutation burden (TMB) and risk score. (A, B) Mutation profile of the high-risk group and interaction among 20 most frequent mutant genes. (C, D) Mutation profile of the low-risk group and interaction among 20 most frequent mutant genes. (E) Relationship between TMB and risk score. (F) Association of TMB and overall survival in KIRC patients.






Conclusion

Briefly, we constructed a novel prognostic signature of four AAG-related lncRNAs (AC093278.2, NNT-AS1, CYTOR, and NUP50-DT) for KIRC patients. A series of analyses were performed, and the results indicated that the newly constructed prognostic signature could be a potential predictor for KIRC patients. In summary, our study indicates that the prognostic signature has close relationships with clinical characteristics, TICs, and TMB, which may help to offer a more individualized treatment for KIRC patients.



Discussion

As one of the most prevalent primary malignant tumors of the urinary system, KIRC has the characteristics of high heterogeneity, poor prognosis, and distant metastasis (4, 31, 32). It is critical to explore the potential predictor for KIRC treatment and prognosis. Angiogenesis is a complex consequence of co-regulation between pro-angiogenic and anti-angiogenic factors, and it is disrupted and dysregulated in cancer (33). Angiogenesis is an important process in cancer pathogenesis and therapy. lncRNAs play an important role in angiogenesis, so new therapeutic targets and drug candidates are needed to inhibit angiogenesis (10).

Recent studies have shown that the lncRNA PAARH promotes hepatocellular carcinoma (HCC) angiogenesis by activating HIF-1α/VEGF signaling (34). JAG1 is involved in angiogenesis, and Linc-OIP5 may regulate JAG1 signaling through YAP1 signaling (35). The lncRNA H22954 inhibits angiogenesis in acute myeloid leukemia by downregulating PDGFA expression (36). The lncRNA MIR31HG accelerates colorectal cancer progression by targeting miR-361-3p to regulate glycolysis and angiogenesis (37). The abovementioned results indicate that lncRNAs regulate angiogenesis, thereby further achieving the effect of tumor treatment, which has attracted more and more attention. So, we constructed a signature based on AAG-related lncRNAs to achieve better personalized treatment and predict the prognosis of KIRC patients.

We constructed the prognostic signature by using four AAG-related lncRNAs (AC093278.2, CYTOR, NNT-AS1, and NUP50-DT) from 537 KIRC patients. Several of these lncRNAs were reported to be associated with cancer progression. lncRNA CYTOR promotes HCC proliferation by targeting the microRNA-125a-5p/LASP1 axis (38). lncRNA NNT-AS1 promotes estrogen-mediated endometrial carcinoma proliferation by regulating miR-30c/NPM1 (39). The lncRNA NNT-AS1 promotes KIRC progression through the miR-137/YBX-1 pathway (40). These results demonstrate that lncRNAs which construct the signature are involved in tumor progression, but there are fewer reports related to angiogenesis. The prognostic signature also provides some theoretical suggestions for these lncRNAs as potential targets and drug candidates for anti-vascular therapy of tumors.

In our study, the ROC analysis result confirmed that the signature had a high prognostic value. In total, 3,399 DEGs were identified between the high- and low-risk groups; then, GO and KEGG analyses were performed. In addition, the signature showed a significant correlation with clinical characteristics, further supporting its prognostic value. We also identified that the AAG-related lncRNAs can potentially be utilized as an independent predictor for the OS in the TCGA dataset. The nomogram composed of the signature showed a high performance in 1, 3, and 5 years, which may help in the analysis of the prognosis of KIRC patients and the choice of treatment. Moreover, the prognostic signature was closely associated with TICs and TMB, suggesting that they could potentially help clinicians design effective individual therapy for KIRC patients.

Although we used a large number of TCGA dataset, our research still had some limitations. We extensively explored the expression and potential prognostic capabilities of the AAG-related lncRNA prognostic signature in KIRC and the roles of these lncRNAs on angiogenesis in KIRC, but the drug-resistant KIRC has not been specifically elucidated. We will also further study the specific mechanism of these lncRNAs affecting angiogenesis in future studies so as to provide a theoretical basis for these lncRNAs to become therapeutic targets as soon as possible.
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Supplementary Figure 1The KIRC patients with different expression levels of the four AAG-related lncRNAs had different overall survival by Kaplan–Meier curves.


Supplementary Figure 2Prognostic signature of clinical evaluation. A heat map (A) along with a scatter diagram showing that grade (B), stage (C), T stage (D), N stage (E), and M stage (F) were significantly associated with the risk score, while age (G) and gender (H) were not significantly related to the risk score.


Supplementary Figure 3Distribution of tumor-infiltrating immune cells (TICs) in KIRC and correlation analysis. (A) Bar plot showing the distribution of TICs in KIRC. (B) Correlation analysis of the 21 TICs in KIRC.


Supplementary Figure 4(A) Summary of variant classification, variant type, SNV class, and variants per sample in the high-risk group. (B) Summary of variant classification, variant type, SNV class, and variants per sample in the low-risk group.



References

1. Bray, F, Ferlay, J, Soerjomataram, I, Siegel, RL, Torre, LA, and Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin (2018) 68(6):394–424. doi: 10.3322/caac.21492

2. Lalani, AA, McGregor, BA, Albiges, L, Choueiri, TK, Motzer, R, Powles, T, et al. Systemic treatment of metastatic clear cell renal cell carcinoma in 2018: Current paradigms, use of immunotherapy, and future directions. Eur Urol (2019) 75(1):100–10. doi: 10.1016/j.eururo.2018.10.010

3. Bai, S, Wu, Y, Yan, Y, Shao, S, Zhang, J, Liu, J, et al. Construct a circRNA/miRNA/mRNA regulatory network to explore potential pathogenesis and therapy options of clear cell renal cell carcinoma. Sci Rep (2020) 10(1):13659. doi: 10.1038/s41598-020-70484-2

4. Sun, Z, Tao, W, Guo, X, Jing, C, Zhang, M, Wang, Z, et al. Construction of a lactate-related prognostic signature for predicting prognosis, tumor microenvironment, and immune response in kidney renal clear cell carcinoma. Front Immunol (2022) 13:818984. doi: 10.3389/fimmu.2022.818984

5. Liu, D, Shu, G, Jin, F, Qi, J, Xu, X, Du, Y, et al. ROS-responsive chitosan-SS31 prodrug for AKI therapy via rapid distribution in the kidney and long-term retention in the renal tubule. Sci Adv (2020) 6(41). doi: 10.1126/sciadv.abb7422

6. Zheng, W, Zhang, S, Guo, H, Chen, X, Huang, Z, Jiang, S, et al. Multi-omics analysis of tumor angiogenesis characteristics and potential epigenetic regulation mechanisms in renal clear cell carcinoma. Cell Commun Signal (2021) 19(1):39. doi: 10.1186/s12964-021-00728-9

7. Han, B, Zhang, H, Tian, R, Liu, H, Wang, Z, Wang, Z, et al. Exosomal EPHA2 derived from highly metastatic breast cancer cells promotes angiogenesis by activating the AMPK signaling pathway through ephrin A1-EPHA2 forward signaling. Theranostics (2022) 12(9):4127–46. doi: 10.7150/thno.72404

8. Kopp, F, and Mendell, JT. Functional classification and experimental dissection of long noncoding RNAs. Cell (2018) 172(3):393–407. doi: 10.1016/j.cell.2018.01.011

9. Shuai, Y, Ma, Z, Lu, J, and Feng, J. LncRNA SNHG15: A new budding star in human cancers. Cell Prolif (2020) 53(1):e12716. doi: 10.1111/cpr.12716

10. Kumar, MM, and Goyal, R. LncRNA as a therapeutic target for angiogenesis. Curr Top Med Chem (2017) 17(15):1750–7. doi: 10.2174/1568026617666161116144744

11. Sun, J, Sun, X, Hu, S, Wang, M, Ma, N, Chen, J, et al. Long noncoding RNA SNHG1 silencing accelerates hepatocyte-like cell differentiation of bone marrow-derived mesenchymal stem cells to alleviate cirrhosis via the microRNA-15a/SMURF1/UVRAG axis. Cell Death Discov (2022) 8(1):77. doi: 10.1038/s41420-022-00850-8

12. Fang, Y, and Fullwood, MJ. Roles, functions, and mechanisms of long non-coding RNAs in cancer. Genomics Proteomics Bioinf (2016) 14(1):42–54. doi: 10.1016/j.gpb.2015.09.006

13. Mercer, TR, Dinger, ME, and Mattick, JS. Long non-coding RNAs: insights into functions. Nat Rev Genet (2009) 10(3):155–9. doi: 10.1038/nrg2521

14. Zhou, Y, Wang, L, Zhang, W, Ma, J, Zhang, Z, Yang, M, et al. Identification of epithelial mesenchymal transition-related lncRNAs associated with prognosis and tumor immune microenvironment of hepatocellular carcinoma. Dis Markers 2022 (2022) p:6335155. doi: 10.1155/2022/6335155

15. Shree, B, Tripathi, S, and Sharma, V. Transforming growth factor-Beta-Regulated LncRNA-MUF promotes invasion by modulating the miR-34a Snail1 axis in glioblastoma multiforme. Front Oncol (2021) 11:788755. doi: 10.3389/fonc.2021.788755

16. Xu, Y, Leng, K, Yao, Y, Kang, P, Liao, G, Han, Y, et al. A circular RNA, cholangiocarcinoma-associated circular RNA 1, contributes to cholangiocarcinoma progression, induces angiogenesis, and disrupts vascular endothelial barriers. Hepatology (2021) 73(4):1419–35. doi: 10.1002/hep.31493

17. Niu, Y, Bao, L, Chen, Y, Wang, C, Luo, M, Zhang, B, et al. HIF2-induced long noncoding RNA RAB11B-AS1 promotes hypoxia-mediated angiogenesis and breast cancer metastasis. Cancer Res (2020) 80(5):964–75. doi: 10.1158/0008-5472.CAN-19-1532

18. Zhang, D, Jiang, H, Ye, J, Gao, M, Wang, X, Lu, E, et al. A novel lncRNA, RPL34-AS1, promotes proliferation and angiogenesis in glioma by regulating VEGFA. J Cancer (2021) 12(20):6189–97. doi: 10.7150/jca.59337

19. Luan, C, Li, Y, Liu, Z, and Zhao, C. Long noncoding RNA MALAT1 promotes the development of colon cancer by regulating miR-101-3p/STC1 axis. Onco Targets Ther (2020) 13:3653–65. doi: 10.2147/OTT.S242300

20. Qing, X, Xu, W, Liu, S, Chen, Z, Ye, C, and Zhang, Y. Molecular characteristics, clinical significance, and cancer immune interactions of angiogenesis-associated genes in gastric cancer. Front Immunol (2022) 13:843077. doi: 10.3389/fimmu.2022.843077

21. Diboun, I, Wernisch, L, Orengo, CA, and Koltzenburg, M. Microarray analysis after RNA amplification can detect pronounced differences in gene expression using limma. BMC Genomics (2006) 7:252. doi: 10.1186/1471-2164-7-252

22. Friedman, J, Hastie, T, and Tibshirani, R. Regularization paths for generalized linear models via coordinate descent. J Stat Softw (2010) 33(1):1–22. doi: 10.18637/jss.v033.i01

23. Tao, C, Huang, K, Shi, J, Hu, Q, Li, K, and Zhu, X. Genomics and prognosis analysis of epithelial-mesenchymal transition in glioma. Front Oncol (2020) 10:183. doi: 10.3389/fonc.2020.00183

24. Xu, J, Liu, Y, Liu, J, Xu, T, Cheng, G, Shou, Y, et al. The identification of critical m(6)A RNA methylation regulators as malignant prognosis factors in prostate adenocarcinoma. Front Genet (2020) 11:602485. doi: 10.3389/fgene.2020.602485

25. Gaujoux, R, and Seoighe, C. A flexible r package for nonnegative matrix factorization. BMC Bioinf (2010) 11:367. doi: 10.1186/1471-2105-11-367

26. Zhang, Z, Lin, E, Zhuang, H, Xie, L, Feng, X, Liu, J, et al. Construction of a novel gene-based model for prognosis prediction of clear cell renal cell carcinoma. Cancer Cell Int (2020) 20:27. doi: 10.1186/s12935-020-1113-6

27. Whitehead, MJ, McCanney, GA, Willison, HJ, and Barnett, SC. MyelinJ: an ImageJ macro for high throughput analysis of myelinating cultures. Bioinformatics (2019) 35(21):4528–30. doi: 10.1093/bioinformatics/btz403

28. Yu, G, Wang, LG, Han, Y, and He, QY. clusterProfiler: an r package for comparing biological themes among gene clusters. OMICS (2012) 16(5):284–7. doi: 10.1089/omi.2011.0118

29. Wang, J, and Yang, J. Identification of significant genes with a poor prognosis in skin cutaneous malignant melanoma based on a bioinformatics analysis. Ann Transl Med (2022) 10(8):448. doi: 10.21037/atm-22-1163

30. Mayakonda, A, Lin, DC, Assenov, Y, Plass, C, and Koeffler, HP. Maftools: efficient and comprehensive analysis of somatic variants in cancer. Genome Res (2018) 28(11):1747–56. doi: 10.1101/gr.239244.118

31. Poplawski, P, Boguslawska, J, Hanusek, K, and Piekielko-Witkowska, A. Nucleolar proteins and non-coding RNAs: Roles in renal cancer. Int J Mol Sci (2021) 22(23). doi: 10.3390/ijms222313126

32. Liu, H, and Yang, Y. Identification of mast cell-based molecular subtypes and a predictive signature in clear cell renal cell carcinoma. Front Mol Biosci (2021) 8:719982. doi: 10.3389/fmolb.2021.719982

33. Che, X, Su, W, Li, X, Liu, N, Wang, Q, and Wu, G. Angiogenesis pathway in kidney renal clear cell carcinoma and its prognostic value for cancer risk prediction. Front Med (Lausanne) (2021) 8:731214. doi: 10.3389/fmed.2021.731214

34. Wei, H, Xu, Z, Chen, L, Wei, Q, Huang, Z, Liu, G, et al. Long non-coding RNA PAARH promotes hepatocellular carcinoma progression and angiogenesis via upregulating HOTTIP and activating HIF-1alpha/VEGF signaling. Cell Death Dis (2022) 13(2):102. doi: 10.1038/s41419-022-04505-5

35. Zhu, Q, Li, Y, Dong, X, Yang, Y, Wang, H, and Guo, S. Linc-OIP5 loss regulates migration and invasion in MDA-MB-231 breast cancer cells by inhibiting YAP1/JAG1 signaling. Oncol Lett (2020) 19(1):103–12. doi: 10.3892/ol.2019.11071

36. Li, X, Rong, J, Li, T, Zhou, Y, and Qi, X. LncRNA H22954 inhibits angiogenesis in acute myeloid leukemia through a PDGFA-dependent mechanism. Recent Pat Anticancer Drug Discov (2022) 17:427–34. doi: 10.2174/1871526522666220321154949

37. Guo, T, Liu, D, Peng, S, Wang, M, and Li, Y. A positive feedback loop of lncRNA MIR31HG-miR-361-3p -YY1 accelerates colorectal cancer progression through modulating proliferation, angiogenesis, and glycolysis. Front Oncol (2021) 11:684984. doi: 10.3389/fonc.2021.684984

38. Liu, Y, and Geng, X. Long non-coding RNA (lncRNA) CYTOR promotes hepatocellular carcinoma proliferation by targeting the microRNA-125a-5p/LASP1 axis. Bioengineered (2022) 13(2):3666–79. doi: 10.1080/21655979.2021.2024328

39. Shen, J, Yuan, Z, Sheng, J, Feng, X, Wang, H, Wang, Y, et al. Long non-coding RNA NNT-AS1 positively regulates NPM1 expression to affect the proliferation of estrogen-mediated endometrial carcinoma by interacting. J Cancer (2022) 13(1):112–23. doi: 10.7150/jca.62630

40. Zhou, Y, Zhang, Z, Wo, M, and Xu, W. The long non-coding RNA NNT-AS1 promotes clear cell renal cell carcinoma progression via regulation of the miR-137/ y-box binding protein 1 axis. Bioengineered (2021) 12(1):8994–9005. doi: 10.1080/21655979.2021.1992330



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 Zhang, Liu, Wang, Geng, Hou, Zhao and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 20 October 2022

doi: 10.3389/fimmu.2022.940635

[image: image2]


SDF-1 expression and tumor-infiltrating lymphocytes identify clinical subtypes of triple-negative breast cancer with different responses to neoadjuvant chemotherapy and survival


Ruo-Xi Wang 1,2, Peng Ji 1,2, Yue Gong 1,2, Zhi-Ming Shao 1,2,3 and Sheng Chen 1,2*


1 Department of Breast Surgery, Cancer Institute, Fudan University Shanghai Cancer Center, Shanghai, China, 2 Department of Oncology, Shanghai Medical College, Fudan University, Shanghai, China, 3 Institutes of Biomedical Science, Fudan University, Shanghai, China




Edited by: 

Christoph F. A. Vogel, University of California, Davis, United States

Reviewed by: 

Pramod Darvin, Queen Mary University of London, United Kingdom

Concetta Saponaro, Bari John Paul II Cancer Institute (IRCCS), Italy

Jabed Iqbal, Singapore General Hospital, Singapore

Carmen Gómez De León, Universidad Nacional Autónoma de México, Mexico

*Correspondence: 

Sheng Chen
 0456177@fudan.edu.cn

Specialty section: 
 This article was submitted to Cancer Immunity and Immunotherapy, a section of the journal Frontiers in Immunology


Received: 10 May 2022

Accepted: 05 October 2022

Published: 20 October 2022

Citation:
Wang R-X, Ji P, Gong Y, Shao Z-M and Chen S (2022) SDF-1 expression and tumor-infiltrating lymphocytes identify clinical subtypes of triple-negative breast cancer with different responses to neoadjuvant chemotherapy and survival. Front. Immunol. 13:940635. doi: 10.3389/fimmu.2022.940635




Background

In this study, we investigated the prediction and prognostic value of SDF-1 for triple-negative breast cancer (TNBC) patients who underwent neoadjuvant chemotherapy (NAC) following standard radical surgery.



Methods

A total of 303 TNBC patients were included in this study. The NAC regimen was weekly paclitaxel plus carboplatin (PC) for all patients. SDF-1 and CXCR4 expression were measured at baseline and surgery via enzyme-linked immunosorbent assay (ELISA) and immunohistochemistry (IHC), respectively. Correlations between variables and treatment response were studied, and Cox proportional hazards regression analysis was implemented for prognostic evaluation.



Results

Of the 303 patients, 103 (34.0%) experienced pathological complete response (pCR) after completion of NAC. Serum SDF-1 expression before NAC was significantly correlated with the abundance of TILs. A higher pCR rate was more likely to be observed in patients with lower serum SDF-1 levels before NAC (P=0.001, OR=0.997, 95% CI: 0.996-0.999) and higher levels of TILs (P=0.005). In the multivariate survival model for nonpCR patients, serum SDF-1 expression at surgery served as an independent prognostic value for survival (high level, HR=1.980, 95% CI: 1.170-3.350, low level was used as a reference; P=0.011). Additionally, the predictive and prognostic value of serum SDF-1 expression was significant in patients with high abundance of TILs but not in patients with low abundance of TILs.



Conclusions

This study contributes to the clarification of the value of serum SDF-1 to predict pCR and survival for TNBC patients who underwent NAC. This new serum marker, together with TILs, might help identify clinical subtypes of TNBC with different treatment responses and survival and play an important role in tailoring and modifying the NAC strategy for advanced TNBCs in the future.
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Background

Triple-negative breast cancer (TNBC) is a type of breast cancer that exhibits low expression of estrogen receptor (ER), progesterone receptor (PgR), and human epidermal growth factor receptor-2 (HER2) (1). TNBC accounts for 15-20% of all breast cancers and has an aggressive tumor biology. Neoadjuvant chemotherapy (NAC), also known as preoperative chemotherapy, followed by definitive surgery is a standard of care for locally advanced TNBC and early-stage TNBC with relatively large tumor sizes. The outcome of NAC is usually assessed based on the pathological response of surgical specimens and has a significant impact on patient survival. Patients who achieve a pathological complete response (pCR) have a relatively lower risk of disease recurrence or death than patients with residual disease after NAC (2, 3). Although the

definition of pCR varies across different studies, it has been accepted that the ideal definition should be absence of invasive cancer within both breast and nodes. In earlier studies, analyses were performed based on biological variables (such as ER, PR) through classical cutoffs to predict pCR, however, new biomarkers with more sensitivity and accuracy for early prediction of pCR are still needed.

TNBC is a heterogeneous disease comprising multiple subtypes with different biological behaviors and clinical outcomes (4). However, due to clinical accessibility and convenience, the genomic features of TNBC are still not mature enough to enable the prediction of treatment response. Recent studies have reported numerous biomarkers (e.g., tumor size, node status, Ki-67, HER2) and imaging-based metrics (e.g., magnetic resonance imaging [MRI] and positron emission tomography) for the prediction of pCR (5, 6); however, most efforts with traditional biomarkers measured prior to chemotherapy lack accuracy, and most efforts focusing on monitoring changes in morphological characteristics are indicative only of a late-stage response (7–10).

Stromal cell-derived factor-1 (SDF-1), also known as CXC motif chemokine ligand-12 (CXCL12), which binds to the CXC receptors 4 and 7, is ubiquitously expressed in almost all organs and involved in several aspects of tumor progression, including angiogenesis, metastasis, and survival (11). Some studies have shown that high expression of SDF-1 in cancer cells attracts CXCR4-positive cells, such as cancer-associated fibroblasts (CAFs) or tumor infiltrating lymphocytes (TILs), to the tumor sites and converts the tumor microenvironment (TME) to immune tolerance (12–14). Since TILs are a reliable marker of chemotherapy efficacy and are associated with clinical outcomes in breast cancer (15–17), it is plausible that SDF-1 might also play an essential role in the response to NAC according to environment-mediated drug resistance.

In this study, we analyzed the correlation of SDF-1 and TILs at different time points during NAC and aimed to demonstrate the predictive and prognostic performance of SDF-1 in chemo-naive and chemo-resistant TNBC.



Patients and methods


Study population

We retrospectively collected data from 303 patients with TNBC for this study according to inclusive and exclusive criteria reported in previous studies (18). TNBC was defined as ER-, PgR-, and HER2−. The cutoff values for ER positivity and PgR positivity were 1% of positive tumor cells with nuclear staining. HER2 was evaluated as 0, 1+, 2+, or 3+ using circumferential membrane-bound staining. Positivity for HER2 (HER2+) was considered as 3 + using immunohistochemistry (IHC) or as positive on fluorescence in situ hybridization (FISH), whereas cases with 0 to 1 + or 2 + using IHC but without FISH detection were regarded as negative for HER2 (HER2−). All patients were treated with six cycles of weekly PC (paclitaxel [80 mg/m2] and carboplatin [AUC 2 mg*min/ml] on Days 1, 8, and 15 of a 28-day cycle) followed by surgical resection of the primary breast and axillary lymph node at Shanghai Cancer Hospital between January 2009 and July 2015. Subsequently, patients with pCR received two additional cycles of the same regimen, whereas those who failed to reach pCR received three cycles of anthracycline-containing chemotherapy. Radiation therapy was performed at the discretion of the treating radiologist and was based on disease status before NAC. Patients treated with any other pre-operative treatment including radiotherapy, target therapy, endocrine therapy or chemotherapy were excluded from the study.



Response and survival evaluation

pCR was defined as no residual invasive cancer in either the breast or lymph nodes. Patients with ductal carcinoma in situ (DCIS) only were also considered pCR responders. Patients were followed up every three months in the first two years after the operation and every six months after the first two years after the operation. Disease-free survival was calculated from the date of surgery to the date of disease relapse (local or distant relapse or death from any cause). Patients without events or death were censored at the last follow-up.



ELISA and immunohistochemistry

Peripheral blood samples were collected prior to the start of NAC (at baseline) and after the completion of NAC (at surgery). Blood samples were centrifuged at 1800 rpm for 15 min at 4°C, and serum was transferred to tubes and stored at −80°C until the time of analysis. The serum SDF-1 levels were blindly evaluated concurrently by using a quantitative sandwich ELISA kit (RAB0123-1KT, Sigma–Aldrich) according to a standard protocol. For each serum sample, measurement was repeated at three time points, and the final result was marked as the average level. The inter- and intra-assay coefficients of variation for SDF-1 were 3.5–5.2% and 3.3–6.2%, respectively. The detection range was 93.75-6000 pg/mL. IHC was performed on formalin-fixed, paraffin-embedded tissue sections collected from core-needle biopsy and residual tumor specimens using a two-step protocol (GTVisionIII) to evaluate CXCR4 expression. The antibody was purchased from Cell Signaling Technology (AB124824, Abcam). As a negative control, the primary antibody was omitted and replaced by 1% BSA-PBS. The immunostained slides were evaluated independently by two pathologists. The H score was used to define the positivity of variables (19). An H score of < 100 was defined as negative, whereas an H score > 100 was considered positive. The assessment of unstained TILs was based on the recommendation of an International TIL Working Group (20). TILs were evaluated within the stromal compartment close to the invasive tumor and reported as the percentage of stromal TILs. Representative pathological images (200X) are shown in Figure 1.




Figure 1 | Immunohistochemical staining of TILs and CXCR4. (A) Representative IHC images of negative CXCR4 staining (200X). (B) Representative IHC images of positive CXCR4 staining. (C) Representative IHC images of low TIL staining. (D) Representative IHC images of high TIL staining (200X). Scale bar (Red): 50 μm.





Statistical analysis

The two-tailed Student’s T test was used to compare differences in SDF-1 expression between the two groups. The chi-squared test was used to evaluate the relationships between patient characteristics and pathological response. Variables that significantly predicted pCR in the chi-square test were entered into the multivariate analyses using a logistic regression model. Univariate and multivariate survival analyses were performed using the Cox regression model. Survival curves were estimated using the Kaplan–Meier method, and the log-rank test was used to test for differences between groups. All statistical tests were two-sided, and P values less than 0.05 were considered significant. All analyses were performed with SPSS (version 19.0, SPSS Company, Chicago, IL, USA).




Results


Patient characteristics

Table 1 shows the main characteristics of all patients. The median age of the 303 patients was 50 years (range, 27-74 years). A total of 159 patients were premenopausal at diagnosis, whereas 144 patients were postmenopausal. All patients were diagnosed with T stage between T2-T4, whereas 82.8% of all patients had positive nodes before NAC. TILs in the stromal area of the tumor bed were counted according to the recommendation by an International TIL Working Group (20), whereas TILs outside of the tumor border were excluded. Patients were classified into the high TIL group with the recommended cutoff of 50%. A total of 133 patients (43.9%) had high levels of TILs, and 170 patients (56.1%) had low levels of TILs. Serum SDF-1 expression was detected according to ELISA prior to NAC. The median level was 329.0 pg/ml (range: 100.0 pg/ml-1158.3 pg/ml). A total of 186 patients were identified as CXCR4 positive through IHC, whereas the remaining 117 patients were CXCR4 negative. Supplemental Figure 1 shows the distribution of SDF-1 expression among different characteristics. SDF-1 expression was similar in patients with different ages, menopausal statuses, tumor stages, and Ki67 levels; however, high expression of SDF-1 was observed in patients with low levels of TILs (mean level 376.3 ± 188.1 vs. 315.3 ± 182.7, P=0.0048) and in patients with high expression of CXCR4 (mean level 295.4 ± 161.3 vs. 383.6 ± 195.7, P<0.001).


Table 1 | Patient characteristics and observed pathological complete response (pCR).





Variables that predict pCR

Among the 303 patients, the overall pCR rate was 34.0% (103/303). The correlations between multiple patient characteristics and pCR were analyzed (Table 1). In univariate analysis, the primary T stage (P=0.026), TILs (P<0.001), Ki-67 expression (P<0.001), and serum SDF-1 (P<0.001) were identified as pCR predictors, and we found no significant differences in pCR according to patient age, menopausal status, node status, and CXCR4 expression. In the multivariate logistic regression model, SDF-1 was independently correlated with pCR (P=0.005). TILs were also independently correlated with pCR (P<0.001). The OR of TILs ≥50% was 4.607 (95% CI: 1.530-4.442, P<0.001, TILs <50% as reference). Tumor T stage and Ki-67 expression were also independent predictors of pCR (P=0.034, OR=0.510 for T3, and OR=0.449 for T4, T2 as reference; and P=0.001, HR=2.618 for high Ki67, low Ki-67 as reference, respectively). The ROC curves of the pCR predictors are shown in Figure 2A. The AUCs were 0.657, 0.624, 0.606, and 0.585 for SDF-1, TILs, Ki67, and T stage, respectively.




Figure 2 | Correlation between treatment response and its predictors. (A) ROC curve of pCR predictors. The AUCs were 0.657, 0.624, 0.606, and 0.585 for SDF-1, TILs, Ki67, and T stage, respectively. (B) The rate of pCR and SDF-1 expression. The pCR rate was 48.0% in patients with low SDF-1 expression and 24.4% in patients with high SDF-1 expression (P<0.001). (C) The correlation between the SDF-1 levels and tumor regression (according to MP grades). Notably, there was a higher proportion of favorable responses in SDF-1-low patients. (D) The correlation between TILs and tumor regression (according to MP grades). Notably, there was a higher proportion of favorable responses in SDF-1 high expression patients. (E) The correlation between SDF-1 and pCR according to different TIL levels. The pCR rate in patients with high TILs was 63.5% for low SDF-1 and 31.4% for high SDF-1 (P<0.001). The pCR rate in patients with low TILs was 31.7% for low SDF-1 and 20.0% for high SDF-1 (P=0.089). (F) The correlation between SDF-1 and tumor regression (according to MP grades) according to different TIL levels. Notably, patients with high TILs and low SDF-1 levels experienced a favorable response to NAC. (NS, not significant; **P<0.01, ***P<0.001).





Serum SDF-1, TILs, and treatment response

The pCR rates were 52.9%, 41.8%, 27.5%, 25.5%, and 20% according to different SDF-1 levels (<200.0 pg/ml, 200-299.9, 300-399.9 pg/ml, 400-499.9 pg/ml, and ≥500.0 pg/ml, respectively). A higher pCR possibility was more likely observed in patients with lower levels of SDF-1, especially in patients with SDF-1 expression of <300.0 pg/ml. According to the ROC curve of SDF-1 (AUC=0.657, 95% CI: 0.592-0.722), the cutoff value of SDF-1 to predict pCR was 328.25 pg/ml, with the largest sum of sensitivity and specificity. For the sake of convenience, we set the cutoff as 300.0 pg/ml. The pCR rate was 48.0% in patients with low SDF-1 expression and 24.4% in patients with high SDF-1 expression (P<0.001, Figure 2B). The correlation between the serum SDF-1 levels, TILs, and tumor regression (according to MP grades) is also shown in Figures 2C, D). Low levels of SDF-1 and high levels of TILs were significantly correlated with a relatively better response. For instance, the proportion of patients with poor response (MP 1, 2) was almost doubled in both high SDF-1 (22.2%, compared to 10.6% in low SDF-1) and low TILs (23.5%, compared to 9.8% in high TILs).

We also investigated the performance of SDF-1 at different TIL levels. Supplementary Table 1 shows that the subgroup according to SDF-1 and TIL level (SDF-1 low/TILs-high, SDF-1 low/TILs-low, SDF-1 high/TILs-high and SDF-1 high/TILs-low) is independently correlated to pCR. Interestingly, the difference in the pCR rate between low and high SDF-1 levels was only significant in patients with high TILs (63.5% vs. 31.4%, P<0.001) but not in patients with low TILs (31.7% vs. 20.0%, P=0.089) (Figure 2E). The distribution of tumor regression also showed a similar phenomenon, indicating that patients with high TILs and low SDF-1 experienced a favorable response to NAC (Figure 2F).

We also analyzed the change in serum SDF-1 before and after NAC. The mean value of SDF-1 (pg/ml) in nonpCR patients was 380.9 (95% CI: 355.2-406.6) at baseline and 392.2 (95% CI: 361.6-422.7) at surgery, whereas the mean value of SDF-1 (pg/ml) in pCR patients was 288.6 (95% CI: 253.4-323.8) at baseline and 206.4 (95% CI: 184.1-228.7) at surgery. The reduction in SDF-1 before and after NAC was correlated with pathological response, as the mean reduction was -11.3 (95% CI: -47.4-24.5) (pg/ml) in nonpCR patients and 82.2 (95% CI: 49.7-114.8) (pg/ml) in pCR patients (P=0.004). In subgroup analyses, a significant difference in SDF-1 reduction between pCR and nonpCR responders was only observed in patients with high TILs (Supplementary Figure 2).



SDF-1 and patient survival

For all patients in this study, the median follow-up time was 50 months. Among the 103 patients who achieved pCR, only 4 developed disease recurrence or metastasis. However, in the remaining 200 patients in the nonpCR group, 71 had cases of event or death (35.1%). Therefore, we developed survival analyses in only 200 nonpCR responders.

A Cox regression model was used to detect the prognostic biomarker in univariate and multivariate analyses (Table 2). Residual tumor size (P=0.018), residual involved nodes (P<0.001), tumor Ki-67 (P<0.001), serum SDF-1 at baseline (P=0.046), serum SDF-1 at surgery (P<0.001), and TILs at surgery (P<0.001) were significant predictors of DFS and entered the multivariate Cox regression model with forward selection. In the multivariate Cox regression model, both SDF-1 and TIL expression at surgery were independent predictors for DFS (SDF-1: P=0.011; HR=1.980, 95% CI: 1.170-3.350, low level as reference; TILs: P=0.012; HR=0.487, 95% CI: 0.278-0.855, low level as reference). However, serum SDF-1 at baseline failed to show independent prognostic value (P=0.559). The survival distribution by Kaplan–Meier survival curve is shown in Figure 3. Higher DFS was observed in nonpCR patients with low SDF-1 (Figure 3A Log-rank test P<0.001) and high TILs at surgery (Figure 3B Log-rank test P<0.001). We also demonstrated DFS according to SDF-1 expression in different subgroups of TIL levels (Figures 3C, D). Different levels of SDF-1 expression showed significant differences in the survival of patients with high TILs (log-rank test P=0.001), with 3-year DFS rates of 93% and 71% in patients with low SDF-1 and high SDF-1, respectively. However, SDF-1 expression failed to show prognostic value in patients with low TILs (log-rank test P=0.257), since patients in this subgroup had experienced similar unfavorable outcomes. The 3-year DFS was 65% and 50% in patients with low SDF-1 and high SDF-1, respectively.


Table 2 | Univariate and multivariate survival analysis of non-pCR patients.






Figure 3 | Cumulative disease-free survival of nonpCR patients after NAC. (A) DFS according to SDF-1 expression (log-rank test P<0.001). (B) DFS according to TIL expression (log-rank test P<0.001). (C) DFS according to SDF-1 expression in low TIL patients (log-rank test P=0.257. The observed 3-year DFS rates were 65% ± 7% and 50% ± 6% in the low SDF-1 and high SDF-1 groups, respectively. (D) DFS according to SDF-1 expression in high TIL patients (log-rank test P=0.002). The observed 3-year DFS rates were 93% ± 4% and 71% ± 8% in the low SDF-1 and high SDF-1 groups, respectively.






Discussion

At present, the optimal chemotherapy regimen for TNBC remains controversial; therefore, it is managed with standard chemotherapy, including paclitaxel in combination with anthracycline or platinum drugs. Compared with other breast cancer subtypes, TNBC has a higher possibility of achieving pCR; however, this advantage is not clearly translated into improved overall survival due to the poor outcomes of nonpCR responders (21). Thus, it is important to identify sensitive responders. In recent studies, numerous biomarkers (e.g., tumor size, lymph node status, Ki-67, HER2, etc.) and imaging-based metrics (e.g., MRI and PET) have been studied for the prediction of pCR and survival (5, 6); however, reliable predictive and prognostic biological markers remain limited. In this study, we demonstrated that serum SDF-1 serves as a biomarker for predicting the treatment response and survival of TNBC patients who underwent NAC.

SDF-1 is a class of stromal cell-derived factors belonging to the chemokine CXC family systematically named CXCL12. It is a self-stable chemokine that marks CXCR4 and encodes a polypeptide of 89 amino acid residues (22). SDF-1 activates downstream signaling pathways, such as PAM and ERK1/2, and enhances cancer cell survival, proliferation, and chemotaxis by binding to its receptor CXCR4 (23). Previous studies have shown that high expression of SDF-1/CXCR4 is correlated with poor survival in various tumors, such as colorectal cancer (24), prostate cancer (25), pancreatic cancer (26), and breast cancer (27). However, limited data have reported the value of SDF-1/CXCR4 in predicting chemotherapy response. Karin Tamas et al. (28) reported that CXCR4 and SDF-1 are highly expressed in primary rectal tumors of patients presenting with metastatic disease, while radiochemotherapy and bevacizumab further upregulate CXCL12 expression; however, there were no differences in CXCR4 or CXCL12 expression at baseline between patients who had (n=9) vs did not have (n=30) a pCR. In contrast, Kim et al. (29) reported that unregulated expression of SDF-1α (P=0.016), after neoadjuvant chemoradiotherapy for rectal cancer, was significantly associated with treatment resistance. Our study presented new evidence that in TNBC, expression of SDF-1 in serum samples could identify chemosensitive tumors. To the best of our knowledge, no previous reports have identified the mechanism of acquiring chemotherapy resistance via upregulation of SDF-1 expression in breast cancer.

The expression of SDF-1 was significantly upregulated in myofibroblasts associated with invasive breast cancer compared with myofibroblasts obtained from normal breast tissue. Further evidence of SDF-1 production by stromal cells associated with breast cancer was provided by Orimo et al. (30). The mechanisms governing the stable regulation of SDF-1 in breast cancer-associated myofibroblasts have not been established; however, it is speculated that destruction of tumor cells by chemotherapeutic agents may release tumor-associated antigens, triggering an immune response that regulates SDF-1, which is particularly strong in patients whose immune systems are sensitive to certain tumor antigens before the onset of chemotherapy. Therefore, SDF-1 expression level might reflect the sensitivity of patients’ immune reaction to chemotherapy. It is also supported by our analysis that the reduction of SDF-1 was extremely high in pCR patients compared to nonpCR patients, indicating that regulation of SDF-1 was correlated with chemosensitivity.

Furthermore, we demonstrated that SDF-1 expression in patients with residual tumors was correlated with survival. It is suggested that residual chemotherapy-resistant disease after NAC is a substitute for chemotherapy-resistant micrometastases, which can eventually develop into clinically obvious metastatic breast cancer. Because TNBC is initially sensitive to NAC, residual tumors are generally more aggressive, which leads to poor prognosis and shorter RFS and OS (31, 32). In addition, some reports suggest that residual cancer cells in TNBC are a heterogeneous population, including subtypes with different outcomes (33). Therefore, the expression of SDF-1 in residual cancer cells may reflect a subtype of TNBC with stronger invasive behavior, leading to poor survival.

Interestingly, the predictive and prognostic value of SDF-1 was only significant in patients with high TILs but not in patients with low TILs, suggesting that TILs might play an important role in the interaction between SDF-1 and tumors. In recent years, many investigations have noted that TILs are important predictive and prognostic biomarkers in breast cancer patients. Carsten Denkert et al. (34) reported that the presence of tumor-associated lymphocytes in breast cancer is an independent predictor of response to anthracycline/taxane NAC in the cohort from the GeparDuo and GeparTrio study. Dieci et al. (17) also presented data that the presence of TILs in residual disease after NAC is associated with better prognosis in TNBC patients. These studies have led to the hypothesis that the pretreatment host response enhances the ability of chemotherapy to eliminate cancer cells, and the chemo-induced antitumor immune response might also influence patient survival (35). This hypothesis is strongly supported by our study, as TILs have also shown predictive and prognostic value in multivariate analyses. Since the SDF-1/CXCR4 axis plays a crucial role in recruiting immune cells such as MDSCs and Tregs to the tumor microenvironment (36, 37), we speculate that upregulation of SDF-1 expression may induce chemoresistance in TNBC via infiltration of immune cells. Further investigation of the relationship between SDF-1 and the precision subtyping of TILs is needed in our future study.

There are several limitations in this study. This was a retrospective study including 303 patients in single institution. Due to the relatively small sample size, we were not able to validate the cutoff values and establish a nomogram to predict pCR and survival. Additionally, the expression of SDF-1 was only detected at two time points, and it will be necessary to evaluate the change in SDF-1 at different periods of NAC, and the method used for choosing the cut-off point need to be further validated. It is also not clear at present whether our observation is restricted to NAC therapies in this study (paclitaxel and carboplatin) or may be a general feature of chemotherapy response.

In conclusion, the current study highlighted the utility of serum SDF-1 and established this as a potential predictive and prognostic marker in TNBC. We have presented that SDF-1, together with TILs, might help to identify patients who would benefit from chemotherapy and patients who need further intensified treatment strategies. Collectively, these biomarkers might help to shape preoperative and postoperative treatment strategies targeting SDF-1 and immune cells for the improvement of pCR rates and prevention of disease relapse in nonpCR patients.
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Supplementary Figure 1 | Correlation between SDF-1 expression and other variables. SDF-1 expression was similar in patients with different ages, menopausal statuses, tumor stages, and Ki67 levels; however, high expression of SDF-1 was observed in patients with low levels of TILs (mean level 376.3 + 188.1 vs. 315.3 + 182.7, P=0.0048) and in patients with high expression of CXCR4 (mean level 295.4 + 161.3 vs. 383.6 + 195.7, P<0.001).

Supplementary Figure 2 | Reduction in SDF-1 expression during NAC. The mean value of SDF-1 (pg/ml) in nonpCR patients was 380.9 (95% CI: 355.2-406.6) at baseline and 392.2 (95% CI: 361.6-422.7) at surgery, whereas the mean value of SDF-1 (pg/ml) in pCR patients was 288.6 (95% CI: 253.4-323.8) at baseline and 206.4 (95% CI: 184.1-228.7) at surgery. The reduction in SDF-1 before and after NAC was correlated with pathological response, as the mean reduction was -11.3 (95% CI: -47.4-24.5) (pg/ml) in nonpCR patients and 82.2 (95% CI: 49.7-114.8) (pg/ml) in pCR patients (P=0.004). In subgroup analyses, a significant difference in SDF-1 reduction between pCR and nonpCR responders was only observed in patients with high TILs.
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Background

Cuprotosis is a novel form of programmed cell death that involves direct targeting of key enzymes in the tricarboxylic acid (TCA) cycle by excess copper and may result in mitochondrial metabolic dysfunction. However, whether cuprotosis may mediate the tumor microenvironment (TME) and immune regulation in colorectal cancer (CRC) remains unclear.





Methods

Ten cuprotosis-related genes were selected and unsupervised consensus clustering was performed to identify the cuprotosis patterns and the correlated TME characteristics. Using principal component analysis, a COPsig score was established to quantify cuprotosis patterns in individual patients. The top 9 most important cuprotosis signature genes were analyzed using single-cell transcriptome data.





Results

Three distinct cuprotosis patterns were identified. The TME cell infiltration characteristics of three patterns were associated with immune-excluded, immune-desert, and immune-inflamed phenotype, respectively. Based on individual cuprotosis patterns, patients were assigned into high and low COPsig score groups. Patients with a higher COPsig score were characterized by longer overall survival time, lower immune cell as well as stromal infiltration, and greater tumor mutational burden. Moreover, further analysis demonstrated that CRC patients with a higher COPsig score were more likely to respond to immune checkpoint inhibitors and 5-fluorouracil chemotherapy. Single-cell transcriptome analysis indicated that cuprotosis signature genes recruited tumor-associated macrophages to TME through the regulation of TCA and the metabolism of glutamine and fatty acid, thus influencing the prognosis of CRC patients.





Conclusion

This study indicated that distinct cuprotosis patterns laid a solid foundation to the explanation of heterogeneity and complexity of individual TME, thus guiding more effective immunotherapy as well as adjuvant chemotherapy strategies.





Keywords: cuprotosis, colorectal cancer, tumor microenvironment, immune checkpoint inhibitor, prognosis





Introduction

Colorectal cancer (CRC) is one of the most prevalent malignancies and remains the leading cause of cancer death worldwide, with more than 30% of patients suffering from recurrence, metastasis, and death within a 5-year treatment (1, 2). Currently, immunotherapy, which makes use of immune checkpoint inhibitors (ICIs), including anti-PD-1/CTLA-4, is popular worldwide, with good results in treating non-small cell lung cancer (3, 4). Moreover, studies have demonstrated that this effective treatment has the potential to achieve a durable response in CRC as well (5, 6). Recently, the concept of tumor microenvironment (TME) has been proposed and widely appreciated as a result of the increasing knowledge of diversity and complexity of tumor components. TME is the environment where the tumor is located and various immune cells, stromal cells, extracellular matrix (ECM) molecules, and cytokines coexist (7–9). As a result of their interaction with the TME components, tumor cells show a variety of changes in biological behavior, such as the stimulation of proliferation and angiogenesis, apoptosis inhibition, and hypoxia avoidance. Emerging evidence indicates that TME appears to play a critical role in tumor progression, immune escape, and response to immunotherapy (10–12). The prediction of ICI response based on the characteristics of TME cell infiltration is a promising way to improve the current ICIs’ effect and develop new immunotherapeutic approaches (13–16). Therefore, a comprehensive analysis of different TME patterns may help identify distinct tumor immune phenotypes and further guide and predict the selection of ICIs (16, 17).

Copper is an essential metal ion that is required for many cellular functions, including energy production and antioxidant defense. However, when copper levels become excessive, it can lead to the production of reactive oxygen species (ROS) through Fenton chemistry, which can cause oxidative damage to cellular components. This oxidative stress can activate a number of cell death pathways, including apoptosis, necrosis, and autophagy, ultimately leading to cell death (18). Copper-induced cell death, also named cuprotosis, refers to the direct targeting of copper to the key lapidated enzyme of the tricarboxylic acid (TCA) cycle and thus is responsible for the dysfunction of mitochondrial metabolism (19). A great deal of progress has been made in immunometabolism in recent years, and there is substantial evidence that both the dysfunction of mitochondrial metabolism and ROS are associated with immune response (20–23). Therefore, a comprehensive understanding of whether cuprotosis is associated with TME and the response of ICIs in CRC will help deepen our understanding of it and provide new strategies for immunotherapy.

In this study, the genomic and clinical information of 1,226 CRC samples was synthesized to investigate the copper death patterns, and the correlation between the cuprotosis patterns and their related TME infiltration characteristics. Three distinct cuprotosis patterns were identified by the unsupervised consensus clustering, and we found that the TME cell infiltration characteristics of the three patterns were associated with immune-excluded, immune-desert, and immune-inflamed phenotype, respectively. Then, we established a scoring scheme to quantify the cuprotosis patterns in individual CRC patients and to predict the response to ICIs and adjuvant chemotherapy.





Materials and methods




Source and preprocess of publicly attainable colorectal expression datasets

The publicly attainable NCBI Gene Expression Omnibus (GEO) datasets (https://www.ncbi.nlm.nih.gov/geo/) and the Cancer Genome Atlas (TCGA) (https://cancergenome.nih.gov/) were used to retrospectively collect the gene expression and clinical characteristics of CRC samples. No further evaluation was conducted for samples who had no survival information. A total of 4 eligible CRC cohorts (GSE103479, GSE39582, TCGA-COAD, and TCGA-READ) were enrolled in this study for further analysis. As for the datasets in TCGA, RNA sequencing data of gene expression (FPKM value) were downloaded from the Genomic Data Commons (GDC) using TCGAbiolinks, an R package that was specifically developed to allow integration of GDC data (24). The FPKM values were then converted to transcripts per kilobase million (TPM) values. The “Combat” algorithm of the R package sva was used to correct the batch effect among the different datasets (25). The genomic mutation data [somatic mutation and copy number variation (CNV)] of TCGA-COAD and TCGA-READ were curated from GDC.





Unsupervised consensus clustering for 10 cuprotosis regulation genes

Ten cuprotosis-related genes (CRGs) were extracted from the meta-cohort. Unsupervised clustering analysis was applied to identify different cuprotosis patterns and classify patients for further study based on their expression of 10 CRGs. In a consistent clustering algorithm, cluster number and the stability of each cluster are determined (26). The above steps were implemented following the ConsensuClusterPlus package, and 1,000 times repetitions were conducted to ensure the stability of classification (27).





Functional annotation and gene set variation analysis

Gene set variation analysis (GSVA) enrichment analysis was performed by using the “GSVA” R package, in order to investigate the heterology of the different cuprotosis patterns. As a non-parametric and unsupervised approach to explore the variations in pathway and biological process activity, GSVA is generally employed in estimating the samples of an expression dataset (28). GSVA was performed using gene sets “c2.cp.kegg.v7.5.1.symbols” downloaded from MSigDB, as implemented in the GSVA package (version 1.42.0).





Analysis of TME immune cell infiltration and the immune response predictor

ssGSEA (single sample gene set enrichment analysis) (29), EPIC (30), xCELL (31), and MCPcounter (32) algorithms were performed to quantify the relative abundance of TME immune cell infiltration as well as assess the immune function in the CRC patients. The ESTIMATE (33) algorithm was performed to estimate the immune and stromal cells in CRC. The ESTIMATE algorithm helps us predict the infiltration level of immune cells and stromal cells by calculating the immune and stromal scores. The tumor immune dysfunction and exclusion (TIDE) algorithm, including two major mechanisms of tumor immune escape, T-cell dysfunction and T-cell exclusion, was utilized to evaluate the TME and predict response to treatment with ICIs (34). Higher TIDE scores indicate a lower response rate to ICI treatment as tumor cells tend to induce immune escape.





Identification of differentially expressed genes between distinct cuprotosis patterns

By examining the expression of 10 CRGs, we categorized samples into three different cuprotosis patterns, in order to identify CRGs. With the “limma” R package, we applied the empirical Bayesian algorithm to ascertain differentially expressed genes (DEGs) between distinct cuprotosis patterns (35). To determine the DEGs, an adjusted p-value < 0.05 was employed.





Generation of COPsig sore

A COPsig score system was established to quantify the cuprotosis level of individual CRC patients. First, COP gene signatures A and B corresponded to DEGs that appeared to be positively and negatively correlated with the clusters of COP genes, respectively. Then, the dimensionality of COP gene signature A and B was reduced by performing the Boruta algorithm (36), and principal component 1 was adopted as the feature score by applying the PCA. As a last step, we determined the COPsig score group for each CRC patient using an approach similar to the gene expression grading index (37):

	





Cancer cell line data and chemotherapeutic response prediction

On the basis of the Genomics of Drug Sensitivity in Cancer (GDSC, https://www.cancerrxgene.org/), the largest publicly available pharmacogenomic database, we predicted the response to chemotherapy for each CRC sample. Two commonly used chemotherapy drugs, 5-fluorouracil (5-FU) and paclitaxel, were selected. Using the R package “pRRrophic”, the estimation of half-maximal inhibitory concentration (IC50) for each sample was determined by ridge regression, and Prediction accuracy is measured by 10-fold cross-validation based on the GDSC training dataset.

The Broad Institute-Cancer Cell Line Encyclopedia (CCLE, https://portals.broadinstitute.org/ccle/data) project compiled expression profile and mutation data of human cancer cell lines (CCLs) (38). From the Cancer Therapeutics Response Portal (CTRP) (39) and PRISM Repurposing dataset (19Q4, https://depmap.org/portal/download/Drugsensitivity), drug sensitivity data for CCLs were obtained. Based on CTRP data, 481 compounds were tested across 835 CCLs, while 1,448 compounds over 482 CCLs were contained in the PRISM dataset. In both datasets, a value for area under the curve (AUC) indicates the level of sensitivity to the treatment, with lower AUC values representing greater sensitivity. According to the suggestion of Yang et al. (40), compounds with NAs in more than 20% of samples and cell lines from hematopoietic and lymphoid tissues were excluded. Next, AUC values were imputed through K nearest neighbor (k-NN) imputation. Finally, for further analysis of CTRP and PRISM, CCLE molecular data were used.





Genomic and clinical data collection for the ICI cohort

Four immunotherapeutic cohorts with gene expression and clinical data were enrolled in our study. Metastatic melanoma received either pembrolizumab or nivolumab (41), non-small cell lung cancer patients were administered either nivolumab or pembrolizumab (42), patients with urothelial cancer received anti-PD1/PD-L1 therapy (43), and urothelium cancers were treated with atezolizumab, an anti-PD-L1 antibody (IMvigor210 cohort) (17). The gene expression profiles were collated and transformed into TPM format for further analysis.





Single-cell RNA sequencing analysis

GSE132257, which contained single-cell RNA sequencing (scRNA-seq) data of five CRC samples, was downloaded from the GEO database. We first filtered and standardized the scRNA-seq data using the “Seurat” R package. After standardization, the 1,500 genes with the largest variance were reserved for subsequent analysis. PCA was then conducted to reduce dimensionality of data. t-SNE was applied to sort cells into different clusters. The cell annotation of each cluster was conducted by the “SingleR” R package with reference to CellMarker (44). In order to calculate the activity of senescence-related model genes in cells, we utilized the “AUCell” R package to calculate the AUC of each cell with reference to model genes and then mapped the AUC to the corresponding cells. Cells that express more genes from the senescence-related model will exhibit higher AUC values than cells expressing fewer genes. The “NicheNet” R package was utilized to infer the interactions between epithelial cells (tumor cells) and surrounding cells (45). Genes that are expressed in larger than 10% cells of clusters were considered for ligand–receptor interactions. In paired ligand–receptor activity analysis, we extracted top 100 ligands and top 1,000 targets of DEGs of “sender cell” and “affected cell”, respectively.





Statistical analysis

All the statistical analyses were generated by R software (version 4.1.2). All statistical p-values were two-sided, and p-value < 0.05 was considered statistically significant. A univariate Cox regression model was utilized to calculate the hazard ratios (HRs) for CRGs and cuprotosis phenotype-related genes. Patients with complete clinical information were included, and a multivariate Cox regression model was established to ascertain the independent prognostic risk factors. The results of multivariate and univariate prognostic analysis were visualized by applying the forest plot R package. Spearman correlation analysis and distance correlation analysis was used to calculate the correlation coefficient. Based on the median COPsig scores, the sample was divided into two groups: the high and low scoring groups. Differences between three or more groups were compared using one-way ANOVA and Kruskal–Wallis tests (46). The waterfall function in the maftools package was employed to display mutations in the TCGA-CRC cohort (47). Using the R package “Rcircos”, the CNV landscapes of 10 cuprotosis-regulated genes in human chromosomes were plotted.





Cell line culture and quantitative real-time polymerase chain reaction

The CRC cell lines HT-29, HCT116, RKO, SW480, and SW620 and the normal cell line NCM460 were purchased from the China Center for Type Culture Collection (CCTCC; Shanghai, China) and cultured in RPMI-1640 (Gibco, Grand Island, NY, USA), supplemented with 10% fetal bovine serum and 1% penicillin–streptomycin (Gibco). All cells were incubated at 37°C in humidified air with 5% CO2. The total RNA of each cell line was extracted by FastPure® Cell/Tissue Total RNA Isolation Kit V2 (Vazyme, China). Then, the NanoDrop 2000 spectrophotometer (Thermo) was used to quantify RNA. After reverse transcription of RNA to cDNA by HiScript® RT SuperMix for qPCR with gDNA wiper (Vazyme, China), we performed quantitative real-time polymerase chain reaction (RT-qPCR) on cDNA using ChamQ Universal SYBR qPCR Master Mix (Vazyme, China). The cycler protocol is as follows: Stage 1: 30 s at 95°C; Stage 2: 40 cycles of 10 s at 95°C and 30 s at 60°C; and Stage 3: 15 s at 95°C, 60 s at 60°C, and 15 s at 95°C. GAPDH was exploited as an internal reference. The mRNA relative expressions of CRGs were calculated by the 2−ΔΔCt method. The primer sequences used for analysis are listed in Table S1.





Tissue microarray and immunohistochemistry

The CRC tissues (n = 80) and matched adjacent normal tissues (n = 80) were collected from the Department of General Surgery, Ruijin Hospital, Shanghai Jiao Tong University School of Medicine. All patients signed written informed consent before the study. The immunohistochemical assay was conducted as previously described (48). Two pathologists, blinded to clinical information, analyzed the relative intensity of specimens using ImageJ software (National Institutes of Health, USA).





Western blotting

Proteins were electrophoresed with 4%–20% SDS-PAGE gels and transferred to polyvinylidene difluoride membranes. The membrane was blocked with 5% BSA for 1 h at room temperature and incubated overnight at 4°C in primary antibody diluent. Then, the membrane was incubated with secondary antibody for 1 h at room temperature. All bands were measured and analyzed by Quantity One software (Bio-Rad, Hercules, CA, USA). The primary antibody was anti-PDHA1 (1 µg/ml, A13687, ABclonal, CHN). The secondary antibodies such as horseradish peroxidase (HRP)-conjugated anti-rabbit (A6154) and anti-mouse (A4416) antibodies were from Sigma-Aldrich.






Results




Landscape of genetic variation of cuprotosis-regulated genes in colorectal cancer

In this study, a total of 10 CRGs were finally identified. We first examined the expression levels of 10 CRGs in pan-cancer. We found that in the majority of carcinomas, the CRGs were poorly expressed in tumors, except for CDKN2A (Figure 1A). Then, we demonstrated the CNV and somatic mutations of 10 CRGs in CRC. Among the 399 samples, 9.33% underwent genetic alteration of CRGs, principally including missense mutation, frame shift deletions, and nonsense mutation (Figure S1A). It was observed that LIAS showed the highest mutation frequency, followed by LIPT1, while neither FDX1 nor CDKN2A showed any mutation in the CRC samples (Figure 1B). Next, we investigated the CNV frequency mutations of CRGs, and six genes showed a CNV mutation. DLD and PDHB had a wide amplification in copy number. On the contrary, CDKN2A and LIAS were focused on the prevalent CNV deletions (Figure 1C). The location of CNV alterations of 10 CRGs on chromosomes is demonstrated in Figure 1D. Moreover, further analysis was made to investigate the mRNA expression level of CRGs between normal and CRC samples, and we found that the expressions of FDX1, DLD, DLAT, PDHB, and MTF1 were significantly decreased, whereas LIPT1, GLS, and CDKN2A were significantly upregulated in tumor samples (Figure 1E). The expression level of CRGs with CNV amplification was higher in CRC samples compared to normal samples (e.g., GLS and PDHA1), while the expression level of LIAS was relatively decreased in tumor samples (Figures 1D, E). In addition, Spearman correlation analysis was performed to evaluate the mutual regulation between the CRGs (Figure S1B). CDKN2A showed a significantly negative correlation with most other CRGs. The univariate and multivariate Cox model were established to ascertain whether CRGs were independent risk factors for prognosis in CRC patients. The forest plots showed that CDKN2A and GLS could be considered as a risk factor for CRC patients and correlated with a markedly shorter overall survival (Figure S1C,D). Thus, in the above analyses, we observed a very heterogeneous landscape of genetic and expressional changes in CRGs between normal and CRC samples. Accordingly, the imbalance in CRG expression was crucial to the occurrence and progression of CRC.




Figure 1 | Landscape of expression and genetic alteration of cuprotosis-related genes (CRGs) in colorectal cancer. (A) The fold changes of the expression level alterations of CRGs in 18 cancer types, with red representing upregulated genes and green representing downregulated genes in the heatmap. (B) Thirty-eight of the 399 CRC patients developed genetic mutation of 10 CRGs. Each column represented an individual patient. The upper barplot showed the tumor mutational burden. The right barplot showed the frequency of each variant type. (C) The CNV frequency mutations of 10 CRGs. Alteration frequency was represented by the column height. Green dots represented the deletion frequency. Red dots represented the amplification frequency. (D) The location of CNV alteration of 10 CRGs on chromosomes. (E) The difference of mRNA expression level of 10 CRGs between normal and tumor CRC samples (TCGA-COAD and TCGA-READ). The asterisks represent the statistical p-value (ns: p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001).







Cuprotosis patterns mediated by 10 CRGs

Four datasets (GSE103479, GSE39582, TCGA-COAD, and TCGA-READ cohort) with available survival information and clinical annotations were merged in one meta-cohort. The CRG network revealed a landscape of CRG interactions, gene connection, and their prognosis significance for CRC patients (Figure 2A). The illustration indicated that the cross-talk among the CRGs probably plays a pivotal role in different cuprotosis patterns and was involved in CRC development and progression. Based on the above hypothesis, we stratified the samples with quantitatively distinct cuprotosis patterns according to the expression levels of 10 CRGs utilizing the R package of ConsensusClusterPlus. Three different cuprotosis patterns were eventually identified using unsupervised clustering, including 406 cases in COPcluster C1, 206 cases in COPcluster C2, and 614 cases in COPcluster C3 (Figures 2B, C). Then, we performed a prognosis analysis for the three main cuprotosis clusters; the results demonstrated that COPcluster C3 showed a prominent survival advantage, while COPcluster C2 was the least likely to survive in the meta-cohort (Figure 2D). Moreover, the unsupervised clustering discovered three totally different patterns of cuprotosis in the meta-cohort (Figures 2E, F). There was significant distinction in the CRG transcriptional profile among the three different cuprotosis patterns (Figure 2F).




Figure 2 | Cuprotosis patterns in CRC patients. (A) The network between 10 CRGs in CRC patients. The size of the circle corresponded to the effect of each gene on the patients’ prognosis, and the range of values was scaled by log-rank test. Protective factor for patients’ OS was illustrated by a green dot, and risk factors was illustrated by a black dot. The lines showed the interaction of each gene, and the thickness represented the correlation strength. Blue lines indicated negative correlation, and red lines indicated positive correlation. The CRG cluster A–D was marked with yellow, blue, red, and brown, respectively. (B) Unsupervised consensus clustering for 10 CRGs in the meta-cohort and the consensus matrices for k = 3. (C) Consensus values range from 0 to 1. (D) Kaplan–Meier curves for the three cuprotosis patterns based on 1,226 CRC patients from the meta-cohort, including 406 samples in COPcluster C1, 206 samples in COPcluster C2, and 614 samples in COPcluster C3 (log-rank test). The COPcluster C3 showed a significantly better prognosis than the other two COPclusters. (E) The transcriptome profiles of three cuprotosis patterns were analyzed by principal component analysis, revealing a striking difference in transcriptome profiles between different patterns. (F) Expression heatmap of three COPclusters of 10 CRGs in the meta-cohort. Immune subtype, age, gender, N stage, T stage, and prognosis were annotated. Yellow represents a high expression of CRGs, and blue represents a low expression.







The cuprotosis patterns characterized by distinct immune landscape

In order to investigate the molecular mechanisms among the three different cuprotosis patterns, GSVA enrichment analysis was performed on the KEGG gene set. We found that all the three clusters were markedly enriched in the immune signaling pathway, including the T-cell receptor signaling pathway, the B-cell receptor signaling pathway, and the Toll-like receptor signaling pathway. However, COPcluster C1 and COPcluster C2 were simultaneously enriched in stromal elements such as ECM–receptor interaction and cell adhesion molecules cams (Figures 3A, B). To clarify and compare the 23 immune infiltration cell subpopulations of each cluster, we then constructed a boxplot with ssGSEA. To our surprise, subpopulation analysis of TME cell infiltration indicated that the vast majority of immune cells, such as active CD4+ cells, eosinophils, and activated B cells, were enriched in COPcluster C1 and C3, with the least enrichment in COPcluster C2 (Figure 3C). Nevertheless, patients in COPcluster C3 and C2 had a longer median overall survival, while those in COPcluster C2 did not show a matching prognosis advantage (Figure 2D). In addition, the ESTIMATE algorithm was used to evaluate the immune cell infiltration level (Immune Score) and stromal cell infiltration level (Stromal Score) across three different cuprotosis patterns. Further analysis revealed that COPcluster C3 exhibited the lowest immune score, followed by C2 and C1 (Figure S1E). Meanwhile, COPcluster C1 and C2 had a much higher stromal score than COPcluster C3 (Figure S1F). According to previous studies, immune-excluded tumor phenotype exhibited an abundance of immune cells. Rather than penetrating tumor parenchyma, these immune cells remained in the stroma surrounding tumor cell nests (49). Thus, we hypothesized that the abundant stromal component in COPcluster C1 and C2 inhibited potential antitumor immune response. Subsequent TME analysis demonstrated that stromal activation was significantly enhanced in COPcluster C1 and C2, including the activity of epithelial–mesenchymal transition (EMT), transforming growth factor beta (TGF-β). Moreover, previous studies proposed a novel concept, TMEscore (TMEscore A − TMEscore B), representing the signature of tumor immune microenvironment (17). In our study, we found a relatively lower TMEscore B as well as a markedly higher TMEscore in COPcluster C3 (Figure 3D). As a result of the above findings, we confirmed that the three cuprotosis patterns developed significantly different characterizations of TME cell infiltration. COPcluster C1 was considered as an immune-excluded phenotype, characterized by diminished immune cell infiltration and stromal activation. COPcluster C2 was classified as immune-desert phenotype, characterized by immunosuppression, while COPcluster C3 was considered as an immune-infiltrated phenotype, marked by immune cell infiltration and immune activation.




Figure 3 | Biological and TME infiltration characteristics of each cuprotosis pattern. (A, B) Barplot depicting the GSVA score of representative KEGG pathways curated from MSigDB in three cuprotosis patterns. (A) COPcluster C3 vs. COPcluster C1. (B) COPcluster C3 vs. COPcluster C2. (C) The fraction of TME cell infiltration of three cuprotosis patterns using the ssGSEA algorithm. The top end, median line, and bottom end of the box represent the 25%, 50%, and 75% value, respectively. The black dots show outliers. The asterisks illustrate the statistical p-value (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns p > 0.05). (D) The fraction of different signatures (immune-relevant signature, mismatch-relevant signature, and stromal-relevant signature) and TMEscore. The line in the box represents the median value. The bottom and top of the boxes are the 25th and 75th percentiles (interquartile range). The whiskers encompass 1.5 times the interquartile range. The asterisks illustrate the statistical p-value (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns p > 0.05).



We then further explored the specific correlations between CRGs and TME immune cell infiltration by Spearman’s correlation analysis (Figure S2A). We found that high expression of CDKN2A and MTF1 was associated with abundant immune cell infiltration, whereas PDHA1, LIPT1, LIAS, GLS, FDX1, and DLAT expression exhibited a negative correlation with the immunocyte infiltration. Among these CRGs, the relatively high level of negative correlation between PDHA1 and immune cell infiltration attracted our attention. Based on the PDHA1 expression level, the CRC samples were assigned into high- and low-expression groups according to the best cutoff of 6.68376. There was significant prognostic difference between the two groups of patients (Figure S2B). The results of GSVA indicated that patients with a low PDHA1 level were more likely to be associated with enrichment of immune-related signaling pathway such as natural killer cell, Toll-like receptor, and B cell response signaling pathways (Figure S2C). ESTIMATE algorithm was then used to quantify the overall immune cell infiltration between low and high PDHA1 samples. The results demonstrated that low expression of PDHA1 exhibited higher immune scores, which meant that the tumors with low PDHA1 expression were surrounded by more immunocyte components, thus confirming our above findings (Figure S2D). Additionally, we discovered that tumors with low expression levels of PDHA1 had significantly higher infiltration of 23 TME immune cells (Figure S2E). Furthermore, considering that PD-L1 and CTLA-4 are well-proven biomarkers for predicting the response of anti-PD-1/PD-L1 and anti-CTLA-4 treatment, we compared the expression levels of CD274 (known as PD-L1) and CTLA-4 between the different PDHA1 expression subtypes. It is not surprising that CD274 and CTLA-4 expression were significantly upregulated while the expression of PDHA1 was low (Figures S2F, G). Taken together, we could speculate that the PDHA1-mediated cuprotosis process might promote tumor TME immune cell infiltration, thus enhancing the intratumoral antitumor immune response. Furthermore, PDHA1 might mediate the regulation of PD-L1 and CTLA-4, thereby influencing the sensitivity of patients to immunotherapy.





Cuprotosis phenotype-related DEGs in colorectal cancer

Although samples were classified into three different cuprotosis patterns, the potential genetic alterations and expression disturbances in these phenotypes remained unclear. Based on these queries, we further investigated the underlying cuprotosis-related transcriptional expression change across three cuprotosis patterns in CRC. For each of the three cuprotosis patterns, the Limma package was applied to identify overlapping DEGs. A total of 1,727 DEGs representing the crucial distinct indices of the three cuprotosis patterns were selected and illustrated in the Venn diagram (Figure 4A). Afterwards, in order to screen for DEGs associated with patients’ prognosis, a univariate Cox analysis was performed, which resulted in 375 genes. To further validate the biological process of CRGs, we subsequently performed an unsupervised clustering analysis based on the selected 375 CRGs to classify the samples into different genomic subtypes. The stratifications assigned samples into three subgroups consistent with the clustering grouping of cuprotosis patterns, and we named the three distinct subgroups COP gene clusters A–C (Figures 4B-D). The results demonstrated that three different cuprotosis patterns did exist in CRC. We found that patients with relatively advanced T stage and N stage were probably represented by COP gene cluster C, while patients with MSI/dMMR were more likely to be characterized by COP gene clusters A and B (Figure 4D). Among 1,226 colorectal patients, 556 were found to be clustered in the COP gene cluster A, which was linked to a better prognosis. While a worse survival outcome was observed for patients in gene cluster C, an intermediate prognosis was observed in gene cluster, with a total of 462 patients aggregated (Figure 4E). The expression level of the 10 CRGs among the three gene clusters was compared and is shown in Figure 4F. We observed significant differences in CRG expression between the three gene clusters, which was also in accordance with the expected results of cuprotosis patterns.




Figure 4 | Construction of COP gene clusters and COPsig score. (A) A total of 1,727 cuprotosis-related differentially expressed genes (DEGs) between three cuprotosis patterns were illustrated in the Venn diagram. (B) Unsupervised consensus clustering for 375 prognosis-related DEGs in the meta-cohort and the consensus matrices for k = 3. (C) Consensus values range from 0 to 1. (D) Expression heatmap of three COP gene clusters of 375 DEGs. Immune subtype, COPcluster, age, gender, N stage, T stage, and prognosis were annotated. Yellow represents a high expression of DEGs, and blue represents a low expression. (E) Kaplan–Meier curves for the three COP gene clusters, including 556 samples in gene cluster A, 462 samples in gene cluster B, and 208 samples in gene cluster C (log-rank test). Gene cluster A showed a significantly better prognosis than the other two gene clusters. (F) The expression level of 10 CRGs in three gene clusters. The line in the box represents the median value. The bottom and top of the boxes are the 25th and 75th percentiles (interquartile range). The whiskers encompass 1.5 times the interquartile range. The asterisks illustrate the statistical p-value (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns p > 0.05). (G) Alluvial diagram showing the changes in COPclusters, gene clusters, COPsig score, and patients’ prognosis. (H, I) Differences in COPsig score among three COP gene clusters in the meta-cohort (H) and the ICI cohort (I). The Kruskal–Wallis test was used to compare the statistical difference between three gene clusters (p < 0.001).







Construction of COPsig score and exploration of its clinical relevance

Despite our findings indicating that cuprotosis patterns were involved in prognosis and immune infiltration, these analyses are based only on patient populations and cannot accurately predict the signatures of cuprotosis in individual tumors. We thus formulated a scoring scheme known as the COPsig score, which hinged on the identified cuprotosis-related signature genes, to classify the patterns of cuprotosis in individual colorectal patient. Due to the complexity of cuprotosis quantification, an alluvial diagram could be used to illustrate the workflow of COPsig score construction (Figure 4G). Meanwhile, we calculated the COPsig score in the ICI cohort in the same manner, to confirm our results. Kruskal–Wallis test revealed a prominent difference between COPsig score and COP gene clusters. Gene cluster B showed a higher median COPsig score, indicating that high COPsig scores were likely to be associated with immune activation-related signatures, whereas gene clusters A and C illustrated a relatively lower median COPsig score (Figures 4H, I). In particular, COPcluster C3 had a significantly higher COPsig score compared to other clusters and COPcluster C1 presented the lowest COPsig score (Figure 5A). We then ought to ascertain the prognostic capacity of the COPsig score to predict oncological outcomes by assigning patients into high or low scoring groups with a cutoff of 0.658 (see Materials and Methods). As anticipated, patients with a high COPsig score were markedly related to a better prognosis (Figure 5B). As an additional step in validating the COPsig score, we used the three CRC cohorts mentioned above to determine the relationship between the COPsig score and patient prognosis (GSE103479, GSE39582, and TCGA-CRC). In a similar manner to the results above, high COPsig scores were significantly correlated with better survival outcomes (Figures S3A–C). Based on the univariate and multivariate Cox regression model analysis considering patient age, gender, T stage, N stage, and COPsig score, COPsig score was found to serve as a reliable and independent protective factor for assessing patient survival outcomes (Figures S3D, S4E). According to the analysis of the relevant components of TME, a significant association was revealed between low COPsig score and stromal-related pathways in both the meta-cohort and the ICI cohort (Figures 5C, D). To better characterize the cuprotosis signature, we also examined the correlation between the signatures and COPsig scores. According to the heatmap of correlation matrix, COPsig score was negatively correlated with immune activation process, EMT, and stromal-related features, but was positively correlated with DNA repair signatures in both the meta-cohort and the ICI cohort (Figure 5E). Moreover, the ESTIMATE algorithm was used to further examine the immune characteristics of high and low COPsig scores. We could find that in both the meta-cohort and the ICI cohort, low COPsig scores were strongly associated with high immune scores and stromal scores (Figures S4A–D). Next, we performed xCell, MCPcounter, single-sample gene set enrichment analysis (ssGSEA), and EPIC algorithm, in order to illustrate the immune landscape of high and low COPsig scores. As shown in Figure S4E, F, abundant immune cell infiltration could be found in the low COPsig score group, and the level of immune infiltration was negatively correlated with the COPsig scores. In light of the above findings, low COPsig scores were significantly associated with immune activation and stromal activation. The COPsig score could be used to distinguish individual colorectal tumors’ patterns of cuprotosis and further characterize the TME immune cell infiltration. In addition, high COPsig scores were strongly correlated with better survival outcomes, creating an accurate predictor of CRC patient prognosis.




Figure 5 | The TME cell infiltration characteristics in the high and low COPsig score groups. (A) Differences in COPsig score among three COPclusters in the meta-cohort. The Kruskal–Wallis test was used to compare the statistical difference between three gene clusters (p < 0.001). (B) Kaplan–Meier curves for the two COPsig score groups, including 789 samples in the high COPsig score group, and 437 samples in the low COPsig score group (log-rank test). The high COPsig score group showed a significant better prognosis. (C) The fraction of TME cell infiltration of the high and low COPsig score groups using the ssGSEA algorithm. The top end, median line, and bottom end of the box represent the 25%, 50%, and 75% values, respectively. The black dots show outliers. The asterisks illustrate the statistical p-value (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns p > 0.05). (D) The fraction of different signatures (immune-relevant signature, mismatch-relevant signature, and stromal-relevant signature) and TMEscore. The line in the box represents the median value. The bottom and top of the boxes are the 25th and 75th percentiles (interquartile range). The whiskers encompass 1.5 times the interquartile range. The asterisks illustrate the statistical p-value (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns p > 0.05). (E) Correlations between COPsig score and the known biological gene signatures in the meta-cohort and the ICI cohort using Spearman analysis. Negative correlation was marked with blue and positive correlation was marked with orange.



Then, using the Maftools package, the distribution differences of somatic mutation between high and low COPsig scores in the TCGA-CRC cohort were analyzed. The high COPsig score group had a greater tumor mutation burden than the low COPsig score group. Mutational landscapes revealed that APC (81% vs. 62%) and tp53 (58% vs. 45%) were more susceptible to somatic mutations in the high COPsig score group (chi-square test, p < 0.05, Figures S3F, G). The TMB quantification analysis supported the hypothesis that high COPsig score tumors correlated markedly with a higher TMB (Figure S3H). Increasing evidence indicated that patients with high TMB status appear to respond to immunotherapy with durable clinical effects. In summary, the above results inferred that the differences in tumor cuprotosis patterns might act as a critical factor mediating clinical responses to immunotherapy. The COPsig scores were found to be able to indirectly predict immunotherapy, as well.





Implications of COPsig scores in the prediction of immune response and drug sensitivity

There is no doubt that anti-CTLA-4/PD-1 therapy has made a significant breakthrough in antitumor therapy. TIDE, a newly identified immune response predictor, is widely used and is strongly recommended in addition to some of the well-known TMB, PD-L1, and MSI measures (50, 51) According to our analysis, both in the meta-cohort and the ICI cohort, the TIDE value significantly declined in the high COPsig group (p < 0.01 in the meta-cohort, p < 0.001 in the ICI cohort, Figures 6A, B). It appeared from these findings that the expression of tumor-specific cuprotosis patterns played a critical role in regulating immune responses. As COPsig score offered a robust correlation with immune response, we next investigated whether COPsig score could predict patient response to ICI therapy in four immunotherapy cohorts. We found that in the ICI cohort, patients were assigned into two groups (Figures 6C, D). Patients with a high COPsig score were proven to have significant benefit and immune response to ICI treatment (response rate: 30% vs. 18%, Figure 6E). Figure 6F also illustrates that patients who received CR/PR tended to have a higher COPsig score (p = 0.0012). A heatmap illustrated the gene expression difference between the high and low COPsig score groups, which might be correlated with the response of ICIs (Figure 6G). Then, we established a univariate Cox model to predict whether COPsig score was an impact factor for patient prognosis (Figure 6H). The results showed that COPsig score, neoantigen, TMB, and gender were protective factors, while response to ICIs was a risk factor for patients’ long-term survival. Moreover, for patients who benefited from ICIs, COPsig score was significantly negatively correlated with neoantigen expression, while COPsig score was positively correlated with neoantigen expression in the PD/SD group, which confirmed the above results (Figure 6I).




Figure 6 | Potential immunotherapy in high and low COPsig score group. (A, B) The relative distribution of TIDE was compared between COPsig score high vs. low groups in meta-cohort (A) and ICIs cohort (B), respectively. (C, D) Principal component analysis of the ICIs cohort and the response to ICIs. (E, F) The fraction of patients with immunotherapy response (ICIs cohort) in low and high COPsig score groups (E). The COPsig score of CR/PR and PD/SD patients in ICIs cohort (F). (G) Expression heatmap in meta-cohort. Gene clusters, response, COPsig score, were annotated. Yellow represented a high expression, and blue represented a low expression. (H) Univariate cox regression model estimating clinical prognosis significance between TMB, COPsig score, response, neoantigen and gender. (I) correlation between COPsig score and neoantigen in CR/PR. Yellow represented CR/PR patients, blue represented SD/PD patients.



Since chemotherapy is the most common form of treatment for CRC, we assessed the effect of two chemo drugs: 5-FU and paclitaxel. The ridge regression model was then trained by ridge regression on the GDSC cell line dataset and proven accurate by 10-fold cross-validation. Based on our predictive models of these two drugs, we estimated the IC50 for each sample in the meta-cohort. There was a significant difference between low and high COPsig scores for the two chemo drugs, with the high COPsig score group being more sensitive to commonly administered chemotherapy (p < 0.001 for 5-FU and paclitaxel, Figures 7A, B). Furthermore, the correlation analysis demonstrated that the IC50 values of both drugs were markedly negatively correlated with the COPsig score as well (Figures 7C, D).




Figure 7 | Chemotherapy response in the high and low COPsig score groups. (A, B) The differences of response to 5-FU (E) and paclitaxel (F) between the high and low COPsig score groups. (C, D) The correlation between COPsig scores of patients and the estimated IC50 value of 5-FU (C) and paclitaxel (D). (E) The results of Spearman’s correlation analysis of 10 CTRP-derived compounds. (F) The results of Spearman’s correlation analysis of 10 PRISM-derived compounds.



Then, a drug response prediction model was built using the CTRP and PRISM datasets that contain gene expression profiles and drug sensitivity profiles for hundreds of CCLs. Compounds with NAs in more than 20% of samples and cell lines from hematopoietic and lymphoid tissues were excluded. Moreover, NAs were filled using the k-NN algorithm. Ultimately, the analysis was then carried out using 680 CCLs (containing 354 compounds) from the CTRP dataset and 480 CCLs (containing 1,285 compounds) from the PRISM dataset, respectively. Afterwards, in order to predict the response for each compound in each sample, the pRRophetic package with the ridge-regression model was utilized to obtain an estimated AUC value based on the expression profile. Next, the correlation between AUC values and COPsig scores was analyzed using Spearman correlation analysis, and we select the compounds with the top five and the bottom five Spearman’s r value in CTRP and PRISM datasets, respectively (Figures 7E, F). We found that 5-FU showed a higher drug sensitivity in high COPsig score patients, which further confirmed the above results. In general, our results strongly indicated that the COPsig score had a direct link with the response to immunotherapy and chemotherapy.





Cuprotosis signature genes in single-cell transcriptomic data

Random forest algorithm was utilized to screen out the top nine important genes among the cuprotosis signature genes for further analysis (Figure 8A). After rigorous data normalization and filtering, 6,490 cells were retained for further analysis. In the following step, we used graph-based clustering to separate the cells into 12 clusters after normalizing them using principal component analysis (Figure S5A). These clusters can be assigned to cell lines by marker genes or DEGs (Figures 8B, S5B). According to the AUC values, two peaks of all cells were observed, whereas 3,918 cells had relatively higher AUC values (Figures 8C, S4C). The stacking map showed that there were more macrophages in the AUC_low group, which were consistent with our results of bulk RNA-seq analysis (Figure 8D). Moreover, GSVA indicated that cell adhesion pathways and immune-related pathways were enriched in the AUC_high group, which further confirmed the results of bulk RNA-seq analysis (Figure S5D). We next used CellChat and NicheNet to identify the expression of ligands at different cell interfaces and thus predict the cross-talk of the top 15 active ligand and relative receptors (Figures 8E, F). The results indicated that TNFSF12 interacted with TNFRSF12A on macrophage cells and thus potentially targeted ID2, IER2, and SDC4. In addition, interactions related to cell adhesion such as MDK–SDC4 and cytokine interactions such as CXCL2–CXCR4 were observed (Figure S5E). Previous studies have confirmed that cytokines such as CXCL2 and CXCR4 can recruit macrophages (52–54). Therefore, we hypothesized that cuprotosis signature genes might affect TME through the recruitment of macrophages, thereby influencing the prognosis of colorectal patients and the response to immunotherapy. Since cuprotosis influences the TCA cycle, we then explored the difference in metabolism pathways between AUC_high and AUC_low groups. As illustrated, TCA-associated genes observed a preference correlated with the AUC_low group, and enriched TCA pathway, glycolysis pathway, and oxidative phosphorylation pathway could be found in the AUC_low group (Figures 8G, S5F, G). Taken together, our findings indicate that cuprotosis signature might recruit macrophages and thus developed interaction networks with surrounding cells, which potentially induced cellular senescence and promoted the remodeling of the TME.




Figure 8 | The expression of cuprotosis signature genes in TME by single-cell transcriptome analysis. (A) Relative importance of cuprotosis signature genes analyzed by random forest algorithm. (B) The t-SNE (t-distributed stochastic neighbor embedding) plot of 6,490 cells grouped into 12 clusters. (C) The threshold was chosen as 0.046 and the AUCell score of 3,918 cells exceeded the threshold value. (D) Percentage of each distinct cells in the high and low AUCell score groups. (E) Heatmap shows the expression of the top 20 active ligands in cells of the high and low AUCell score groups. The size of the dot represents the percent expressed. Red represents high expression; blue represents low expression. (F) Expression of the first 15 active ligands in different cells, as well as their interacting receptors and downstream potential target genes. (G) Metabolic differences in the high and low AUCell score groups.







PDHA1 was downregulated in CRC and associated with worse prognosis

Since cuprotosis patterns might influence the prognosis of CRC patients, RT-PCR was performed to examine the relative expression of CRGs in CRC cell lines and the normal cell line (Figures 9A-J). Similar to our previous results, the mRNA expressions of CDKN2A, GLS, and LIPT1 were upregulated in CRC, whereas the expressions of other CRGs were downregulated. As a crucial gene in the glucose metabolism reprogram of tumor cells, there is growing evidence that PDHA1 might act as a prognostic and immune-related biomarker and negatively associated with immune cell infiltration in TME (55). Western blotting confirmed that PDHA1 expression in normal colon cells was higher than that in CRC cells (Figure 9K). In order to confirm the relationship between PDHA1 and prognosis of CRC patients, we enrolled 80 CRC patients from our center. The expression level of PDHA1 was examined by immunohistochemistry. Compared with normal tissues, the expression level of PDHA1 in tumor tissues was significantly lower (Figure 9L, p < 0.001). The tumor samples were then divided into PDHA1-high (n = 15) and PDHA1-low (n = 65) groups according to the relative intensity. Kaplan–Meier analysis indicated that CRC patients in the PDHA1-low group had a lower disease-free survival rate (Figure 9M). Our findings further validated the results of Bulk-RNAseq analysis and demonstrated that PDHA1 was a potential prognostic biomarker for CRC patients.




Figure 9 | The expression of CRGs in CRC cell lines and tissues. (A-J) The mRNA relative expression of each CRG in 5 CRC cell lines and normal colon cell line. The asterisks illustrated the statistical p-value. (K) Western blotting results of PDHA1 protein levels in five CRC cell lines and the normal colon cell line. (L) PDHA1 was downregulated in colorectal cancer tissues compared to normal tissues, as examined by immunohistochemistry. (M) Kaplan–Meier analysis of the disease-free survival rate of CRC patients, which is stratified according to the expression of PDHA1.








Discussion

Copper-induced cell death, also named cuprotosis, is a novel discovered type of programmed cell death, which refers to the direct binding of copper to the lipoylated proteins of the TCA cycle, further inducing mitochondrial dysfunction and ROS accumulation (18, 19). Mounting evidence has shown that not only mitochondrial dysfunction and ROS accumulation, but also programmed cell death pathway, are associated with the TME and immune response (20–22, 56). Therefore, clarifying the role of cuprotosis patterns in TME cell infiltration could shed light on the mechanism of cuprotosis patterns in antitumor immune responses, as well as facilitate an effective immunotherapy strategy.

In the present study, we examined the 10 CRGs and identified three different cuprotosis patterns. Distinct patterns of TME cell infiltration characteristics can be distinguished through these three patterns. COPcluster C1 was considered as an immune-excluded phenotype, characterized by the presence of abundant immune cell and stromal infiltration, together with EMT and TGF-β signaling pathway activation. COPcluster C2 was classified as the immune-desert phenotype, characterized by immunosuppression. COPcluster C3 was considered as an immune-infiltrated phenotype, marked by immune cell infiltration and immune activation. Lots of evidence have reported that TME, particularly the infiltrating immune and stromal cells, are strongly correlated to tumor progression and immunotherapeutic response (14, 57, 58). The presence of immune cells such as CD4+/CD8+ T-cell infiltrating tumors is correlated with the likelihood of an immune response (59). Conversely, immune cells can be surrounded by a dense stroma, maintaining a nest around tumor cells instead of penetrating the parenchyma. This weakens the antitumor immune response. The antitumor immune response is thus diminished. Moreover, recent studies have provided evidence that the infiltration of lymphocytes into tumor parenchyma is hindered by activation of EMT and TGF-β pathways (60, 61). Collectively, our findings were consistent with the above definitions, which corroborated the accuracy of our immunophenotype classification of the three cuprotosis patterns. Meanwhile, we speculated that CRC patients with COPcluster C3 patterns might benefit from ICI treatment and have a better prognosis.

Moreover, in the present study, differences in mRNA transcriptome between distinct cuprotosis patterns have been demonstrated to be significantly associated with immune-related biological pathways. The DEGs were considered as cuprotosis-related signature genes. In accordance with the results of cuprotosis pattern clustering, three genomic clusters based on cuprotosis signature genes were identified and strongly correlated with different prognosis and TME landscapes. A comprehensive evaluation of cuprotosis modification patterns will help us to better understand the infiltration features of TME cells and thus predict the response to immunotherapy. Therefore, in order to provide more accurate guidance on individual treatment strategies, we developed a quantitative system called “COPsig score” to identify different cuprotosis patterns. The results indicated that the cuprotosis patterns characterized by the immune-excluded phenotype showed a lower COPsig score, while the pattern characterized by the immune-inflamed phenotype had a higher COPsig score. Further analysis elucidated that COPsig score was an independent prognosis biomarker in CRC. According to recent studies, patients with low TIDE scores and high TMB are more likely to benefit from ICIs, while EMT and TGF-β pathway activation might play a critical role in resistance to ICIs (34, 60, 62, 63). The activation of EMT and TGF-β pathways, higher stromal scores, higher TIDE scores, and lower TMB were found in the low COPsig score group. Indeed, in the four independent ICI cohorts, the COPsig score was confirmed to be valuable for predicting the response to immunotherapy. The COPsig score showed a significant difference between responders and non-responders.

5-FU is an anti-metabolic drug with substitution of fluorine for hydrogen at the C-5 position of uracil, which has been broadly used since 1957 for the treatment of different types of cancer (64). To improve the efficacy and reduce toxic effects, 5-FU is often used in combination with other chemotherapeutic agents. Some studies have shown that combination chemotherapy with 5-FU can significantly prolong the survival time and relieve symptoms of CRC patients. For example, a randomized controlled trial of 423 CRC patients showed that combination treatment with 5-FU and oxaliplatin can significantly prolong the progression-free survival and overall survival of patients (65). Another clinical study of 572 patients with advanced CRC also showed that combination treatment with 5-FU and irinotecan can significantly improve the survival rate and relieve symptoms (66). However, the response rate to 5-FU-based chemotherapy is still low and the development of chemoresistance often hampers the benefit of the therapy (67, 68). Hence, the identification and validation predictive biomarkers for 5-FU-based chemotherapy might improve the prognosis of CRC patients in the future. Interestingly, recent studies have found that the activation of ferroptosis is associated with chemosensitization to 5-FU (69). We speculated that copper-induced cell death, as a type of programmed cell death as well, might be associated with the chemosensitivity of 5-FU. Our results indicated that 5-FU showed a higher drug sensitivity in high COPsig score patients in two datasets. The findings above substantiated our speculation that cuprotosis patterns could potentially be employed in clinical practice to pinpoint immune phenotypes and guide therapeutic strategies.

Tumor-associated macrophages (TAMs) in TME promote tumor development, invasion, metastasis, immune suppression, angiogenesis, and drug resistance, thereby affecting patient prognosis and playing a crucial role in regulating complex immune responses (70–73). In our study, the expression level of cuprotosis signature genes was related to the number of TAM infiltrations. Moreover, the expression of TNFSF12 was higher in the low AUCell score group, associated with tumor proliferation, invasion, migration, and angiogenesis (74). Potentially targeted gene SDC4, a transmembrane heparan sulfate proteoglycan, is considered as a central mediator of growth factors, ECM molecules, and cytoskeletal signaling proteins (75–77). Furthermore, it seems that SDC4 might be a valuable target for cancer diagnosis and treatment, since it is significantly reduced by trastuzumab and panitumumab (78, 79). Research has shown that metabolism can regulate the differentiation, mobilization, and function of TAMs, such as the glycolysis process leading to the recruitment of macrophages and polarization towards the M2 phenotype (80). Furthermore, M2 TAMs are associated with fatty acid and glutamine metabolism (81). According to our results, it was proposed that cuprotosis signature genes influenced TCA and increased glutamine and fatty acid metabolism, thereby recruiting M2 TAMs to TME and influencing the prognosis of CRC patients.

The PDHA1 gene encodes the alpha subunit of the human pyruvate dehydrogenase complex, which plays a crucial role in catalyzing the conversion of pyruvate to acetyl-CoA, an important step in the citric acid cycle and a major pathway for cellular energy production. There is a complex relationship between the PDHA1 gene and cancer. On the one hand, the PDHA1-encoded pyruvate dehydrogenase complex plays an important role in energy metabolism, and the expression level of PDHA1 is closely associated with cell proliferation and energy metabolism in some cancers, suggesting that it may promote tumor growth and metastasis. On the other hand, mutations or deletions of the PDHA1 gene have also been found, suggesting that PDHA1 may act as a potential tumor suppressor gene. Several studies have found that the expression level of the PDHA1 gene is elevated in various cancers such as ovarian cancer, and high expression levels are closely related to the malignancy and prognosis of tumors. In addition, the PDHA1 gene is involved in regulating the oxidative stress response of tumor cells, enabling them to acquire stronger antioxidant capabilities and survival advantages, thereby promoting tumor cell growth and metastasis (82, 83). Some studies have also suggested that the PDHA1 gene may act as a potential tumor suppressor gene in gastric and renal cell carcinoma, and its mutations or deletions can lead to disruptions in cellular energy metabolism and inhibition of autophagy and apoptosis, and promote tumor formation and development (84, 85). However, the relationship between PDHA1 and the prognosis of CRC patients is still unclear. In our study, we found that PDHA1 might act as a tumor suppressor in CRC. The lower expression level of PDHA1 was consistent with worse prognosis of CRC patients. Furthermore, lower PDHA1 expression is associated with higher PD-L1 and CTLA-4 expression levels, as well as increased immune cell infiltration, suggesting that PDHA1 may be involved in the remodeling of the colorectal TME, and may therefore affect the efficacy of immune therapy.

Taken together, the COPsig score could be clinically applied for the comprehensive evaluation of the cuprotosis patterns and the corresponding TME infiltration characteristics in individual CRC patients. Thus, it is possible to determine the immunophenotype of the tumor and devise a more effective therapeutic strategy. Moreover, as an independent prognostic biomarker, the COPsig score could predict not only patient survival but also the response to adjuvant chemotherapy and immunotherapy. Furthermore, we found that by changing the cuprotosis patterns, the TME infiltration characteristics subsequently changed, which was the transformation of immune-excluded and immune-desert phenotypes to the immune-inflamed phenotype, thus improving the response to ICIs.

The limitations of this study should not be neglected. First, although we reviewed the literature and selected 10 genes recognized as CRGs, other potential genes may exist since the concept of cuprotosis was somewhat novel and there are few relevant studies. Second, the evidence level of our study was relatively low due to the retrospective nature of the ICI dataset as well as the absence of appropriate ICI-based CRC datasets. Third, the follow-up time of enrolled CRC patients was relatively short, as 18 out of 65 PDHA1-low patients had less than 1 year of follow-up, which resulted in imperfect results of Kaplan–Meier analysis.





Conclusion

Collectively, our works led to a better understanding of the regulation mechanisms underlying cuprotosis patterns on CRC TME cell infiltration. The distinct cuprotosis patterns laid a solid foundation to the explanation of heterogeneity and complexity of individual TME, thus guiding more effective immunotherapy as well as adjuvant chemotherapy strategies.
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Background

Immune checkpoint inhibition holds promise as a novel treatment for pancreatic ductal adenocarcinoma (PDAC). The clinical significance of soluble immune checkpoint (ICK) related proteins have not yet fully explored in PDAC.





Methods

We comprehensively profiled 14 soluble ICK-related proteins in plasma in 70 PDAC patients and 70 matched healthy controls. Epidemiological data of all subjects were obtained through structured interviews, and patients’ clinical data were retrieved from electronical health records. We evaluated the associations between the biomarkers with the risk of PDAC using unconditional multivariate logistic regression. Consensus clustering (k-means algorithm) with significant biomarkers was performed to identify immune subtypes in PDAC patients. Prediction models for overall survival (OS) in PDAC patients were developed using multivariate Cox proportional hazards regression. Harrell’s concordance index (C-index), time-dependent receiver operating characteristic (ROC) curve and calibration curve were utilized to evaluate performance of prediction models. Gene expressions of the identified ICK-related proteins in tumors from TCGA were analyzed to provide insight into underlying mechanisms.





Results

Soluble BTLA, CD28, CD137, GITR and LAG-3 were significantly upregulated in PDAC patients (all q < 0.05), and elevation of each of them was correlated with PDAC increased risk (all p < 0.05). PDAC patients were classified into soluble immune-high and soluble immune-low subtypes, using these 5 biomarkers. Patients in soluble immune-high subtype had significantly poorer OS than those in soluble immune-low subtype (log-rank p = 9.7E-03). The model with clinical variables and soluble immune subtypes had excellent predictive power (C-index = 0.809) for the OS of PDAC patients. Furthermore, the immune subtypes identified with corresponding genes’ expression in PDAC tumor samples in TCGA showed an opposite correlation with OS to that of immune subtypes based on blood soluble ICK-related proteins (log-rank p =0.02). The immune-high subtype tumors displayed higher cytolytic activity (CYT) score than immune-low subtype tumors (p < 2E-16).





Conclusion

Five soluble ICK-related proteins were identified to be significantly associated with the risk and prognosis of PDAC. Patients who were classified as soluble immune-low subtype based on these biomarkers had better overall survival than those of the soluble immune-high subtype.





Keywords: soluble immune checkpoint-related protein, pancreatic cancer, immune subtype, survival, prediction model




1 Introduction

Pancreatic ductal adenocarcinoma (PDAC) remains one of the most lethal malignancies worldwide and ranks as the third leading cause of cancer death in the US (1, 2). The 5-year survival rate for PDAC remains low (less than 10%) over the past 4 decades, and it decreases to less than 1% in advanced patients (2, 3). Treatment for PDAC is currently limited to surgery and chemotherapy while efficacious strategies are desperately needed to improve the dismal prognosis of PDAC patients.

Molecular subtyping of PDAC is still in its infancy largely because there has been no clinically relevant molecular subtype that alternates treatment decision (4), unlike other solid tumors such as non-small cell lung cancer (5). KRAS, TP53 and CDKN2A mutations, loss of SMAD4 expression and BRCA1/2 mutations were reported in PDAC patients (6). A transcriptomic subtyping was thus established by Bailey et al. (7), where PDAC patients were classified into four subtypes: squamous, pancreatic progenitor, immunogenic and ADEX (aberrantly differentiated endocrine exocrine). However, limited evidence of treatment responses based on these subtypes were reported in PDAC, especially for immunotherapy.

Immunotherapy in PDAC remains challenging due to multiple immune resistance mechanisms (8). Tumor-cell-intrinsic KRAS mutations could orchestrate a network of immune suppression in tumor microenvironment (TME) (9). Immune checkpoint blockade has been limited in the treatment of naïve PDAC patients due to factors such as the lack of activated T effector and TCR (T Cell Receptor) clonality (10), low MHC-I (Major Histocompatibility Complex-I) expression (11), low to moderate mutational burden limiting antigenic targets (12), and TME mediated suppression of T cell priming and function. Therefore, only small fraction (<1%) of PDAC patients responded to anti-PD1 for hypermutated MSI-H (Microsatellite Instability- High) tumors, let alone anti-CTLA4 or anti-PD-L1 therapies (13). Identifying the mechanisms of immune suppression and how to sensitize PDAC to immune checkpoint inhibitors are two major challenges of the immunotherapy in PDAC.

Soluble forms of membrane-bound receptors/ligands are generated by cleavage of membrane proteins or by alternative splicing from tumor cells/immune cells in TME or circulation (14). Soluble immune checkpoint proteins have been identified to be associated with advanced stage, survival and treatment response in multiple types of cancer (14). Soluble PD-1 and PD-L1 (sPD1 and sPD-L1) were identified as biomarkers of systemic inflammation in 41 advanced PDAC patients (15). Another study reported that soluble PD-1, PD-L1, BTLA, BTN3A1, and pan-BTN3As levels in plasma could predict survival in 59 PDAC patients, suggesting that these soluble immune checkpoint (ICK)-related proteins could be involved in anti-tumor immunity in PDAC (16). Studies also indicated that soluble ICK-related proteins might alter anti-tumor immunity by combining with corresponding immune checkpoint receptors/ligands, thereby influencing the outcomes of patients (14, 17). Nevertheless, the value of soluble ICK-related proteins in the diagnosis, prognosis and treatment of PDAC remains obscure. In present study, we implemented a two-stage study to systematically investigate the role of soluble ICK-related proteins in the prediction of cancer risk and overall survival in the patients of PDAC.




2 Materials and methods



2.1 Study design and participants

This study was approved by the Institutional Review Board of The Second Affiliated Hospital, Zhejiang University (SAHZU). At enrollment, a written informed consent was signed by all the participant and corresponding blood samples and clinical data were collected.

A schematic design of this study is illustrated in Figure S1. First, we systemically profiled the plasma levels of soluble ICK-related proteins in 70 PDAC patients and 70 matched healthy controls from SAHZU. The taxonomy of PDAC based on soluble ICK-related proteins was established. Second, we performed in silico functional validation of our taxonomy by exploring the transcriptomic levels of corresponding ICK genes in The Cancer Genome Atlas Pancreatic Adenocarcinoma (TCGA-PAAD) dataset.

PDAC patients were consecutively recruited from an ongoing pancreatic cancer cohort at SAHZU initiated in August, 2020. Patients who met the following criteria were included: 1. Pathologically (biopsy or fine-needle aspiration cytology) confirmed PDAC; 2. Informed consent or waiver of consent provided by each patient; 3. Follow-up information available. The exclusion criteria were as follows: 1. Patients had any prior treatment at the time of enrollment; 2. Non-PDAC or multiple cancer; 3. Failure to provide informed consent. Healthy controls without cancer diagnosis were recruited from an ongoing cohort on health individuals at SAHZU. To reduce the confounding effect, PDAC patients and healthy controls were matched with age (± 5 years) and sex using the propensity matching method (PSM) at the ratio of 1.

In addition, gene expression and phenotype data of PDAC tumor samples were retrieved from TCGA-PAAD cohort at GDC Data Portal (https://portal.gdc.cancer.gov/) (accessed July 6, 2022).




2.2 Baseline data collection

Epidemiological data were collected by SAHZU interviewers through face-to-face interview. Information on weight at 3 years before diagnosis (for patients) or enrollment (for controls), height, history of diabetes (yes/no), smoking status was recorded. Body Mass Index (BMI) was calculated by dividing weight by height squared (kg/m2), and it was categorized according to the WHO guideline: underweight and normal weight (< 25 kg/m2), overweight (≥ 25 kg/m2 but <30 kg/m2) or obese(≥30 kg/m2). A smoker was defined as an individual who had smoked at least 100 cigarettes in his or her lifetime; otherwise defined as a non-smoker. The clinical, pathological, and laboratory test data were retrieved from electronic medical records at SAHZU. Serum CA 19-9 levels at diagnosis (for patients) or at health checkups (for controls) were obtained. PDAC patients were staged by physicians in charge and pathologists according to the NCCN Guidelines for Pancreatic Adenocarcinoma (version 1.2022).




2.3 Sample collection and assessment of soluble ICK-related proteins

After the interview, 20 ml of venous blood from each participant was collected in EDTA (Ethylenediaminetetraacetic acid) tubes by phlebotomists and transported through cold chain to the laboratory in SAHZU. After centrifugation, plasma was aliquoted and stored under -80°C freezer until use. The plasma levels of 14 soluble ICK-related proteins (BTLA, LAG-3, GITR, IDO, PD-L2, PD-L1, PD-1, HVEM, TIM-3, CD28, CD27, CD80, CD137 and CTLA-4) were measured using multiplex assay kits (Thermo Fisher, USA) in a Luminex FLEXMAP 3D® instrument (Luminex Corp, USA). Laboratory personnel were blinded to the case-control status of the samples. The manufacture’s protocol was followed for the assay procedure, which was described in our previous study (18). The lower limit of quantification (LLOQ) of each analyte was listed in Table S1.




2.4 Patient follow-up and outcomes

PDAC patients were regularly reviewed for vital status and disease progression every three months for the first two years, and twice a year thereafter. Death was confirmed on a death certificate from an attended hospital. Disease progression was measured by RECIST1.1 (Response Evaluation Criteria in Solid Tumours 1.1). Overall survival (OS) was defined as duration from the date of diagnosis to death of any cause or last follow-up. Progression-free survival (PFS) was defined as the duration from the date of diagnosis until disease progression or death, whichever occurred first. The loss to follow-up patients were censored. All patients were followed up for survival status until December, 2022.




2.5 Statistical analysis

Categorical variables were described as frequency and percentage [n (%)]. Continuous variables were described as mean (standard deviation, SD) or median [25th and 75th percentiles (Q1-Q3)]. Categorical variables were compared by Pearson’s χ2-test, and Wilcoxon rank-sum test or Student’s t-test was used to compare continuous variables. Unconditional logistic regression was performed to estimate the associations between each biomarker and PDAC risk with adjustment for age, sex, BMI, smoking status and history of diabetes. All biomarkers were considered as continuous variables and log-transformed to reduce skewness. False discovery rate (FDR) adjustment was applied to p-values (reported as q-values) to decrease the probability of Type I errors (19).

Unsupervised consensus clustering was employed on PDAC samples (both blood and tumor samples) using R package ConsensusClusterPlus (version 1.62.0) (20). K-means algorithm was used with 1,000 iterations to ensure the classification stability. The optimum number of clusters (k) was determined based on the proportion of ambiguously clustered pairs (PAC) and cumulative distribution function (CDF). Principal component analysis (PCA) was performed to show the distribution difference between the clusters. To reduce bias, for the soluble immune checkpoint-related proteins included in this study, we treated them as continuous variates in the consensus clustering analysis. For the covariates in the multivariate models, we used commonly accepted cut-off points.

Kaplan-Meier curve with log-rank test were used for comparing survival differences. Multivariate Cox proportional hazards regression models were developed by adding variables of interest sequentially to evaluate the effect on the outcomes of PDAC. Model 1 included clinical variables (sex, age, BMI, smoking status, diabetes and stage), followed by adding CA19-9 in model 2, or adding immune subtypes in model 3. The treatment (including surgery, chemotherapy, radiation, etc.) for PDAC subjects was not included in multivariate Cox model for its correlation with tumor stage. For instance, patients with resectable disease usually received surgery or surgery plus chemotherapy, whereas patients with locally advanced disease usually received palliative chemotherapy (21). Furthermore, as a sensitivity analysis, we included treatment information in the multivariate Cox model, and the results remain consistent. Time-dependent ROC (receiver operator characteristic) curve and Harrell’s concordance index (C-index) and were used to evaluate the discrimination of models. The calibration of each model was evaluated by calibration curve with 1,000 bootstrap resampling. The overall performance of the models was assessed by Brier score at a given time-point and integrated Brier score (IBS) at all available times (22). The gene expression data was downloaded from TCGA datasets. Cytolytic activity (CYT) was evaluated as the geometric mean of GZMA and PRF1 expression according to a previous study (23).

We performed all statistical analysis in R (version 4.2.0). All statistical tests were two sided, and the significance level is 0.05.





3 Results



3.1 Participant characteristics

The baseline characteristics of all subjects, including 70 PDAC patients and 70 healthy controls was summarized in Table 1. All the participants of this study were Han Chinese. Over half of the participants were males. The mean ages of PDAC patients and healthy controls were 65.16 and 63.80 years, respectively. Over a third of participants were smokers with slightly more smokers in patients. Diabetes and serum CA19-9 were significantly different between PDAC patients and healthy controls (p < 0.001). Most patients were diagnosed at an advanced stage, in which more than half presented with metastatic disease. Serum CA19-9 levels were not elevated (below 37 U/mL) in 17 (24.29%) patients at diagnosis. Thirty-three (47.14%) patients died during the follow-up. The median follow-up time was 8.2 months (range: 0.3-28.1). Among all PDAC patients, 6 patients received radical surgery, 22 patients received radical surgery and chemotherapy, 28 patients received palliative chemotherapy, 9 patients received other treatment (palliative surgery, high-intensity focused ultrasound, ERCP (Endoscopic retrograde cholangiopancreatography) and PTCD (Percutaneous transhepatic bile duct drainage)), and 5 patients did not receive any treatment.


Table 1 | Host characteristics of all participants.






3.2 Associations between soluble ICK-related proteins and PDAC risk

The distributions of 14 soluble immune checkpoint-related proteins (median and Q1-Q3) were listed in Table 2. Soluble HVEM and PD-L1 were excluded from the subsequent analysis because most of the measurements were below the LLOQ.


Table 2 | Plasma levels of soluble immune checkpoint-related proteins in cases and controls.



We identified that sBTLA, sCD28, sCD137, sGITR, and sLAG-3 were significantly increased in PDAC patients as compared to those in healthy controls (Figure 1A, Table 2, all q < 0.05). Logistic regression adjusted for age, sex, BMI, smoking and diabetes indicated that these 5 biomarkers were significantly associated with PDAC risk (Figure 1B, Table S2, all q < 0.05). Among them, sCD28 was the most significantly associated biomarker with PDAC risk (Odds ratio (OR) = 2.11, 95% CI: 1.39-3.39).




Figure 1 | Associations between soluble immune checkpoint-related proteins and PDAC risk. sBTLA, sCD28, sCD137, sGITR, and sLAG-3 were significantly increased in PDAC patients compared to healthy controls. (A) Comparison of 12 soluble immune checkpoint-related proteins between PDAC patients (n=70) and healthy controls (n=70). (B) Forest plot of multivariable-adjusted ORs of the 5 biomarkers in unconditional logistic regression analysis. The vertical dash line indicates an OR of 1.0. The solid square with horizontal lines corresponding to the ORs and 95% CIs. PDAC, pancreatic ductal adenocarcinoma; OR, odds ratio; CI, confidence interval. ∗q <0.05; ∗∗q <0.01; ‘ns’ indicated not significant.






3.3 Association of soluble ICK-related proteins taxonomy and prognosis of PDAC

Unsupervised consensus clustering was performed in PDAC patients based on the levels of the 5 identified biomarkers (sBTLA, sCD28, sCD137, sGITR and sLAG-3). We found that when k = 2, the slope of the CDF curve was flat and relative area change was large (Figure 2A, Figure S2); PCA outputted k=2. Thus, we classify the PDAC patients into 2 clusters. There were 33 and 37 cases in cluster 1 and 2, respectively. PCA analysis showed obvious segregation between the two clusters (Figure 2B). The two clusters also had striking different profiles of the 5 biomarkers. Cluster 1 displayed a higher relative abundance of the biomarkers compared to cluster 2 (Figure 2C). Thus, we designated these two clusters as soluble immune-high (cluster 1) and soluble immune-low (cluster 2) subtype. The relationships between the immune subtype and clinicopathologic characteristics were investigated, but there were no significant differences other than vital status (Figure 2C, Table S3). We also compared the OS between the two soluble immune subtypes, and showed that the OS was remarkably shorter in soluble immune-high subtype than that of soluble immune-low subtype (log-rank p = 9.7E-03) (Figure 2D). Furthermore, the multivariate Cox regression model indicated that soluble immune subtype was an independent predictor of OS (Hazard ratio (HR) = 3.46, 95% CI: 1.47-8.12) (Figure 2E).




Figure 2 | Identification of soluble immune checkpoint-related proteins-based subtypes in PDAC. Soluble immune subtypes based on soluble immune checkpoint-related proteins were associated with outcomes of PDAC patients. (A) Consensus clustering matrix for k=2 based on the plasma levels of soluble immune checkpoint-related proteins by unsupervised consensus clustering method (k-means). (B) PCA showed obvious segregation between the two clusters. (C) Heatmap for the associations between the clusters and clinicopathological characteristics. Subtype, age, BMI, smoke, tumor location, N stage, M stage, stage and vital status were used as annotations. ∗p <0.05. (D) Kaplan-Meier curve showed that OS of the soluble immune-high subtype patients was significantly poorer than those in the soluble immune-low subtype. (E) Forest plot of multivariate Cox regression analysis. Covariates were age, sex, BMI, smoking, diabetes, stage and subtype. The vertical dash line indicates an HR of 1.0. The solid square with horizontal lines corresponding to the HRs and 95% CIs. PDAC, pancreatic ductal adenocarcinoma; PCA, principal component analysis; OS, overall survival; HR, hazards ratio; CI, confidence interval.






3.4 Predictive models for OS in PDAC

We developed three multivariate Cox proportional hazards regression models to predict the OS of PDAC patients (Table 3). In model 1 (clinical variables only), locally advanced and metastatic patients showed significantly poorer OS compared to resectable patients (HR = 5.12, 95% CI: 1.87-13.99; HR = 6.24, 95% CI: 2.37-16.42, respectively). In model 2 (clinical variables + CA19-9), CA19-9 elevation was not statistically associated with OS. In model 3 (model 1 + soluble immune subtypes), patients of soluble immune-low subtype showed significantly better OS compared to patients of soluble immune-high subtype (HR = 3.46, 95% CI: 1.47-8.12). As shown in Figure 3A and Table 4, model 3 demonstrated better discrimination than the other two models. The C-index of model 3 was the highest (0.809, 95% CI: 0.733-0.885), followed by model 2 (0.764, 95% CI: 0.686-0.842), and model 1 (0.763, 95% CI: 0.690-0.836). The area under the curve (AUC) of model 3 was also the highest among the three models, which was 0.822, 0.786 and 0.769 at 6, 12 and 18 months, respectively. The calibration curve of model 3 for the prediction of 6-, 12- and 18-month OS showed promising agreement between the predicted and actual results (Figure 3B). Brier score of model 3 was the lowest among the three models at 6, 12 and 18 months, and IBS was the same (Table 4). Collectively, these results indicated that model 3 outperformed the models without soluble immune subtype as covariate and thus could be a useful predictive model for OS in PDAC patients.


Table 3 | Multivariate Cox regression models in prediction of overall survival in PDAC patients.






Figure 3 | Performance evaluation for the predictive models. Multivariate Cox proportional hazards models were established to predict the overall survival of PDAC patients. (A) Time-dependent ROC curve of the three prognostic models at 6, 12 and 18 months. (B) Calibration curve of the three prognostic models at 6, 12 and 18 months. Bier score was used to quantify the prediction error. The gray line indicated the ideal reference line. ROC, receiver operating characteristic; AUC, area under curve.




Table 4 | Predictive evaluation metrics of different models.






3.5 Identification of distinct immune checkpoints subtypes in TCGA-PAAD cohort

Immune checkpoint genes’ expression in TCGA-PAAD cohort was employed to further validate and explore the immune subtypes in PDAC. The demographic and clinical information of PDAC samples were listed in Table S4. Based on the expression levels of BTLA, CD28, TNFRSF9 (gene coding for CD137), TNFRSF18 (gene coding for GITR) and LAG3, two different patterns were determined by unsupervised consensus clustering (Figure S3), including immune-low (cluster 1, n = 95) and immune-high (cluster 2, n = 51) subtypes (Figures 4A–C, Table S5). Interestingly, patients in the immune-low subtype demonstrated significantly poorer OS compared to the patients in the immune-high subtype (log-rank p = 0.02) (Figure 4D). Besides, we found that the CYT score was significantly higher in immune-high subtype than that in immune-low subtype (p < 2E-16) (Figure 4E).




Figure 4 | Identification of immune checkpoint genes expression subtypes in TCGA-PAAD cohort. Functional explorations of our immune subtypes applying transcriptomic data from TCGA PAAD dataset. (A) Consensus clustering matrix for k=2 based on the expression levels of immune checkpoint by unsupervised consensus clustering method (k-means). (B) PCA showed obvious segregation between the two clusters. (C) Heatmap for the associations between the clusters and clinicopathological characteristics. Subtype, age, sex, smoking, diabetes, stage, grade and vital status were used as annotations. ∗p <0.05. (D) Kaplan-Meier curve showed that OS of the immune-low subtype patients was significantly poorer than those in the immune-high subtype. (E) Comparison of CYT score between two subtypes. PDAC, pancreatic ductal adenocarcinoma; PCA, principal component analysis; OS, overall survival; CYT, cytolytic activity.







4 Discussion

We identified immune subtypes of PDAC based on soluble ICK-related proteins, established survival predictive models combining the biomarkers and clinical variables, and successfully applied in the PDAC patients. We found that soluble BTLA, CD28, CD137, GITR, and LAG-3 were significantly associated with PDAC risk, and these biomarkers could further classify PDAC patients into soluble immune-high and soluble immune-low subtypes. Our multivariate model including the soluble immune subtypes performed better than a similar model using CA19-9 in predicting overall survival of the PDAC patients. Functional analysis employing transcriptomic data from TCGA validated that the expression of the five ICK genes could also stratify the PDAC tumor samples into two clusters. The patients with high soluble immune checkpoint-related proteins levels (soluble immune-high) had significantly poorer OS than the patients with low levels (soluble immune-low). Interestingly, the association with OS in tumoral transcriptomic levels of corresponding genes was opposite from what was observed in the blood soluble protein levels, indicating the distinct roles of soluble ICK-related proteins versus tumoral ICK related proteins in the development of PDAC. Our findings illustrated the values of soluble ICK-related proteins in the risk and prognosis prediction of PDAC.

To our knowledge, soluble ICK-related proteins have not been jointly assessed for their combined contribution to PDAC patients’ survival. Our results defined two robust soluble immune subtypes based on 5 soluble ICK-related proteins, which could successfully predict survival of PDAC patients in the multivariate Cox regression model. The 5 biomarkers were all high in soluble immune-high subtype and were all low in soluble immune-low subtype, which suggested a common function in interfering anti-tumor immunity and regulation of these immune proteins in PDAC. In transcriptomic subtyping, the CYT score in the immune-low subtype was significantly lower compared with that in the immune-high subtype, indicating that tumors in the immune-low subtype lack CD8+ T cells or have CD8+ T cell anergy (23). Thus, the prognosis of the patient with immune-low subtype was poor. Interestingly, our cohort showed an opposite result where soluble immune-high subtype had poorer OS compared to soluble immune-low subtype. This discrepancy was also observed in solid tumor patients treated with anti-PD-1/PD-L1, where plasma sBTLA, sCD28, sGITR and sLAG-3 levels were significantly lower in the durable benefit group, but the corresponding genes expression levels were higher than the non-durable clinical benefit group (24). Furthermore, the upregulated genes expression group showed significantly increased fractions of CD8+ T cells (24). Soluble ICK-proteins could competitively interfere with the interactions of their corresponding receptors/ligands in the membrane of immune/tumor cells, which could subsequently alter the anti-tumor immunity and cancer outcomes (12, 15). Further studies focus on the blood, tumoral and immune cellular levels of immune checkpoint-related proteins in a same cohort is warranted to validate our findings and also to explore the potential mechanisms underlying the discrepancy.

CD28 is a major co-stimulatory receptor constitutively expressed on naïve T cells that induces T cell differentiation and proliferation upon ligation by CD80 or CD86 on antigen-presenting cells (25). sCD28 could be derived from alternatively spliced transcripts in resting T cells. One of the sCD28 variants has intensities similar to membrane CD28, suggesting it may participates in immune regulation (26). We found that sCD28 was most strongly associated with PDAC risk, and high plasma sCD28 concentrations associated with poor OS in PDAC patients. This was consistent with findings in hepatocellular carcinoma (HCC), in which high baseline levels of sCD28 predicted a significantly greater HCC cumulative rate (27). Whereas treatment-induced survival benefit was strongly correlated with decreased sCD28 levels (28). Also, sCD28 levels were higher in breast cancer patients than in healthy controls (29). sCD28 was found to inhibit CD28 signaling by competing for B7 ligands, thereby impairing T-cell activation (30, 31). Besides, sCD28 could lead to dendritic cells-induced IL-6 production in in vitro cultures (32). IL-6 was a driver of tumorigenesis and metastasis in PDAC (33). Overall, sCD28 is a useful biomarker for clinical outcome in PDAC patients, though more validation is required.

CD137 is an important costimulatory molecule expressed on the surface of activated CD8+ T cells (34). The interaction of CD137/CD137L led to T cell activation and survival, thereby enhancing antitumor immunity. CD137 agonist antibodies had shown therapeutic effects in pancreatic cancer alone or in combination with other agents including PD-1 checkpoint inhibitors (35–37). In our study, high levels of sCD137 were associated with increased PDAC risk and shorter OS in PDAC patients. Previous studies had reported that sCD137 was overexpressed in NSCLC patients and CLL patients compared with the control group (38, 39). Moreover, uveal melanoma patients with fast-progressive disease had higher levels of sCD137 as compared to slow progressors and long survivors (40). Soluble CD137 was generated by alternately splicing of TNFRSF9 (Tumor Necrosis Factor Receptor Superfamily Member 9) in activated T cells (41), which could not only block CD137-CD137L interactions but directly suppress effector T cells via CD137L, thereby preventing co-stimulation of T lymphocytes (42). In addition, Labiano et al. (43) found that cell lines from hepatocellular tumors, lung, renal, and melanoma selectively expressed sCD137 but not membrane-bound CD137 (mCD137) under hypoxia condition, suggesting sCD137 was beneficial for tumor survival. Taken together, the results indicated that sCD137 could be an inhibitor of effector T cells, which could help immune evasion and survival of tumor.

LAG-3, is one of suppressive immune checkpoints expressed on the surface of T cells, which has been reported to be associated with reduced survival in pancreatic cancer (44). LAG-3 antagonist in combination with other immunologic agents increased antitumor immunity and achieved durable remission in PDAC (37). After T cell activation, LAG-3 cleavage was increased, resulting in the release of sLAG-3 (45). Our results indicated that high levels of sLAG-3 were associated with increased risk and reduced OS of PDAC patients. Similar findings on the associations of sLAG-3 with poor survival in CLL patients had been reported (46). Also, high sLAG-3 levels were also found to be predictive of poor prognosis in several solid tumors, including melanoma (47), NSCLC (48), and HNSCC (49). However, in gastric cancer, sLAG-3 could positively regulate and enhance the anti-tumor immunity of CD8+T cells and secretion of IL-12 and IFN-γ, thereby improve the survival of patients (50). The discrepancy may stem from the distinct immune contextures and mechanisms among different cancer types (51).

GITR is another novel stimulatory immune checkpoint in NK cells and T cells, whose agonism could promote anti-tumor immunity by reducing the regulatory T cells and stimulating the proliferation and activation of effector T cells (52). sGITR elevation was associated with increased risk and reduced OS of PDAC in our study. The result was partially supported by a study indicating high GITR expression in tumor was associated with poor relapse-free survival in a cohort of breast cancer patients (53). Our previous study also indicated that sGITR was associated with increased risk of biochemical recurrence and progression of prostate cancer (54). Therefore, GITR has gain increasing interest of research as a promising target of immunotherapy (55). Also, BTLA is an important co-inhibitory molecule on the surface of antigen presenting cells, which could interact with its ligand HVEM to suppress the T cell activity (56). sBTLA is identified correlating with increased cancer risk and reduced OS of PDAC in our study. High level of sBTLA was found to be associated with reduced survival in ccRCC and pancreatic cancer (16, 18), which was consistent with our findings. sBTLA could interact with membrane HVEM on tumor cells, thereby blocking BTLA/HVEM axis and promoting tumor growth via the ERK1/2 pathway (57). This study partially explained the mechanism of sBTLA associated poor survival in PDAC patients.

Our study has several strengths like multiplex soluble ICK-related proteins profiling, establishing the immune subtypes and prediction models of PDAC based on soluble ICK-related proteins, and a novel approach that significantly increased predictivity of survival in PDAC patients. However, the study has several limitations. First, our 70 cases of PDAC sample size were relatively small although the study was well designed and all the participants were strictly matched to avoid potential confounding factors. Second, we did not evaluate corresponding genes’ expression in tumors and peripheral blood mononuclear cells. Instead, we applied the immune checkpoint and cytolytic activity genes expression in TCGA database to decipher potential mechanisms. Third, the study was a retrospective study in a single institution, more independent validations were required.




5 Conclusion

In this study, we established soluble immune subtypes of PDAC based on soluble ICK-related proteins for the first time. We further established predictive model using the soluble immune subtypes and clinical variables. PDAC patients who were classified as soluble immune-low subtype had better OS than those of the soluble immune-high subtype. Our findings indicated that immune-high PDAC patients may be more suitable for immune checkpoint blockade therapy. Future studies may apply the immune subtypes in prospective settings to examine the accuracy of survival predictions and treatment outcomes of immunotherapy of PDAC patients.
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Colorectal Cancer (CRC) is one of the most common gastrointestinal tumors, and its high tumor heterogeneity makes traditional sequencing methods incapable of obtaining information about the heterogeneity of individual cancer cells in CRC. Therefore, single-cell sequencing technology can be applied to better analyze the differences in genetic and protein information between cells, to obtain genomic sequence information of single cells, and to more thoroughly analyze the cellular characteristics and interactions in the CRC microenvironment. This will provide a more comprehensive understanding of colorectal cancer development and metastasis and indicate the treatment plan and prognosis. In this study, we review the application of single-cell sequencing to analyze the tumor microenvironment of CRC, explore the mechanisms involved in CRC metastasis and progression, and provide a reference for potential treatment options.
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1 Introduction

Colorectal cancer (CRC) is one of the most common gastrointestinal tumors and is reported to have the third-highest morbidity and second-highest mortality worldwide (1). Additionally, approximately 50% of patients are diagnosed with metastatic CRC (mCRC) at the first visit, and the 5-year survival rate is no more than 50% (2). Tumor heterogeneity is a result of differences in genetic and molecular characteristics between individual cancer cells due to different degrees of cell differentiation in the same tumor tissue (3). The tumor microenvironment (TME) interacts with tumor heterogeneity to promote differentiation into different cell subtypes and metastatic spread, thus participating in the cancer development process (4, 5). CRC is highly heterogeneous; however, traditional sequencing methods target the entire tumor tissue, which can only reflect the total characteristics of the cell population and cannot obtain information on cell heterogeneity (6). Single-cell sequencing (SCS) sequences single cells at the genome or transcriptome level to obtain genomic, transcriptomic, or other information about individual cells, thereby revealing cell population differences and evolutionary relationships (7, 8). Therefore, studies conducted on individual cells can be more precisely localized to cell-to-cell interactions and are more conducive to detecting heterogeneity among individual cancer cells, thus exploring the complex heterogeneous mechanisms involved in the development of CRC, further clarifying diagnosis, improving prognostic analysis, and monitoring drug efficacy. Recently, SCS technology has been applicated in more and more studies and reported to help achieve considerable breakthrough in many other tumors including lung cancer, breast cancer and prostate cancer (9–11). Here, we review the studies of SCS in colorectal cancer and provide researchers with a reference for better understanding the tumor characteristics from multiple dimensions (Table 1) exploring its clinical application potential, and directing precise treatment.


Table 1 | Overview of key findings in CRC SCS technology.






2 Application of SCS for in-depth analysis of CRC TME

The TME is a complex integrated system composed of tumor cells, various cytokines, chemokines, and multiple stromal cells, including immune inflammatory cells, cancer-associated fibroblasts, and endothelial cells. These can be divided into immune microenvironments, which are dominated by immune cells, and non-immune microenvironments, which are dominated by fibroblasts (27). Tumor cells are closely related to TME. Tumor cells can influence its microenvironment by releasing cell signaling molecules to promote tumor angiogenesis and induce immune tolerance, while immune cells in the microenvironment can influence tumor cells growth and development. Several studies have shown that changes of TME are closely related to cancer development, invasion, and metastasis, and immunotherapy efficacy can be predicted by distinguishing different TME subtypes (28–30). Therefore, the application of SCS technology for in-depth analysis of the CRC TME is a hot research area, and many research results have laid the foundation for future molecular typing and treatment of CRC.



2.1 Tumor cells

CRC is characterized by genomic instability, epigenetic abnormalities, and abnormal gene expression (31). This has led to high tumor heterogeneity in patients with CRC. Tumor heterogeneity in CRC can be divided into inter- and intra-tumor heterogeneity. CRC inter-tumor heterogeneity may originate from human embryonic development, where different embryonic layers develop as proximal and distal colon, and hypermutated tumors with microsatellite instability (MSI) are often located in the proximal colon, while tumors in the distal colon or rectum usually exhibit microsatellite stability (MSS) and chromosomal instability (CIN) (32). CRC intra-tumor heterogeneity (ITH) may also occur due to differences in cancer cells and TME within the tumor, further complicating the development of new therapeutic strategies and biomarker identification (33). ITH is detectable within a single tumor in which cancer cell subpopulations with different genome features coexist in a patient in different tumor areas or may differ over time (34–36). Exploring the ITH within single tumor is the advantage of SCS technology.

CRC cells are similar to normal cells to some extent but exhibit individualized phenotypic diversity at the same time. Through analyzing the single-cell RNA sequencing (scRNA-seq) data of metastatic CRC patients, Lee HO et al. found that the differentiation trajectory of CRC cells was similar to that of normal epithelial cells, with aggregation of tumor cells with normal stem cell-like/transporter-amplified cell populations. This suggests that tumor epithelial cells have regenerative and proliferative potential, while clustering analysis showed that tumor epithelial cells have highly variable transcriptional status and individual variability (12). Another study also confirmed the similarity between CRC-like organs and normal-like organs at the patient-derived tumor organoids (tumor PDOs) level, but with molecular phenotypic diversity. scRNA-seq analysis of paired cancer and normal tissue organoid models from patients with MSS sporadic early-onset CRC (EOCRC) resulted in the observation of significant molecular phenotypic diversity, including PTPRK-RSPO3 fusions, and RSPO fusion organoids were similar to normal colon organoids with high BMP2 and low PTK7 expression, which confirms the similarity between RSPO fusion organs and normal organs (13). In addition, a study confirmed the heterogeneity of copy number alterations in tumor PDO by single-cell karyotype sequencing and showed that monoclonal lines evolved new karyotypes over time in vitro, suggesting that chromosomal instability and karyotype evolution persist in human colon cancer carcinoids (14). In another study using tumor PDOs and biopsy tumors, it was demonstrated that karyotypic alterations of varying complexities are prevalent and can occur within several cell generations (37). Both studies corroborate the existence of complex karyotypic alterations and evolution in CRC, resulting in high intratumoral heterogeneity.

Meanwhile, RNA metabolic markers and RNA velocity assessments revealed CRC cell development trajectories along the mitogen-activated protein kinase (MAPK) pathway in tumor PDOs, whereas normal colon organoid cells develop along a hierarchy of WNT activity, highlighting that cancer cell development is a driver of non-genetic cancer cell heterogeneity and that changes in trajectories affect the effectiveness of targeted therapies (15). Roerink et al. concluded that CRC cells exhibit extensive mutational diversity and carry several times more somatic mutations than normal colorectal cells. Most mutations are acquired during the final dominant clonal expansion of cancer cells and are caused by mutations that are absent in normal colorectal cells. Specific somatic mutations can result in different responses to chemotherapy and targeted therapy (16). This suggests that CRC cell development, clonal expansion, and mutations continue to drive intratumor heterogeneity in CRC, making chemotherapy and targeted therapy difficult and promoting drug resistance in patients.

To deeply explore CRC intra-tumor heterogeneity, a study performed optimized single-cell multi-omics sequencing, including DNA, DNA methylation, and transcriptome sequencing, on CRC patients with CRC. This showed that DNA methylation levels in CRC cells were lower than those in normal epithelial cells adjacent to the cancer cells, with different methylation levels varying from different spectra in the same tumor tissue, suggesting that methylation heterogeneity mainly results from differences in DNA methylation between different subclones within the same patient’s tumor. This study also elucidated the demethylation characteristics of CRC, where the degree of demethylation was consistent within each subtype but varied across subtypes. Interestingly, long interspersed nuclear element 1 (LINE-1, L1) shows stronger demethylation than L2 in cancer cells, in contrast to embryonic development, suggesting that abnormal demethylation processes may arise in the L1 and heterochromatin regions during tumorigenesis and progression, breaking the normal developmental pattern (38).




2.2 Immune cells



2.2.1 T cell

Various immune cells in the TME interact with tumor cells and mediate immune tolerance to tumors, affecting tumor progression and metastasis, and thus immunotherapy efficacy. T cells, one of the major cellular components involved in the body’s immune response and the most common cell type in tumor tissue (17), can kill tumor cells. In order to escape the pursuit of T cells, tumor cells could produce some inhibitory signals on their own surface, and inhibit the immune function of T cells through immune checkpoint (39). Ever since Allison et al. discovered the immunosuppressive effects of CTLA4 on T cells in 1996, immunotherapy drugs, notably immune checkpoint inhibitors (ICIs), have taken off and become a lifesaving drug for tumor patients (40). Various ICIs have been applicated in cancer immunotherapy, including PD1/PDL1 and CTLA4 (41, 42).

However, the efficacy of immunotherapy in patients with CRC is not as good today. Thus, an increasing number of studies have been conducted to analyze the TME in depth using SCS technology.

Several studies have mapped the global cellular landscape in CRC, with an overall increase in myeloid cells and an overall decrease in B-cell numbers observed in tumor tissues compared to normal tissues, suggesting a redirected immune response. This indicates that the immune response undergoes dynamic changes during cancer development and that the transcriptional profile of cancer cells is similar to that of normal human differentiation, with genetic alterations creating an immunosuppressive microenvironment directed by regulatory T cells (Tregs), myofibroblasts, and myeloid cells (12, 18–20). Meanwhile, T cell subtypes are unevenly distributed in normal and tumor tissues, Th17 and Treg cells are mainly distributed in tumor tissues, while γδT cells are more abundant in normal mucosa. The TME and T-cell receptors (TCR) affect the transformation of tumor-infiltrating CD8+ effector memory T cells (Tems) into exhausted T cells (Texs) and effective T cells (Teffs), indicating the transformation of the organism from mucosal immunity to inhibiting cellular immunity (12, 21).

A study analyzing CD45+ cells from multiple matched tissues of patients with untreated primary hepatocellular carcinoma (HCC), CRC, and CRC liver metastases (CLM) found that Texs and activated Tregs originate from primary CRC tumors with a malignancy-related phenotype and are TCR-dependent. There is a high degree of TCR sharing between Tems and Texs. Natural killer (NK) cells and mucosa-associated T cells are mainly derived from the liver tissue at metastatic foci, and their phenotypes are associated with the liver TME (22). Another study similarly found decreased B-cell antigen presentation as well as tumor-specific Tregs and their two subtypes, proliferative exhausted T cells and a predominance of naive T cells (CD8-TCF7 and CD4-CCR7) in adjacent tissues and exhausted T cells in tumors (CD8-HAVCR2). Th1/Th17 cells with high CXCL13 expression are preferentially enriched in patients with a high tumor mutational burden (TMB) and respond well to immunotherapy (19), suggesting that CXCL13+ T cells may perform functions similar to those of MSI tumors and are associated with a high response rate to checkpoint blockade. The results of these two studies are consistent, suggesting that the exhausted T cell phenotype is associated with malignancy and that CXCL13+ T cells may be associated with immunotherapy. Moreover, CXCL13 expression accurately identifies both tumor-specific T cell clones that are terminally differentiated and highly exhausted and tumor-specific T cell precursor cell clones that are abundantly present in responding tumors after immune checkpoint blockade (ICB) treatment, demonstrating that tumor-specific CXCL13+CD8+ T cells play a key role in the treatment process and that the degree of infiltration before treatment can predict ICB efficacy (43).

It was also found that in tissue samples from CRC patients, impaired T cell proliferation and activation were associated with ZFP91, which disrupts the metabolic pathways and antitumor activity of tumor-infiltrating T cells, suggesting that targeting ZFP91 may improve the effectiveness of tumor immunotherapy (44). The transcription factor TCF-1 is critical for Treg development and function and primarily inhibits the transcription of genes that co-bind with FOXP3. Deficiency of TCF-1 could activate Treg cells and make Th17 cells acquire the intestinal homing characteristics, leading to more dangerous and dramatic CRC, and the specific TCF-1 expression of Tregs regulates inflammation and CD8+ T cell toxicity and may determine the prognosis of CRC (45). Similarly, the glucose-responsive transcription factor MondoA is highly expressed in Tregs, and inhibition of the MondoA-TXNIP axis promotes glucose uptake and glycolysis, inducing highly glycolytic Th17-like Tregs, which promotes Th17 inflammation and CRC development (23).




2.2.2 Cancer-associated fibroblasts

In addition to T cells, the most common cells in the TME, cancer-associated fibroblasts (CAF), and tumor-associated macrophages (TAMs), are also being explored and analyzed with the development of SCS technology.

Somatic copy number alterations (SCNAs) are prevalent in the TME and immune cells, fibroblasts, and endothelial cells in the normal tissues of each individual, and the proportion of fibroblasts with genomic copy number variants is much higher in tumor tissues than in adjacent issues, so that it can predict the prognosis of CRC by screening the differentially expressed genes of CAFs in tumor tissues. Five genes (BGN, RCN3, TAGLN, MYL9, and TPM2) have been identified as specific CAFs biomarkers of poor prognosis in CRC (46). Fibroblasts are a cell type common to multiple tissues and exhibit the highest cancer-type specificity (17). In addition, myofibroblasts have been shown to stimulate tumor growth through extensive tissue remodeling and support cancer stem cell survival through WNT signaling (12), indicating that fibroblasts also play a role in promoting tumor growth, and that genetic alterations in fibroblasts could incur CRC via paracrine signaling in epithelial cells (47).




2.2.3 Tumor-associated macrophages

TAMs are infiltrating macrophages in tumor tissue, mainly derived from monocyte differentiation. TAMs can interact with tumor cells through exosomes or secrete multiple cytokines to promote tumor cell proliferation, invasion, migration, and angiogenesis.

TAMs recruit Tregs through chemokine CCL2 secretion, which inhibits the antitumor immune response of T cells and interferes with immune cell interactions, thus leading to an immunosuppressive microenvironment in CRC (48). TAMs in CRC can be divided into two cell groups, SPP1+ TAM and C1QC+ TAM. C1QC+ TAM interacts with various T cells and performs cytophagic and antigen-presenting functions, whereas SPP1+ TAM interacts mainly with fibroblasts and performs pro-angiogenic and tumor-promoting functions (24). Single-cell analysis of CLM samples showed that a subpopulation of dendritic cells (DC3s) and SPP1+ macrophages is associated with malignancy and plays a critical role in liver metastasis (22). Additionally, a study detected numerous immunosuppressive cells in CRC liver metastatic tumors, with a dramatic increase in SPP1+ macrophages and MRC1+ CCL18+ macrophages and an enrichment of neutrophils as potential participants in liver metastases (18). A previous study also showed that significant expansion of SPP1+ macrophages may play a central role in immunosuppression and tumor progression through bone bridge proteins and that CRC patients with high SPP1+ expression levels have a poorer prognosis (12). These studies confirm the role of SPP1+ macrophages in promoting CRC progression and the potential suppressive TME in liver metastasis. In addition, one study showed that the density of TAMs was not associated with survival in patients with CLM, but the area and circumference of TAMs were significantly higher in CLMs, while larger morphologies of TAMs were mostly observed in patients with a poorer prognosis (49), which demonstrated the strong prognostic significance of the morphological representation of TAM.




2.2.4 Intrinsic lymph-like cell

Intrinsic lymphocytes (ILCs) are located on the mucosal surface and include NK cells; helper classes ILC1s, ILC2s, and ILC3s; and lymphoid tissue-inducing (LTi) cells that enhance the immune response, maintain mucosal integrity, and sustain tissue homeostasis (25, 50).

One study analyzed tumor-infiltrating ILCs during CRC progression using scRNA-seq and classified them into six clusters. ILC1 expressed inhibitory receptors and underwent an inhibitory functional transformation in advanced CRC, and ILC2 was divided into three subgroups (ILC2-A, -B, and -C), of which the ILC2-C subgroup promoted tumor progression. HS3ST1 and PD1 are highly expressed in ILC2 of advanced CRC In addition, ILC3 transdifferentiates into ILCregs during CRC progression and promotes tumor growth. Notably, the TGF-β signaling pathway initiated the conversion of ILC3 to ILCregs. Therefore, this study suggests that interfering with ILC conversion may be a potential strategy for CRC immunotherapy (25). Moreover, another study reported single-cell characteristics of blood and intestinal helper ILC subtypes in healthy conditions and CRC, where the healthy intestine contained ILC1s, ILC3s, and ILC3/NKs, but not ILC2s, while additional tumor-specific ILC1 and ILC2 subtypes were identified in CRC patients. SLAMF1 (signaling lymphocyte-activating molecule family member 1, CD150) was selectively expressed on tumor-specific ILCs, and higher levels of SLAMF1+ ILCs were observed in the blood of patients with CRC. The survival rate of patients with CRC in the high SLAMF1 group was significantly higher than that in the low SLAMF1 group, indicating that SLAMF1 is an antitumor biomarker of CRC (50).






3 Application of SCS to explore mechanisms affecting CRC metastasis & progression



3.1 CRC liver metastasis

CLM is the leading cause of death from CRC and a major factor in reducing the survival time of CRC patients (51). Besides the rapid metastatic spread of cancer cells, TME with liver metastasis exhibits a highly immunosuppressive phenotype (52). A previous study observed a dramatic increase in SPP1+ and MRC1+ CCL18+ macrophages in metastatic tumors, which corroborated the potentially suppressive TME in liver metastases. Meanwhile, TAM may be suppressed in metastatic tumors, liver metastatic cells may preferentially reprogram macrophages and induce their specific functional states, and metastatic tumor cells in liver metastases preferentially express the ligand CD47 and thus may recruit or activate MRC1+ CCL18+ macrophages through the corresponding receptor SIRPA, suggesting that specific macrophage subpopulations may play a fundamental role in the formation of premetastatic niche in CLM (18).

In addition, studies have revealed rare mutations in metastatic tumors and defined two separate cell populations by analyzing single-cell sequencing data from primary and metastatic foci in patients with CRC and liver metastases, suggesting different evolutionary trajectories between primary and metastatic tumor cells. Meanwhile, extensive WES data reflect different mutant allele frequencies between primary and metastatic foci. TP53, APC, and SNVs in SMAD4 show an increase in variant allele frequency (VAF) in metastatic samples (53).




3.2 Cancer stem cells

Cancer stem cells (CSCs) are thought to proliferate extensively and drive tumor growth, indicating that malignant cell populations in tumors are generated by CSCs (54). A previous study found that each tumor gland was derived from a stem cell by genomic analysis of 349 individual tumor glands, and they found that after initial transformation, CRC tumors grew primarily as a single expansion comprising many intermixed subclones, and it was then proposed that most of the mutations driving tumor growth occurred during early tumor expansion and led to clonal diversity and intra-tumor heterogeneity (55).

Currently, it has been suggested that CSCs may contribute to tumor progression and drug resistance. By single-cell sequencing of telomerase and transcriptome in 8 primary foci of untreated CRC, it was shown that CSCs can be remodeled into cancer epithelial cells and both of them retain the important signaling pathway such as WNT, TGF-β, and HIPPO/YAP. In addition, proliferating tumor epithelial cells were found to be derived from resting CSCs, which are related to the recurrence and metastasis of tumors, and resting CSCs may develop drug resistance through mutations (26).




3.3 CRC genomic/chromosomal mutations

Continued high-frequency chromosomal instability (CIN) has a dramatic impact on tumor evolution and treatment response. A previous study showed that CIN is prevalent in CRC, and single-cell karyotyping sequencing confirmed the heterogeneity of copy number alterations in tumor PDOs and showed that monoclonal lines evolved new karyotypes over time in vitro (14). Abnormal DNA methylation at the chromosomal level has also been found in CRC cells, where six chromosomes (chromosomes 4, 5, 8, 13, 18, and X) tend to undergo intense DNA demethylation, with three hypomethylated chromosomes (chromosomes 8, 13, and 18) (46), which confirms that CRC is characterized by genomic instability.

In addition, it has been found that CRC cells usually develop along the mitogen-activated protein kinase (MAPK) pathway, while MAPK activity will drive the cellular trajectory of cancer cells, and the targeting of EGFR-BRAF-MEK in tumor-like organs depends on acquired KRAS/BRAF mutations and induced cellular plasticity, which affects signal transduction and gene expression (15). Furthermore, a study showed a significantly increased somatic mutation rate in CRC cells compared to normal colorectal cells; the presence of driver mutations such as BRAF (V600E), PIK3CA (E81K), and ACVR2A (protein truncated small indel); as well as MLH1 methylation and genetic diversification in each cancer, accompanied by generalized, stable and genetic differences (16).





4 Application of SCS to explore and improve CRC treatment



4.1 Immunotherapy targets

Current immunotherapies for metastatic CRC are effective only in tumors with high microsatellite instability or mismatch repair defects. As tumor cells can determine their immune microenvironment and often form an immunosuppressive microenvironment (12), current immune checkpoint inhibitors (ICIs) are not effective against tumors with proficient mismatch repair (pMMR), MSS, or low-frequency microsatellite instability (MSI-L) (called pMMR-MSI-L tumors) (56). Therefore, finding new immunotherapy targets or improving current immunotherapy to expand the range of CRC immunotherapies has become an area of research interest.

A study found that T-cell antigen receptor-dependent cytoplasmic translocation of ZFP91 promotes the assembly of the PP2A complex, thereby limiting mTORC1-mediated metabolic reprogramming, suggesting that ZFP91 interferes with the metabolic and functional state of T cells in the TME, suggesting that targeting ZFP91 may improve the efficacy of CRC immunotherapy (44).

In addition, a study indicated that anti-CSF1R treatment preferentially depletes macrophages with inflammatory features but avoids macrophage populations expressing pro-angiogenic/tumorigenic genes in mice and humans. Treatment with CD40 agonist antibodies preferentially activates conventional dendritic cell (cDC) populations with increased Bhlhe40+ Th1-like cells and CD8+ memory T cells and identified key cellular interactions that regulate tumor immunity and mechanisms for myeloid-targeted immunotherapy currently in clinical trials (24).




4.2 Causes of chemotherapy sensitivity

Currently, the primary treatment for CRC is surgical resection combined with radiotherapy, chemotherapy, and targeted therapy. However, some patients undergoing chemotherapy may develop drug resistance, resulting in reduced efficacy.

One study developed a scMetabolism system to provide a single-cell and spatial atlas of colorectal liver metastases and identified highly metabolically activated MRC1+ CCL18+ M2-like macrophages at metastatic sites. Efficient neoadjuvant chemotherapy can slow metabolic activation and increase the possibility of targeting metabolic pathways in metastases (18).

In addition, another study confirmed the strong response of the CMS2 epithelial/typical group to EGFR and HER2 inhibitors by translating consensus molecular typing (CMS) preclinical models of developing cancer cells adapted to CMS classifiers combined with high-throughput drug sensitivity screening and revealed that cells with CMS1 microsatellite instability/immunity and CMS4 mesenchymal phenotypes were strongly sensitive to HSP90 inhibitors. A combination of 5-fluorouracil and HSP90 inhibitor has the potential to relieve drug resistance and improve treatment efficacy in a CMS4 patient-derived xenograft (PDX) model (57).





5 Summary

Tumor heterogeneity is widespread in CRC patients, and cluster analysis shows that tumor epithelial cells are individualized for each patient and are highly mutated Various immune cells and inflammatory chemokines in the TME interact and influence each other to promote tumor progression, thus affecting tumor recurrence and treatment response and adversely affecting the prognosis of CRC patients. While the impact of the TME on CRC can be fully investigated by obtaining information on cancer cell characteristics through SCS, it is also possible to identify relevant predictive markers for CRC prognosis and potential immunotherapeutic targets through SCS, thus improving patient prognosis and therapeutic effects. In addition, the use of SCS technology for drug development and for addressing the problem of chemotherapy resistance in some patients is now emerging (31). It is expected to be applied in precision medicine to develop and personalize cancer medical treatments, providing a more accurate diagnosis and the best-individualized treatment plan for cancer patients.

However, SCS technology still has some limitations in current platform. First, SCS technology requires high levels of sample preparation and sample quality, including cell quantity and activity, which increased the combined cost. Second, although the number of cells that can be detected from SCS has increased from 10~100 to tens of thousands with the development of technology, the tedious process still results in the loss of some cell populations, which can bias the results. In addition, SCS technology lacks of spatial information. Thus, a combination of multiple sequencing methods including bulk sequencing, spatial transcriptomics and SCS technology could be a solution and future direction of development.
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Introduction

Chimeric antigen receptor T (CAR-T) cell therapy presents a promising treatment option for various cancers, including solid tumors. Carcinoembryonic antigen (CEA) is an attractive target due to its high expression in many tumors, particularly gastrointestinal cancers, while limited expression in normal adult tissues. In our previous clinical study, we reported a 70% disease control rate with no severe side effects using a humanized CEA-targeting CAR-T cell. However, the selection of the appropriate single-chain variable fragment (scFv) significantly affects the therapeutic efficacy of CAR-T cells by defining their specific behavior towards the target antigen. Therefore, this study aimed to identify the optimal scFv and investigate its biological functions to further optimize the therapeutic potential of CAR-T cells targeting CEA-positive carcinoma.





Methods

We screened four reported humanized or fully human anti-CEA antibodies (M5A, hMN-14, BW431/26, and C2-45), and inserted them into a 3rd-generation CAR structure. We purified the scFvs and measured the affinity. We monitored CAR-T cell phenotype and scFv binding stability to CEA antigen through flow cytometry. We performed repeated CEA antigen stimulation assays to compare the proliferation potential and response of the four CAR-T cells, then further evaluated the anti-tumor efficacy of CAR-T cells ex vivo and in vivo.





Results

M5A and hMN-14 CARs displayed higher affinity and more stable CEA binding ability than BW431/26 and C2-45 CARs. During CAR-T cell production culture, hMN-14 CAR-T cells exhibit a larger proportion of memory-like T cells, while M5A CAR-T cells showed a more differentiated phenotype, suggesting a greater tonic signal of M5A scFv. M5A, hMN-14, and BW431/26 CAR-T cells exhibited effective tumor cell lysis and IFN-γ release when cocultured with CEA-positive tumor cells in vitro, correlating with the abundance of CEA expression in target cells. While C2-45 resulted in almost no tumor lysis or IFN-γ release. In a repeat CEA antigen stimulation assay, M5A showed the best cell proliferation and cytokine secretion levels. In a mouse xenograft model, M5A CAR-T cells displayed better antitumor efficacy without preconditioning.





Discussion

Our findings suggest that scFvs derived from different antibodies have distinctive characteristics, and stable expression and appropriate affinity are critical for robust antitumor efficacy. This study highlights the importance of selecting an optimal scFv in CAR-T cell design for effective CEA-targeted therapy. The identified optimal scFv, M5A, could be potentially applied in future clinical trials of CAR-T cell therapy targeting CEA-positive carcinoma.
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Introduction

Chimeric antigen receptor T lymphocyte (CAR-T) therapy has shown encouraging and convincing antitumor effects with a high complete remission (CR) rate in refractory and relapsed hematological malignancies, especially leukemia (1, 2). Breakthroughs are also being attempted in solid tumors (3–5). Carcinoembryonic antigen (CEA) is an early tumor-specific marker for human colon cancer (6). Subsequent studies have shown that CEA is expressed in several types of solid tumors, such as colorectal, gastric, lung, breast, pancreatic, and ovarian carcinomas (7). CEA serves as a tumor marker for screening, diagnosis, and prognosis prediction in many cancers (8–13). Its safety and feasibility as a target for chimeric antigen receptor T (CAR-T) cell therapy have been demonstrated in multiple preclinical and clinical trials for the treatment of CEA-positive solid tumors (14–20).

The potential for off-target and on-target/off-tumor side effects are major concerns of CAR-T therapy (21, 22). Although CEA, as a tumor-associated antigen, is highly expressed in malignant tumors, it is also physiologically expressed at low levels in some normal tissues, such as the tongue epithelium, tracheal mucosa, and gastrointestinal tract (23). Thus, the influence of CAR-T cells on these normal tissues must be considered. Amino acid mutations of monoclonal antibodies have generated a series of antibodies with different affinities but targeting the same epitope (24). Among these antibodies, scFvs with decreased affinity were found to exhibit potent antitumor efficacy and better safety in related CAR-T cells (25, 26). However, scFvs derived from different hybridomas targeting diverse epitopes have produced conflicting results regarding CAR-T cell therapy. High-affinity scFvs resulted in better tumor eradication (27, 28). Thus, the selection of appropriate epitopes and affinity for CEA-targeted CAR-T cells is crucial in reducing adverse reactions while improving efficacy.

Murine scFvs are likely to induce humoral (e.g., human anti-mouse antibodies, HAMA) and cellular anti-CAR immune responses, leading to lethal events such as anaphylaxis and attenuated CAR-T efficacy. (29, 30). The humanization of scFvs significantly reduced the immunogenicity and increased the persistence and safety of CAR-T cells compared to those of murine CAR-T cells (31). Humanized CAR-T cells have shown superior clinical therapeutic efficacy (32) and sustained antitumor ability in patients who relapsed after murine CAR-T cell treatment (33, 34). Therefore, humanization is a critical factor in scFv selection for CAR-T cell therapy.

T-cell exhaustion attenuates the efficacy of CAR-T cells and shortens their persistence in vivo. Several scFvs even exhibit early exhaustion due to scFv clustering, CAR-dependent tonic signal, and antigen-independent signal transduction (35). It has been reported that CARs with different scFvs have different cell phenotypes and functions (36). Therefore, screening for scFvs with low self-activation and sustained function is necessary to prevent T-cell exhaustion and ensure optimal CAR-T cell therapy.

In this study, we selected four humanized monoclonal antibodies (M5A, hMN-14, C2-45, and BW431/26) based on the binding domain position, humanization status, serum CEA blockade efficacy, reported affinity, and application frequency. We inserted the VH and VL domains of these four mAbs into a 3rd-generation CAR backbone (scFv-G4h-28TM-28BBZ) to evaluate and compare the phenotype, CAR expression level, proliferation, and function of each CAR-T cell type. Additionally, we measured the affinity of each scFv and performed assays to assess cytolysis targeting CEA-positive cells in vitro and potent control of tumors in vivo. Our findings highlight the distinct features and functions of each scFv targeting CEA, providing improved strategies to enhance the clinical efficacy of CEA-targeted CAR-T therapy.





Materials and methods




scFv purification and affinity measurement

The His-tagged sequence of each of the 4 scFvs was inserted into a plasmid and transfected into HEK293 cells. The supernatant was collected after 6 days. Purification was conducted through filtration (0.22 μm) and absorption (nickel column). The purity of the purified protein was greater than 95%. The concentration was measured by the Bradford method. scFv affinity was measured using a FortéBio Octet Red 96 biolayer interferometry system (Pall, CA, U.S.). The detailed protocol followed the published literature (37). Anti-human IgG Fc (AHC) biosensors (Pall FortéBio, 1512121) were purchased and applied for measurement. Fc-tagged recombinant CEA (15 μg/ml; CEA-Fc, 11077-H03H-50, Sino Biological Inc.) was precoated on the biosensor. scFv was diluted twice in a gradient of 5 concentrations, with phosphate-buffered saline (PBS) as the negative control. Binding kinetics were calculated using FortéBio Data Analysis software (version 7.1) for y-axis alignment, reference subtraction, interstep correction, and Savitzky−Golay filtering. The association (kon, 1/Ms) and dissociation (koff, 1/s) rate constants were determined by fitting the association and dissociation data to a 1:1 model. The binding affinity (KD, nM) was calculated as koff/kon (Figure 1). The experiment was conducted three independent times.




Figure 1 | Affinity and binding kinetics of each scFv targeting CEA. The KD of each scFv was obtained and calculated based on a gradient of 5 concentrations. (A) M5A, (B) hMN-14, (C) BW431/26, and (D) C2-45. A lower KD value indicates higher affinity. Each experiment was conducted three independent times (n=3).







Tumor cell lines and CEA-expressing HEK293T cells

Cell lines with high (LS174T and LoVo), moderate (HT-29 and Caco-2), low (MCF7), and negative (RKO and SW620) CEA expressions were purchased from ATCC and cultured according to the corresponding protocols. STR identification of the main cell lines was carried out. CEA expression in each cell line was confirmed before the experiment. The pCMV-CEACAM5-GFP plasmid was obtained from Sino Biological Inc. (HG11077-ACG) and transfected into HEK293T cells to obtain cells with different CEA expression levels. Then, 6 μg, 3 μg, and 1.5 μg of the plasmid were transfected into HEK293T cells to produce high, medium, and low CEA expression, respectively. CEA expression in these HEK293T cells was confirmed by FACS, and the cells were used for cytolytic assays. Untransfected HEK293T cells were used as a control.





Generation of lentivirus and CAR-T cells

Four reported humanized scFvs (M5A, hMN-14, BW431/26, and C2-45) were synthesized (GenScript, China) and inserted into the pCDH lentiviral vector linked to the IgG4 hinge (G4h), CD28 transmembrane domain (28TM), CD28 intracellular signaling domains, 4-1BB intracellular signaling domains, and CD3 zeta ITAM domains. The EF1α promoter was used to drive CAR expression. The GFP sequence was also inserted downstream of each CAR-T sequence using the 2A protein (Figure 2A). Lentivirus was collected and purified from the supernatant of transfected HEK293T cells. To generate CAR-T cells, fresh primary human lymphocytes were obtained from healthy volunteer donors and cultured in GT-T561 (Takara) medium supplemented with 10% fetal bovine serum (FBS; Gibco). PBMCs were activated with immobilized GMP anti-CD3 (MACS, 170-076-116) and anti-CD28 (MACS, 170-076-117) antibodies. Then, the cells were transduced in 6-well plates (1×106 cells per well, the multiplicity of infection of 3-5 per well) in the presence of polybrene. T cells were stimulated and expanded with IL-2 (100 U/ml) after viral transduction.





Flow cytometric detection and analysis

We applied BD FACSCalibur and BD FACSAria II instruments for FCM detection. BD FACSDiva software and FlowJo software were used for analysis. FCM detection was performed according to the schedule shown in Figure 2C. CD3, CD4, CD8, and CAR expression were evaluated on days 6, 10, and 14, and memory T subsets were evaluated on days 10 and 14. We used His-tagged recombinant CEACAM5 (CEA-His; Sino Biological Inc., 11077-H08H-50) and biotin-protein L (GenScript, M00097) for specific detection of CAR expression. The following antibodies were used: anti-CD3-PE-Cy7 (BioLegend, 300420), anti-CD4-BUV395 (BD, 564724), anti-CD8-BV510 (BioLegend, 344732), anti-CD25-BV421 (BioLegend, 302630), anti-CD45RA-BV421 (BioLegend, 304130), anti-CD45RO-PerCP-Cy5.5 (BioLegend, 304222), AF-647-conjugated IgG fraction of mouse monoclonal anti-biotin (Jackson, 200-602-211) and anti-CD197-PE (BioLegend, 353204).





CAR-T cell response to repeat CEA stimulation

Six-well plates were coated with the CEACAM5 protein (Human, Recombinant Fc Tag). On day 0, 2.5×106 viable CAR-T cells were plated into the CEA-coated plates and cultured with 10% FBS medium in the absence of cytokines. The culture supernatant was collected on day 1 for measurement of secreted IFN-γ and IL-2 levels by ELISA. The expression of CD25 in CAR-T cells was measured after 48 hours of culture in CEA-coated plates. The medium was supplemented according to the growth of the cells, and the cells were counted every two days using AO/PI staining to evaluate cell proliferation. The proportion of CAR-positive cells was indicated by the rate of GFP-positive cells. The stimulation was repeated every 7 days until the GFP-positive CAR-T cells stopped expanding. The fold expansion of CAR-T cells was calculated, and after repeated stimulation, cumulative proliferation was analyzed.





In vitro cytolytic assay

The cytolytic assay was conducted with an ACEA xCELLigence RTCA MP instrument and related protocols. Data were recorded based on cell attachment to the plate. In brief, tumor cells attached to the plate and induced an increase in the electrical index of the plate. When CAR-T cells were added and eliminated these attached tumor cells, the electrical index was altered and recorded. On the first day, 2-5 × 104 tumor cells were added to each well of a 96-well plate. The electrical index was recorded every 15 minutes to monitor the attachment of tumor cells. Twenty-four hours later, CAR-T cells were added to each well at a certain E:T ratio. The electrical index was measured over the next 24 hours. Two replicates of each well were established. The specific cytolysis percentage was calculated based on the attenuation of the electrical index compared to the baseline index before the addition of CAR-T cells: % specific lysis = (baseline index - real-time index)/baseline index. Supernatants were collected 24 hours after the addition of CAR-T cells. These specimens were stored at -80°C and subjected to ELISA (IFN-γ, BD Biosciences, 4316955) with a related protocol.





Mouse xenograft studies

At 6-8 weeks of age, female NOD.Cg-PrkdcscidIL2rgtm1Sug/JicCrl (NOG) mice (Vital River Laboratory Animal Technology Co., Ltd.; Beijing, China) were injected subcutaneously with 1×106 (per mouse) LoVo cells and fed in a specific pathogen-free (SPF) environment at the animal facility of Southwest Hospital. The mice received humane care according to the criteria outlined in the “Guide for the Care and Use of Laboratory Animals” prepared by the National Academy of Sciences. Tumor volumes and tumor bioluminescence were confirmed before CAR-T cell infusion. After that, the mice were randomly and equally assigned to groups (n=4). Each mouse was injected with 1×107 CAR-T cells via the tail vein 6 days after LoVo cell implantation. Tumor volumes were measured every 3-4 days and calculated with the following equation: volume= length × width × width/2. The mice were imaged weekly. During tumor volume measurement and bioluminescence detection, the evaluator was blinded to the group allocations. After the experiment, only living mice were included in the statistical analyses. Tumor volumes and tumor bioluminescence were compared among groups.





Statistical analysis

Statistical analyses were performed with SPSS software (version 13.0) and GraphPad Prism software (version 8). Student’s t-test was used for comparisons between the two groups. ANOVA (randomized block design) was applied for comparisons among more than two groups. One-way ANOVA and Student’s t-test were applied for the comparison of tumor volumes among groups. The Shapiro−Wilk test was applied to confirm whether the data analyzed were normally distributed, and the F test was used to compare variances. In the figures, the data are presented as the means ± SDs or means ± SEMs, and the mean values were calculated from at least three independent experiments. The significance of differences was defined as follows: ns = not significant; * = p < 0.05; ** = p < 0.01; *** = p < 0.001.






Results




scFvs derived from M5A and hMN-14 showed higher affinity

We obtained and purified the scFv of each mAb with a purity of greater than 95%. The affinity of each scFv was measured with a gradient of 5 concentrations, and the KD value was calculated (Figure 1). M5A (15.8 nM, Figure 1A) and hMN-14 (4.6 nM, Figure 1B) showed higher affinity for CEA than BW431/26 (229.2 nM, Figure 1C) and C2-45 (46.3 nM, Figure 1D).





Generation and detection of CAR-T cells

Four scFvs derived from each mAb were generated and inserted into a 3rd-generation CAR backbone (Figure 2A). The CEA binding site for each mAb is shown (Figure 2B). The binding site of C2-45 was not identified, while the other three mAbs bound to the A3 domain of CEA (38, 39). The procedures for cell preparation were formulated, and FCM detection was performed on days 6, 10, and 14 (Figure 2C).




Figure 2 | CAR structures and detection schedule during CAR-T cell culture. (A) Structures of the 4 CARs with the corresponding scFvs. (B) The binding domain of CEA in each scFv is shown. (C) Preparation and FCM detection schedule of CAR-T cells.







M5A and hMN-14 CAR showed more stable and sustained binding to the CEA protein

CAR expression was evaluated according to the schedule on days 6, 10, and 14. The expression of all CARs was stably detected with protein L and GFP at every time point (Figure 3A). When CEA-His was used to determine the proportion of CAR-positive cells, M5A and hMN-14 maintained stable detectability (Figures 3A, B). However, for BW431/26 CAR, the proportion of CAR-positive cells detected by CEA-His was significantly different from that detected by GFP and PL, especially on days 10 and 14. In addition, C2-45 was barely detected by CEA-His on days 10 and 14 (Figures 3A, B). The results showed that the binding of CEA-His to the BW431/26 and C2-45 CARs was significantly lower than that to the M5A and hMN-14 CARs, and showed decreasing trend with the extension of culture time (Figure 3B). We speculated that the difference in the original affinity of scFv for CEA was a possible reason for the difference in CAR binding. Moreover, the different influences of the antigen-recognition domain on each scFv changed the binding ability. The results were replicated in multiple donors (Figure 3C). The mean fluorescence intensity (MFI) was also measured and compared on day 10 of cell culture, and the MFI of the hMN-14 CAR, especially that bound to CEA-His, remained stronger (Figure 3D). The strongest affinity was one of the main contributions. To exclude T-cell-related expression bias, we separately transduced HEK293T cells with a lentivirus expressing each CAR. CAR expression was similar to that in T cells (Figure 3E).




Figure 3 | Comparison of the detection and expression of several scFvs CAR by flow cytometry. (A) The expression of the 4 CAR scFvs on the same cells was evaluated on days 6, 10, and 14 of cell culture using three methods: CEA-His, protein L and GFP. The values are presented as the mean ± SD of four independent experiments derived from 4 different donors (n=4). (B) When CAR expression was detected using CEA-His, the results for the 4 types of CAR-T cells were compared. hMN-14, BW431/26 and C2-45 CAR-T cells were compared to M5A cells. The values are presented as the mean ± SD of four independent experiments (n=4). (C) Representative FCM results for protein L and CEA-His in the 4 types of CAR-T cells. (D) The MFI of protein L and CEA-His was also measured and compared on day 10 of cell culture. The data are presented as the mean ± SD of five independent experiments (protein L) (n=5) and four independent experiments (CEA-His) (n=4). (E) HEK293T cells were transduced with each CAR viral vector, and CAR expression was measured by assessment of protein L and CEA-His. Representative FCM results from three independent experiments are shown (n=3). Statistical analysis was performed by a paired t-test. * = p < 0.05; ** = p < 0.01; and ns, not significant.







M5A CAR-T cells displayed higher proliferation but a more differentiated phenotype than other CAR-T cells

To determine whether different scFv CARs affect the cellular status, including the proliferative capacity and cell phenotype, the cell numbers were determined every four days, and the cell but M5A CAR-T cells displayed greater proliferation than the other CAR-T cells on day 14 (Figure 4A). However, the percentages of CD4 to CD8 were not different (Figure 4B). Memory T subsets were evaluated on days 10 and 14. M5A CAR-T cells contained more Tcm and fewer Tef cells on day 10 of in vitro culture, while the Tef population was increased on day 14 (Figure 4C). Based on the differences in cell proliferation and memory T-cell subsets, we confirmed that the M5A CAR induced enhanced promoting effects on cell proliferation and differentiation of memory T cells into effector cells at later culture time points, and the proliferation advantage was related to CAR rather than untransduced T cells.




Figure 4 | The proliferation and T-cell subsets of several types of CAR-T cells during culture. (A) Several types of CAR-T cells were cultured in vitro for two weeks and counted every four days by AO/PI staining. The fold expansion was calculated to evaluate the proliferative capacity. (B) The CD4-positive and CD8-positive populations in cultured cells were measured and compared. (C) The expression of CD45RA, CD45RO, and CCR7 was measured to determine the differentiation state of memory T-cell subsets by flow cytometry on day 10 and day 14: Tscm (CD45RA+CD197+), Tcm (CD45RA-CD45RO+CD197+), Tem (CD45RA-CD45RO+CD197-), and Tef (CD45RA+CD197-). All data were obtained from five independent experiments derived from 5 different donors (n=5). Statistical analysis was performed with a paired t-test in (A, C) and for (B) by one-way ANOVA in (B). * = p < 0.05; ** = p < 0.01; *** = p < 0.001; and ns, not significant.







M5A CAR-T cells were less exhausted and secreted more cytokines in the CEA repeated stimulation assay

Because minor differences were observed among all 4 CAR-T cell phenotypes after cell culture, we performed repeated antigen stimulation assays to compare proliferation and cytokine secretion. The 4 CAR-T cell lines were repeatedly stimulated with CEA coated on the culture plate every 7 days. T cells were counted, and CAR expression was assayed every 2-3 days. Seven days after the first stimulation, the proportion of CAR-positive T cells among M5A CAR-T cells was significantly greater than that among the other CAR-T cells (Figure 5A). After the second stimulation, the population of CAR-T cells increased only among M5A CAR-T cells and gradually decreased in the other CAR-T cell populations (Figure 5B), M5A activated stronger intracellular signals to induce CAR-T cell responses. In addition, M5A CAR-T cells exhibited significantly greater cytokine secretion (IFN-γ and IL-2) than the other CAR-T cells (Figures 5C, D), that could also triggered M5A to gain more cell expansion. After the first stimulation, the phenotypic analysis revealed significantly upregulated expression of CD25 in M5A CAR-T cells. In contrast, C2-45 CAR-T cells barely responded to antigen stimulation, and CD25 was barely expressed (Figure 5E).




Figure 5 | Evaluation of the CAR-T cell response to repeated CEA stimulation. All groups were compared with M5A (paired t-test). (A) Several types of CAR-T cells were incubated in 6-well plates coated with the CEACAM5 protein every seven days (1st and 2nd stimulation), and the percentage of CAR-positive cells was determined every 2-3 days by monitoring GFP expression. The values are presented as the mean ± SD of six independent experiments derived from 6 different donors (n=6) from different donors. (B) After two rounds of stimulation with CEA in the absence of cytokines, CAR-positive cells were counted, and the fold expansion was calculated by assessment of CAR-positive cells. The values are presented as the mean ± SD of six independent experiments (n=6) with technical duplicates. (C, D) The culture supernatant was collected 24 hours after CEA stimulation to measure the levels of secreted IFN-γ and IL-2 by ELISA. The values are presented as the mean ± SD of five independent experiments (n=5). (E) The CD25 expression of several scFvs CAR-T cells was detected 48 hours after CEA stimulation. Representative FCM results from three independent experiments are shown (n=3). Statistical analysis was performed by paired t-test. * = p < 0.05, ** = p < 0.01, *** = p < 0.001 and ns, not significant.







CARs with scFvs with different affinities discriminated between cells expressing different levels of CEA

First, we performed cytolytic assays to compare the tumor elimination properties of the 4 types of CAR-T cells in a tumor cell line with high CEA expression (Supplementary Figure S1). CAR-T cells were cocultured with high-CEA-expression LoVo cells at effector:-target (E:T) ratios of 1:1 and 1:2 for 48 hours. All 3 tested CAR-T cells lysed LoVo cells in a concentration- and time-dependent manner. M5A and hMN-14 CAR-T cells showed better specific lysis ability and higher IFN-γ levels than the other 2 types of CAR-T cells. hMN-14 CAR-T cells exhibited the highest level of IL-2 secretion (Supplementary Figure S1). C2-45 CAR cells exhibited weaker tumoricidal capacity and little cytokine secretion. Considering the weak effects of C2-45, we did not use the C2-45 CAR in further experiments or comparisons.

To further discriminate the function of these CAR-T cells, we evaluated several tumor cell lines with different levels of CEA expression. First, the expression of CEA in tumor cell lines was measured (Supplementary Figure S2). Then, after 24 hours of coculture of CAR-T cells with tumor cells, IFN-γ secretion was measured by ELISA. IFN-γ secretion was significantly higher in cell lines with high CEA expression (LoVo and LS174T) (Figure 6A). In cell lines with moderate or low CEA expression (HT-29, Caco-2, and MCF7), IFN-γ secretion was significantly lower, but the M5A and hMN-14 CAR-T cells showed a slight advantage. In CEA-negative cell lines (RKO and SW620), none of the 3 CAR-T cells exhibited obvious effects on cytokine secretion.




Figure 6 | Comparison of the specific cytolytic activity of several types of CAR-T cells based on time and concentration. (A) IFN-γ was measured by ELISA in culture supernatants collected after 24 hours of coculture. (B) Specific cytolytic activity of CAR-T cells. Several types of CAR-T cells were incubated with tumor cell lines with different CEA expression levels for 8 hours at an E:T ratio of 6:1. Cytolysis at different E:T ratios after 8 hours (C) and at an E:T ratio of 3:1 after different durations (D) is shown. (E) HEK293T cells were transduced with different concentrations of a DNA plasmid expressing CEA. Membrane CEA expression was detected. (F, G) Specific cytolysis of each HEK293T cell line was measured. The other two groups were compared with M5A (ANOVA, randomized block design).



Next, we used a real-time, quantitative cell analysis system (xCELLigence RTCA System, Agilent) to determine the cytolytic activity of CAR-T cells against tumor cells with different levels of CEA expression. After 8 hours of coculture at an E:T ratio of 6:1, M5A, hMN-14, and BW431/26 CAR-T cells showed diverse cytolytic activity against tumor cell lines with different levels of CEA expression: high (LoVo and LS174T) and moderate or low (HT-29, Caco-2, and MCF7) (Figure 6B). M5A, hMN-14 and BW431/26 CAR-T cells showed high cytolytic activity against cells with high CEA expression, and M5A showed a slight advantage. The cytolytic activity of CAR-T cells against cell lines with moderate or low CEA expression gradually decreased, but M5A showed more stable cytolytic activity (Figure 6B). The preferential cytolytic activity of M5A was also confirmed in cytolytic assays with different E:T ratios and incubation times (Figures 6C, D). To further study the responses of several CAR-T scFvs to different CEA expression levels, we conducted cytolytic assays targeting HEK293T cells with exogenous expression of CEA. HEK293T cells were transfected with increasing concentrations of the CEA expression plasmid, and CEA expression was measured (Figure 6E). M5A also showed superior cytolytic activity against both high- and low-CEA-expressing HEK293T cells (Figure 6F). In addition, the cytolytic activity of M5A was confirmed at different E:T ratios (Figure 6G). The results showed that the cytolytic effect of CAR-T cells was significantly enhanced with increasing CEA expression on the HEK293T cell surface.





M5A CAR-T cells had greater antitumor activity in vivo

We evaluated the antitumor activity of M5A, hMN-14, and BW431/26 CAR-T cells in vivo in a LoVo cell xenograft model. NOG mice were injected i.v. with 1 × 106 LoVo cells genetically modified to express firefly luciferase. Six days later, the mice were injected intravenously (i.v.) with 1 × 107 CAR-T cells without any preconditioning treatment. Control mice were injected with 1 × 107 T cells with no CAR. The tumor burden was monitored by serial bioluminescence imaging every 7 days (Figure 7A). M5A CAR-T cells showed superior tumor suppression compared with that of the other CAR-T cells (Figure 7B). M5A CAR-T cells consistently exhibited preferential tumor suppression and were superior to BW431/26 and UTD (p < 0.001). According to the actual measurements on day 27, the tumor volume increased in the following order: M5A<hMN-14<BW431/26<UTD (Figure 7B). These results indicated optimal tumor suppression by M5A CAR-T cells. The total bioluminescence flux is shown in Figure 7C, and the values indicate a decreasing trend only in the M5A group and no significant difference in the other groups.




Figure 7 | M5A CAR-T cells exhibited superior tumor suppression in the xenograft model in NOG mice. (A) Each mouse was implanted with 1× 106 LoVo cells (Luc+) on day 1 and injected i.v. with 1 × 107 CAR-T cells on day 7. Mice were imaged weekly. (B) Tumor growth was assessed by calculating the tumor volume. The values are presented as the means ± SEMs. The growth of tumors treated with M5A CAR-T cells was potently controlled compared with that of tumors in the other groups. (C) The total bioluminescence values were also recorded and compared. The values are presented as the means ± SEMs. Statistical analysis was performed by one-way ANOVA. * = p < 0.05; ** = p < 0.01; and ns, not significant.








Discussion

CEA is highly expressed in various types of solid tumors, especially some gastrointestinal tumors. Its high expression in tumors and detectability in serum make it a valuable tumor biomarker for clinical diagnosis. CEA expression is undetectable in most normal tissues, except for the surface epithelium of the tongue, the tracheal mucosa, and specific locations in the gastrointestinal tract, where it is expressed at low levels (23). The reactivity of CAR-T cells toward antigen-expressing cells is affected by the avidity of the CAR, which is based on its affinity and surface expression level. Thus, screening for antibodies with appropriate affinity is very important for the application of CEA-targeting CAR-T cells. BW431/26 is a humanized antibody with moderate affinity for CEA. We enrolled ten CRC patients for CAR-T therapy targeting CEA (NCT02349724) using the BW431/26 antibody as the source of scFv. No off-target or on-target/off-tumor side effects were observed. However, patients achieved only transient disease control, and none achieved remission. During CAR-T cell production, we observed unstable CAR, leading to some canceled infusions due to low CAR-positive rates. We suspected that this CAR instability attenuated the expected outcomes. Therefore, the development of better CAR-T cells with more stable expression and greater antitumor effects will improve clinical outcomes.

CEA-specific antibodies, such as T84.66, hMN-14, C2-45, BW431/26, MFE-23, H10 and F023C5, have been developed (38, 40–45). By analyzing the antigen recognition sites and clinical application specificity, we identified three more antibodies from previously reported sources. M5A, hMN-14, and BW431/26 are humanized mAbs and C2-45 is a fully human mAb derived from KM mice, and these mAbs are less likely than others to induce an immune response. The affinity of the scFv derived from these antibodies was measured using a protein expression system in Escherichia coli. All four scFvs bound to the CEA protein with their corresponding affinities, as previously reported. When we confirmed the CEA binding capacity after these scFvs were transduced into T cells, the C2-45-derived scFv showed a very low CEA protein-binding capacity. By increasing the amounts of CEA-his to at least 4 times the recommended dose, the results for BW431/26 and C2-45 showed only small increase, which were still far from the percentage of GFP. Previous studies have also reported that the antigen recognition properties of the scFv incorporated into a CAR can differ from those of the original antibody (46). scFvs expressed in mammalian cells undergo various posttranslational modifications, such as glycosylation. C2-45 might have undergone an unexpected modification and formed an unexpected structure different from that produced in E. coli. In addition, CAR aggregation can cause loss of antigen recognition properties, as well as increased differentiation of CAR-T cells (35). When we compared the Tscm and Tcm populations in C2-45 CAR-T cells with those in untransfected control T cells, there was no difference between the two groups. Therefore, the loss of C2-45 affinity is unlikely to be due to aggregation. The three other scFv-derived CARs retained their CEA binding capacity, M5A and hMN-14 were better than BW431/26.

In contrast to BW431/26, the expression of both M5A and hMN-14 was highly stable. There was no significant difference between M5A and hMN-14 in CAR expression. The structure and posttranslational modification of the scFv are predicted to affect the folding of the related CAR protein, leading to structurally unstable CARs that are degraded intracellularly or aggregated on the T-cell membrane. In the structures of BW431/26, M5A, and hMN-14, the complementarity-determining regions (CDRs) of M5A and hMN-14 were assembled in the same human antibody framework region (FR) and were different from those of BW431/26. The FR has been reported to affect the stability of the scFv structure, CAR expression, and KDR binding (47). Changing the FR of BW431/26 might improve CAR expression and stability.

The affinity of a CAR for antigens has been reported to affect the efficacy of CAR-T cells both in vivo and in vitro (24). CARs containing scFvs with low affinity have shown superior safety and efficacy compared with those of CARs containing scFvs with high affinity (25). Increasing the affinity did not significantly enhance CAR-T cell function and even worsened the on-target/off-tumor effect (26). However, when comparing scFvs derived from different hybridomas and targeting different epitopes, high-affinity scFvs exhibited superior tumor eradication (27, 28). The benefits of increasing or decreasing scFv affinity are discrepant in different types of CAR-T (48). BW431/26 showed the lowest affinity (229.2 nM), hMN-14 showed the highest affinity (4.6 nM), and M5A showed moderate affinity (15.8 nM). hMN-14 CAR-T cells showed the highest cytokine expression and BW431/26 CAR-T cells showed the lowest cytokine expression in vitro when cocultured with target cells. In vitro, M5A and hMN-14 CAR-T cells showed comparable cytotoxic activity and slightly higher cytotoxicity than BW431/26 CAR-T cells when cocultured with target cells. However, in the SCID mouse xenograft model, M5A CAR-T cells showed  the most potent antitumor effect. These results suggest that appropriate affinity improves CAR-T cell function based on different types of CAR-T.

In summary, we screened and compared four CEA-targeting antibody-derived CAR-T cells. M5A CAR-T cells showed stable CAR expression, moderate affinity, moderate cytokine secretion, and superior antitumor ability in vivo and in vitro. Further clinical trials will be performed to test the clinical efficacy of these cells.





Data availability statement

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





Ethics statement

The animal study was reviewed and approved by Third military medical university(army medical university).





Author contributions

CQ and ZY designed the experiments. YH, XH, ZY, and WZ constructed the plasmid and packaged the virus. CZ and LW conducted the experiments. QZ, JS, MW, JC, YX, YQ, YL, and YO developed the methodologies. ZY, CZ, and LW analyzed the data and wrote the manuscript. All authors contributed to the article and approved the submitted version.





Funding

This study was supported by the National Natural Science Foundation of China (82127804) and the National Natural Science Foundation of China (81903157).




Acknowledgments

This work was supported by the National Natural Science Foundation of China (82127804) , the National Natural Science Foundation of China (81903157) , and Chongqing Precision Biotech Co., Ltd.





Conflict of interest

Authors LW, QZ, JS, XH, MW, YH, JC, YX, WZ, YQ, YL, and ZY, were employed by the company Chongqing Precision Biotech Co., Ltd. CQ is the chief scientist of this company.

The remaining 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.​





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1182409/full#supplementary-material




References

1. Porter, DL, Hwang, WT, Frey, NV, Lacey, SF, and Shaw, PA. Loren AW et al. chimeric antigen receptor T cells persist and induce sustained remissions in relapsed refractory chronic lymphocytic leukemia. Sci Trans Med (2015) 7(303):303ra139. doi: 10.1126/scitranslmed.aac5415

2. Maude, SL, Frey, N, Shaw, PA, Aplenc, R, Barrett, DM, Bunin, NJ, et al. Chimeric antigen receptor T cells for sustained remissions in leukemia. New Engl J Med (2014) 371(16):1507–17. doi: 10.1056/NEJMoa1407222

3. Katz, SC, Burga, RA, McCormack, E, Wang, LJ, Mooring, W, Point, GR, et al. Phase I hepatic immunotherapy for metastases study of intra-arterial chimeric antigen receptor-modified T-cell therapy for CEA+ liver metastases. Clin Cancer Res  Off J Am Assoc Cancer Res (2015) 21(14):3149–59. doi: 10.1158/1078-0432.CCR-14-1421

4. Ahmed, N, Brawley, VS, Hegde, M, Robertson, C, Ghazi, A, Gerken, C, et al. Human epidermal growth factor receptor 2 (HER2) -specific chimeric antigen receptor-modified T cells for the immunotherapy of HER2-positive sarcoma. J Clin Oncol Off J Am Soc Clin Oncol (2015) 33(15):1688–96. doi: 10.1200/JCO.2014.58.0225

5. Louis, CU, Savoldo, B, Dotti, G, Pule, M, Yvon, E, Myers, GD, et al. Antitumor activity and long-term fate of chimeric antigen receptor-positive T cells in patients with neuroblastoma. Blood (2011) 118(23):6050–6. doi: 10.1182/blood-2011-05-354449

6. Gold, P, and Freedman, SO. Demonstration of tumor-specific antigens in human colonic carcinomata by immunological tolerance and absorption techniques. J Exp Med (1965) 121:439–62. doi: 10.1084/jem.121.3.439

7. Hammarstrom, S. The carcinoembryonic antigen (CEA) family: structures, suggested functions and expression in normal and malignant tissues. Semin Cancer Biol (1999) 9(2):67–81. doi: 10.1006/scbi.1998.0119

8. Eker, B, Ozaslan, E, Karaca, H, Berk, V, Bozkurt, O, Inanc, M, et al. Factors affecting prognosis in metastatic colorectal cancer patients. Asian Pac J Cancer Prev (2015) 16(7):3015–21. doi: 10.7314/APJCP.2015.16.7.3015

9. Mansour, EG, Hastert, M, Park, CH, Koehler, KA, and Petrelli, M. Tissue and plasma carcinoembryonic antigen in early breast cancer. a prognostic factor. Cancer (1983) 51(7):1243–8. doi: 10.1002/1097-0142(19830401)51:7<1243::aid-cncr2820510712>3.0.co;2-a

10. van Manen, L, Groen, JV, Putter, H, Vahrmeijer, AL, Swijnenburg, RJ, Bonsing, BA, et al. Elevated CEA and CA19-9 serum levels independently predict advanced pancreatic cancer at diagnosis. Biomarkers (2020) 25(2):186–93. doi: 10.1080/1354750X.2020.1725786

11. Wu, LX, Li, XF, Chen, HF, Zhu, YC, Wang, WX, Xu, CW, et al. Combined detection of CEA and CA125 for the diagnosis for lung cancer: a meta-analysis. Cell Mol Biol (Noisy-le-grand) (2018) 64(15):67–70. doi: 10.14715/cmb/2017.64.15.11

12. Tang, S, Zhou, F, Sun, Y, Wei, L, Zhu, S, Yang, R, et al. CEA in breast ductal secretions as a promising biomarker for the diagnosis of breast cancer: a systematic review and meta-analysis. Breast Cancer (2016) 23(6):813–9. doi: 10.1007/s12282-016-0680-9

13. Arnaud, JP, Koehl, C, and Adloff, M. Carcinoembryonic antigen (CEA) in diagnosis and prognosis of colorectal carcinoma. Dis Colon Rectum (1980) 23(3):141–4. doi: 10.1007/BF02587615

14. Zhang, C, Wang, Z, Yang, Z, Wang, M, Li, S, Li, Y, et al. Phase I escalating-dose trial of CAR-T therapy targeting CEA(+) metastatic colorectal cancers. Mol Ther J Am Soc Gene Ther (2017) 25(5):1248–58. doi: 10.1016/j.ymthe.2017.03.010

15. Wang, L, Ma, N, Okamoto, S, Amaishi, Y, Sato, E, Seo, N, et al. Efficient tumor regression by adoptively transferred CEA-specific CAR-T cells associated with symptoms of mild cytokine release syndrome. Oncoimmunology (2016) 5(9):e1211218. doi: 10.1080/2162402X.2016.1211218

16. Katz, SC, Moody, AE, Guha, P, Hardaway, JC, Prince, E, LaPorte, J, et al. HITM-SURE: hepatic immunotherapy for metastases phase ib anti-CEA CAR-T study utilizing pressure enabled drug delivery. J Immunother Cancer (2020) 8(2):e001097. doi: 10.1136/jitc-2020-001097

17. Katz, SC, Hardaway, J, Prince, E, Guha, P, Cunetta, M, Moody, A, et al. HITM-SIR: phase ib trial of intraarterial chimeric antigen receptor T-cell therapy and selective internal radiation therapy for CEA(+) liver metastases. Cancer Gene Ther (2020) 27(5):341–55. doi: 10.1038/s41417-019-0104-z

18. Holzinger, A, and Abken, H. CAR T cells targeting solid tumors: carcinoembryonic antigen (CEA) proves to be a safe target. Cancer Immunol Immunother CII (2017) 66(11):1505–7. doi: 10.1007/s00262-017-2045-4

19. Chi, X, Yang, P, Zhang, E, Gu, J, Xu, H, Li, M, et al. Significantly increased anti-tumor activity of carcinoembryonic antigen-specific chimeric antigen receptor T cells in combination with recombinant human IL-12. Cancer Med (2019) 8(10):4753–65. doi: 10.1002/cam4.2361

20. Cha, SE, Kujawski M, P, Brown, C, and Shively, JE. Tumor regression and immunity in combination therapy with anti-CEA chimeric antigen receptor T cells and anti-CEA-IL2 immunocytokine. Oncoimmunology (2021) 10(1):1899469. doi: 10.1080/2162402X.2021.1899469

21. Morgan, RA, Yang, JC, Kitano, M, Dudley, ME, Laurencot, CM, and Rosenberg, SA. Case report of a serious adverse event following the administration of T cells transduced with a chimeric antigen receptor recognizing ERBB2. Mol Ther J Am Soc Gene Ther (2010) 18(4):843–51. doi: 10.1038/mt.2010.24

22. Lamers, CH, Sleijfer, S, van Steenbergen, S, van Elzakker, P, van Krimpen, B, Groot, C, et al. Treatment of metastatic renal cell carcinoma with CAIX CAR-engineered T cells: clinical evaluation and management of on-target toxicity. Mol Ther J Am Soc Gene Ther (2013) 21(4):904–12. doi: 10.1038/mt.2013.17

23. Nap, M, Mollgard, K, Burtin, P, and Fleuren, GJ. Immunohistochemistry of carcino-embryonic antigen in the embryo, fetus and adult. Tumour Biol J Int Soc Oncodevelopmental Biol Med (1988) 9(2-3):145–53. doi: 10.1159/000217555

24. Carter, P, Presta, L, Gorman, CM, Ridgway, JB, Henner, D, Wong, WL, et al. Humanization of an anti-p185HER2 antibody for human cancer therapy. Proc Natl Acad Sci United States America (1992) 89(10):4285–9. doi: 10.1073/pnas.89.10.4285

25. Liu, X, Jiang, S, Fang, C, Yang, S, Olalere, D, Pequignot, EC, et al. Affinity-tuned ErbB2 or EGFR chimeric antigen receptor T cells exhibit an increased therapeutic index against tumors in mice. Cancer Res (2015) 75(17):3596–607. doi: 10.1158/0008-5472.CAN-15-0159

26. Chmielewski, M, Hombach, A, Heuser, C, Adams, GP, and Abken, H. T Cell activation by antibody-like immunoreceptors: increase in affinity of the single-chain fragment domain above threshold does not increase T cell activation against antigen-positive target cells but decreases selectivity. J Immunol (2004) 173(12):7647–53. doi: 10.4049/jimmunol.173.12.7647

27. Lynn, RC, Feng, Y, Schutsky, K, Poussin, M, Kalota, A, Dimitrov, DS, et al. High-affinity FRbeta-specific CAR T cells eradicate AML and normal myeloid lineage without HSC toxicity. Leukemia (2016) 30(6):1355–64. doi: 10.1038/leu.2016.35

28. Hudecek, M, Lupo-Stanghellini, MT, Kosasih, PL, Sommermeyer, D, Jensen, MC, Rader, C, et al. Receptor affinity and extracellular domain modifications affect tumor recognition by ROR1-specific chimeric antigen receptor T cells. Clin Cancer Res  Off J Am Assoc Cancer Res (2013) 19(12):3153–64. doi: 10.1158/1078-0432.CCR-13-0330

29. Lamers, CH, Willemsen, R, van Elzakker, P, van Steenbergen-Langeveld, S, Broertjes, M, Oosterwijk-Wakka, J, et al. Immune responses to transgene and retroviral vector in patients treated with ex vivo-engineered T cells. Blood (2011) 117(1):72–82. doi: 10.1182/blood-2010-07-294520

30. Maus, MV, Haas, AR, Beatty, GL, Albelda, SM, Levine, BL, Liu, X, et al. T Cells expressing chimeric antigen receptors can cause anaphylaxis in humans. Cancer Immunol Res (2013) 1(1):26–31. doi: 10.1158/2326-6066.CIR-13-0006

31. Wu, Y, Jiang, S, and Ying, T. From therapeutic antibodies to chimeric antigen receptors (CARs): making better CARs based on antigen-binding domain. Expert Opin Biol Ther (2016) 16(12):1469–78. doi: 10.1080/14712598.2016.1235148

32. Heng, G, Jia, J, Li, S, Fu, G, Wang, M, Qin, D, et al. Sustained therapeutic efficacy of humanized anti-CD19 chimeric antigen receptor T cells in Relapsed/Refractory acute lymphoblastic leukemia. Clin Cancer Res  Off J Am Assoc Cancer Res (2020) 26(7):1606–15. doi: 10.1158/1078-0432.CCR-19-1339

33. Zhao, Y, Liu, Z, Wang, X, Wu, H, Zhang, J, Yang, J, et al. Treatment with humanized selective CD19CAR-T cells shows efficacy in highly treated b-ALL patients who have relapsed after receiving murine-based CD19CAR-T therapies. Clin Cancer Res  Off J Am Assoc Cancer Res (2019) 25(18):5595–607. doi: 10.1158/1078-0432.CCR-19-0916

34. Li, X, Liu, MJ, Mou, N, Yang, ZX, Wang, J, Mu, J, et al. Efficacy and safety of humanized CD19 CAR-T as a salvage therapy for recurrent CNSL of b-ALL following murine CD19 CAR-T cell therapy. Oncol Lett (2021) 22(5):788. doi: 10.3892/ol.2021.13049

35. Long, AH, Haso, WM, Shern, JF, Wanhainen, KM, Murgai, M, Ingaramo, M, et al. 4-1BB costimulation ameliorates T cell exhaustion induced by tonic signaling of chimeric antigen receptors. Nat Med (2015) 21(6):581–90. doi: 10.1038/nm.3838

36. Caruso, HG, Hurton, LV, Najjar, A, Rushworth, D, Ang, S, Olivares, S, et al. Tuning sensitivity of CAR to EGFR density limits recognition of normal tissue while maintaining potent antitumor activity. Cancer Res (2015) 75(17):3505–18. doi: 10.1158/0008-5472.CAN-15-0139

37. Wang, C, Shen, M, Gohain, N, Tolbert, WD, Chen, F, Zhang, N, et al. Design of a potent antibiotic peptide based on the active region of human defensin 5. J Med Chem (2015) 58(7):3083–93. doi: 10.1021/jm501824a

38. Hombach, AA, Schildgen, V, Heuser, C, Finnern, R, Gilham, DE, and Abken, H. T Cell activation by antibody-like immunoreceptors: the position of the binding epitope within the target molecule determines the efficiency of activation of redirected T cells. J Immunol (2007) 178(7):4650–7. doi: 10.4049/jimmunol.178.7.4650

39. You, YH, Hefta, LJ, Yazaki, PJ, Wu, AM, and Shively, JE. Expression, purification, and characterization of a two domain carcinoembryonic antigen minigene (N-A3) in pichia pastoris. the essential role of the n-domain. Anticancer Res (1998) 18(5A):3193–201.

40. Mayer, A, Tsiompanou, E, O'Malley, D, Boxer, GM, Bhatia, J, Flynn, AA, et al. Radioimmunoguided surgery in colorectal cancer using a genetically engineered anti-CEA single-chain fv antibody. Clin Cancer Res  Off J Am Assoc Cancer Res (2000) 6(5):1711–9.

41. Behr, TM, Salib, AL, Liersch, T, Behe, M, Angerstein, C, Blumenthal, RD, et al. Radioimmunotherapy of small volume disease of colorectal cancer metastatic to the liver: preclinical evaluation in comparison to standard chemotherapy and initial results of a phase I clinical study. Clin Cancer Res  Off J Am Assoc Cancer Res (1999) 5(10 Suppl):3232s–42s.

42. Akamatsu, Y, Murphy, JC, Nolan, KF, Thomas, P, Kreitman, RJ, Leung, SO, et al. A single-chain immunotoxin against carcinoembryonic antigen that suppresses growth of colorectal carcinoma cells. Clin Cancer Res  Off J Am Assoc Cancer Res (1998) 4(11):2825–32.

43. Wong, JYC, Chu, DZ, Yamauchi, DM, Williams, LE, Liu, A, Wilczynski, S, et al. A phase I radioimmunotherapy trial evaluating 90yttrium-labeled anti-carcinoembryonic antigen (CEA) chimeric T84.66 in patients with metastatic CEA-producing malignancies. Clin Cancer Res  Off J Am Assoc Cancer Res (2000) 6(10):3855–63.

44. Imakiire, T, Kuroki, M, Shibaguchi, H, Abe, H, Yamauchi, Y, Ueno, A, et al. Generation, immunologic characterization and antitumor effects of human monoclonal antibodies for carcinoembryonic antigen. Int J Cancer (2004) 108(4):564–70. doi: 10.1002/ijc.11608

45. Oriuchi, N, Watanabe, N, Kanda, H, Hashimoto, M, Sugiyama, S, Takenoshita, S, et al. Antibody-dependent difference in biodistribution of monoclonal antibodies in animal models and humans. Cancer Immunol Immunother CII (1998) 46(6):311–7. doi: 10.1007/s002620050492

46. Krokhotin, A, Du, H, Hirabayashi, K, Popov, K, Kurokawa, T, Wan, X, et al. Computationally guided design of single-chain variable fragment improves specificity of chimeric antigen receptors. Mol Ther Oncolytics (2019) 15:30–7. doi: 10.1016/j.omto.2019.08.008

47. Fujiwara, K, Masutani, M, Tachibana, M, and Okada, N. Impact of scFv structure in chimeric antigen receptor on receptor expression efficiency and antigen recognition properties. Biochem Biophys Res Commun (2020) 527(2):350–7. doi: 10.1016/j.bbrc.2020.03.071

48. Duan, Y, Chen, R, Huang, Y, Meng, X, Chen, J, Liao, C, et al. Tuning the ignition of CAR: optimizing the affinity of scFv to improve CAR-T therapy. Cell Mol Life Sci (2021) 79(1):14. doi: 10.1007/s00018-021-04089-x




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 © 2023 Zhang, Wang, Zhang, Shen, Huang, Wang, Huang, Chen, Xu, Zhao, Qi, Li, Ou, Yang and Qian. 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.




MINI REVIEW

published: 09 June 2023

doi: 10.3389/fimmu.2023.1194590

[image: image2]


Single-cell sequencing in primary intraocular tumors: understanding heterogeneity, the microenvironment, and drug resistance


Lin-feng He 1†, Pei Mou 1†, Chun-hui Yang 1†, Cheng Huang 2, Ya Shen 1*, Jin-di Zhang 1* and Rui-li Wei 1*


1 Department of Ophthalmology, Changzheng Hospital of Naval Medical University, Shanghai, China, 2 92882 Troops of the Chinese People’s Liberation Army, Qingdao, China




Edited by: 

Xi Cheng, Shanghai Jiao Tong University, China

Reviewed by: 

Jiang Qian, Fudan University, China

Fu Gui, Second Affiliated Hospital of Nanchang University, China

*Correspondence: 
Ya Shen
 1582026612@qq.com
 Jin-di Zhang
 158074443@qq.com 
Rui-li Wei
 ruiliwei@126.com


†These authors have contributed equally to this work and share first authorship



Received: 27 March 2023

Accepted: 02 May 2023

Published: 09 June 2023

Citation:
He L-f, Mou P, Yang C-h, Huang C, Shen Y, Zhang J-d and Wei R-l (2023) Single-cell sequencing in primary intraocular tumors: understanding heterogeneity, the microenvironment, and drug resistance. Front. Immunol. 14:1194590. doi: 10.3389/fimmu.2023.1194590



Retinoblastoma (RB) and uveal melanoma (UM) are the most common primary intraocular tumors in children and adults, respectively. Despite continued increases in the likelihood of salvaging the eyeball due to advancements in local tumor control, prognosis remains poor once metastasis has occurred. Traditional sequencing technology obtains averaged information from pooled clusters of diverse cells. In contrast, single-cell sequencing (SCS) allows for investigations of tumor biology at the resolution of the individual cell, providing insights into tumor heterogeneity, microenvironmental properties, and cellular genomic mutations. SCS is a powerful tool that can help identify new biomarkers for diagnosis and targeted therapy, which may in turn greatly improve tumor management. In this review, we focus on the application of SCS for evaluating heterogeneity, microenvironmental characteristics, and drug resistance in patients with RB and UM.
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1 Introduction

Retinoblastoma (RB) and uveal melanoma (UM) are primary intraocular tumors that mainly originate in the retina and uvea, severely impairing visual acuity and threatening patients’ lives (1, 2). Although rare, RB is the most common childhood intraocular tumor and tends to disseminate intracranially and distally. The survival outcomes of patients with RB differ substantially between different regions, with a survival rate of just 57.3% at 3 years in low-income countries, and tumor metastasis remains a major cause of death (3). Uveal melanoma (UM) is the most common intraocular tumor in adults, with a propensity to metastasize to the liver (50% of patients may develop metastases within 15 years) coupled with a high mortality rate (4). Meta-analyses have revealed that the median overall survival is 10.2 months for patients in whom metastasis has occurred, with an extremely poor curative rate (5). To date, enucleation, radiotherapy, and chemotherapy for metastatic intraocular tumors have not effectively improved prognosis among these patients (6). The exact mechanisms underlying the genesis and metastasis of intraocular tumors are not fully understood.

Tumor heterogeneity refers to the different phenotypic profiles and morphologies of distinct tumor cells, and the interaction between the tumor microenvironment (TME) and tumor cells has been shown to influence disease progression, drug resistance, tumor invasion, and prognosis (7). However, traditional bulk sequencing technology is performed using homogenized tissues, which can only provide overall information regarding the pooled cell population and cannot reveal the characteristics of cell heterogeneity. Unlike bulk sequencing, single-cell sequencing (SCS) strategies for genomic, epigenomic, transcriptomic, proteomic, and metabolomic analyses enable researchers to obtain accurate cellular and molecular information concerning individual cells. SCS strategies have revolutionized our understanding of the biological landscape and the dynamics of malignant diseases (8). Therefore, research performed at a single-cell resolution can provide greater insight into cell–cell communication and the heterogeneity of tumor cells. In this review, we summarize the recent progress in obtaining information on RB and UM via SCS, including insights into tumor genesis, heterogeneity, microenvironmental properties, and drug resistance.




2 Tumor heterogeneity

Cells in tumor tissues, which are characterized as diverse and functional diversity under different pathological conditions, are highly heterogeneous, which may influence the therapeutic response to targeted therapy and survival outcomes. The emergence of SCS technology has enabled researchers to evaluate the immense biological complexity of tumors. Liu et al. constructed a cancerous organoid model of RB using genetically engineered human embryonic stem cells with a biallelic mutation in the RB susceptibility gene RB1, which was highly consistent with primary RB tumorigenesis, transcriptomic characteristics, and genome-wide methylation (9). Single-cell RNA sequencing (scRNA-seq) analyses of the organoid model revealed four extra cell clusters when compared with human retinal organoids: RB cells, retinoma-like cells, unfolded protein response-related cells, and excessive cone precursors. The cone precursors expressed several cone precursor markers, such as ARR3 and RXRG, suggesting a potential cellular origin for RB. Further investigation using single-cell pseudo-time trajectory analysis confirmed that the maturing cone precursor was the cellular origin of RB in cancerous organoids. Notably, the PI3K-AKT pathway, a key cancer-related signaling pathway in RB tumorigenesis, is dysregulated and its activator, spleen tyrosine kinase (SYK), is significantly upregulated in retinal organoids, which could be the basis for the development of potential drugs targeting SYK (9). Collin et al. performed the first scRNA-seq and single-cell assay for transposase-accessible chromatin sequencing (scATAC-Seq) of primary RB samples from patients (10). A total of 8,086 cells from the two samples were sorted into 18 cell clusters, five of which (i.e., clusters 2, 8, 11, 12, and 14) were in the G2/M phase, and 13 of which (i.e., clusters 0–9, 11, 12, and 14) were identified as cone precursors. The researchers then performed a pseudo-time analysis of cone clusters and suggested that G2/M cone precursors (i.e., clusters 2, 8, 12, and 14) were the cellular origin of RB, corroborating the findings mentioned above. To further explore the molecular mechanisms that cause cone proliferation during the development of the human retina, researchers performed scRNA-Seq and scATAC-Seq of nine retinal samples and two RB samples. Two RB tumor-specific cone subclusters were identified, and each subcluster was characterized by the activation of individual upstream regulators and signaling pathways, leading to the dysregulation of p21 and p53 which further enabled the escape from apoptosis and cell cycle arrest. The authors also proposed that cellular apoptosis is mediated by p53 as the final compromised event in the two subclusters. These findings not only demonstrate tumor heterogeneity in RB, but also provide insight into the potential molecular pathways that could be targeted in the treatment of RB.

Yang et al. sorted 14,739 cells from two RB tumor samples into 10 clusters based on single-cell transcriptomic profiles, observing that the major cell types were cone precursors and RB cells (11). An analysis of the specific developmental trajectory of the RB revealed two subtypes of cone precursors (i.e., clusters 7 and 8) at branch point 2, with RB cells present after two branches. The cell trajectory was separated into five states based on the branches. State 3 launched the delamination of the RB, and state 5 was characterized by the high level of expression of cell cycle-related genes and a gradual shift in the malignancy process. In addition, UBE2C, which is abundant in state 5 of RB cell cluster 5, plays a crucial role in RB progression and represents a potential therapeutic target.

Tumor heterogeneity can also be examined from another perspective, focusing on the diversity of the expression and function of tumor subsets. To gain an insight into the intratumoral heterogeneity of RB, a previous group analyzed the single-cell transcriptome and whole exome of patients with RB (12). The authors noted that the principal cell types in RB were cone precursor-like (CP-like) cells and MKI67+ cone precursor (MKI67+ CP) cells, with a few cells maintaining the features of normal retinal photoreceptor cells. Their analysis of RB phenotypes identified the C7 and C10 subtypes of MKI67+ CP cells as more malignant, whereas CP-like cells were thought to reflect a transitional state between normal cells and MKI67+ CP cells. RB samples presented large clonal heterogeneity and the malignant MKI67+ CP cells exhibited greater changes in copy number. Importantly, both tumorigenic cell subpopulations and normal cells were present in RB, and the degree of malignancy in the tumorigenic cell subpopulations varied, which fully supports the intratumoral heterogeneity of RB.

UM is a highly heterogeneous malignant tumor. By performing clustering analysis on six freshly collected primary UM tumor samples, Pandiani et al. found that most cells could be grouped by tumor of origin, supporting the notion of intertumoral heterogeneity (13). Furthermore, unbiased clustering produced 12 clusters; among them, clusters 2, 4, 7, 8, and 10 were related to poor prognosis. Using single-cell regulatory network inference and clustering technology, they found that clustered regulons (RELB, HES6, HSF1, and MYC) are associated with a poor prognosis. Depletion of HES6 (an enhancer of split family basic helix–loop–helix transcription factor 6) has also been shown to weaken disseminative, migratory, and proliferative abilities both in vitro and in vivo in primary UM. Furthermore, Sun et al. integrated the scRNA-seq dataset from 33 samples (19 patients with primary UM, three patients with metastatic UM, and 11 healthy controls); up to 222,075 cells were classified into 12 clusters, and the UM samples mainly consisted of melanocytes, B cells, T cells, and macrophages (14). Melanocytic carcinogenesis was also accompanied by immune cell infiltration. Researchers have further explored the low immune response in UM, revealing a reduction in the expression of the secreted phosphoprotein 1 signaling pathway gene in melanocytes, which leads to inadequate immune stimulation. In addition, the expression of the major histocompatibility complex class I pathway is increased in T cells, B cells, and macrophages, indicating immune dysfunction in the microenvironment.

Using SCS data from 17 patients with UM, researchers clustered 52,228 cells into 10 clusters (15). Among clusters 1, 3, 5, and 6, a high proportion of metastatic cells was observed. Cluster 5 revealed the most significant differences between primary and metastatic UM, with a high level of expression of GZMB, GPR183, and AREG, which are related to the immune response. In addition, cells in cluster 5 communicated frequently with other cells via the IL10, SELPLG, EPHB, and ITGB2 signaling pathways, which may predict survival outcomes. A previous study analyzed the genomic profiles of two metastatic liver nodules, WL02 and WL03, in a patient with UM (16). Both samples were infiltrated by a high number of hepatic stellates and immune cells. Hepatic stellate and endothelial cells were abundant in WL02, whereas WL03 was enriched with T cells. Tumor cells in WL02 displayed a migratory tendency, with the enrichment of epithelial–mesenchymal transition, myogenesis, coagulation, and hypoxia genes, most of which were in an active proliferative state. These data demonstrate the complexity of UM liver metastases and highlight the importance of a precise assessment of heterogeneity when selecting the most suitable individual therapy for UM.




3 Tumor microenvironment

The TME consists of heterogeneous cells, including tumor cells and the surrounding non-neoplastic cells, such as immune, vascular, and fibroblast cell types. The interaction between tumor cells and their surrounding TME is related to the treatment response and prognosis in patients with malignancies (17). Previous studies have reported the existence of stromal cells in the TME of RB, specifically, retinal astrocytes that stimulate the proliferation of cone-like RB cells and macrophages that enhance RB progression (18–20). However, the molecular interactions between the TME and RB tumor cells are not yet fully understood. Wu et al. used SCS to study the effect of tumor and immune cells on the progression of RB (12). They found that the TME in RB consists of astrocyte-like tumor-associated macrophages (TAMs) and cancer-associated fibroblasts. During the tumor invasion process, the proportion of TAMs is reduced and M1-type macrophages are lost, which acts to suppress TAM-related immune functions and create an immunosuppressive microenvironment. TAMs self-regulate via the inhibition of the CCL and GALECTIN signaling pathways, while regulating tumor cells via the GRN and MIF signaling pathways. These findings provide new molecular insights into the TME of RB.

Accumulating evidence regarding the immune microenvironment has increased attention on pyroptosis, ferroptosis, and necroptosis as potential approaches for tumor management. Xie et al. integrated the SCS datasets of 11 UM samples and sorted the cells into low- and high-necroptosis groups according to the number of necroptosis genes in the individual cells (21). Using comprehensive bioinformatic technologies, they constructed the first necroptosis-associated prognostic model for UM. The high-necroptosis group exhibited stronger immune cell infiltration, including infiltration by M2 macrophages and T cells. Although a high necroptosis score is associated with poor prognosis, evidence to date regarding the value of certain immune checkpoint inhibitors for increasing therapeutic efficacy has been encouraging. Zhang et al. constructed a hypoxia-related prognostic model by integrating scRNA-seq and RNA-seq data (22). They depicted differences in the immune landscape of patients with UM between high- and low-risk groups. Their analyses revealed that follicular helper T cells, CD8+ T cells, activated natural killer (NK) cells, and gamma and delta T cells were significantly increased in high-risk groups, whereas naive B cells, memory resting CD4 T cells, resting mast cells, activated mast cells, resting NK cells, and monocytes were significantly increased in low-risk groups. Another study devised a prognostic model based on immune-related genes, including S100A13, MMP9, and SEMA3B, in which patients were divided into two groups (23). The TME landscape differed significantly between the two groups: antigen-presenting cells and dendritic cells were enriched in the high-risk group, whereas macrophage cells were more abundant in the low-risk group. Functional analysis revealed that knockdown of S100A13 inhibited UM cell migration and proliferation, with an increase in reactive oxygen species-associated markers, whereas the reactive oxygen species pathway was most abundant in NK cells and platelet cells. These findings may help researchers identify new and efficient targets for immunotherapy.

BRCA1-associated protein 1 (BAP1) may be mutated in UM, leading to metastasis and a poor prognosis. Mutations in BAP1 have been identified in more than 80% of UM cases, and approximately 28% of patients with germline BAP1 alterations are diagnosed with UM, usually leading to metastasis within 5 years (24). Kaler et al. analyzed scRNA-seq data from 11 UM tumor samples and confirmed that BAP1 loss can lead to an increase in PROS1 expression in class 2 UM (characterized by poor prognosis and high metastatic risk) cells while increasing MERTK expression in CD163+ macrophages (25). This in turn stimulates macrophages into an anti-inflammatory M2-polarized state, following which M2-polarized macrophages secrete cytokines that suppress T cells and other types of immune cell. Ultimately, this generates an immunosuppressive microenvironment in UM tissue, which may be associated with therapeutic resistance to tebentafusp. Similarly, Figueiredo et al. found that the loss of BAP1 was related to suppressive immune responses, and that some genes containing CD38, CD74, and HLA-DR established an immunosuppressive axis following the loss of BAP1 (26). Single-cell analysis of five primary UM samples verified this hypothesis and revealed that infiltrating immune cells, including tumor-associated macrophages and regulatory CD8+ T lymphocytes, play a crucial role in generating the immunosuppressive TME in UM. Baqai et al. demonstrated that BAP1 loss in UM is associated with the upregulated expression of cell adhesion molecules (CADMs), such as E-cadherin, CADM1, and syndecan-2 (27). Comparing scRNA-seq data for BAP1 from wild and mutant type UM samples, researchers also reported that the upregulation of CADMS predominantly occurs in UM tumor cells. Interestingly, in the scRNA-seq data, two samples had cells that frequently expressed CADM1; however, not all BAP1 mutant cells exhibited increased levels of E-cadherin or CADM1. These findings provide new insights into the role of BAP1 in the development of UM.




4 Drug resistance

Chemotherapy is an important supplementary treatment for eye protection in patients with RB or UM, and slowing the emergence of chemical resistance remains the top treatment priority. Tumor heterogeneity is the main cause of tumor metastasis and drug resistance. Long-term and extensive use of chemotherapy drugs promotes tumor invasion and metastasis, which can occur easily in drug-resistant cells (28). Carboplatin is widely used to treat RB. A previous study explored the mechanisms of early resistance to carboplatin, which may derive from transcriptomic rearrangement via the PI3K/AKT signaling pathway, including metabolic adaption and the increase in transcription of the ABCB1 transporter, instead of deriving from a minority of chemoresistant stem cells  (29). Their results provide powerful evidence that can aid the development of pharmacological inhibitors, such as ABCB1 transporter inhibitors, which can mitigate the emergence of drug resistance.

Using SCS technology, researchers have demonstrated that human melanoma cells are characterized by transcriptional variability. Such variability manifests as the infrequent and semi-coordinated transcription of drug resistance markers at a high level in some cells, which may aid in predicting which cells will develop drug resistance. These cells undergo epigenetic reprogramming after treatment with drugs and gradually develop a stable drug-resistant state (30). Rambow et al. demonstrated that the enrichment of neural crest stem cells, which are key drivers of drug resistance, in minimal residual disease in melanoma is mainly caused by de novo phenotypic transitions through transcriptional reprogramming, rather than by the enrichment of uncommon pre-existing cells (31).

Immune checkpoint inhibitor therapy has shown excellent efficacy for tumor treatment; nonetheless, recent studies have shown that  programmed cell death protein 1 (PD1) and cytotoxic T lymphocyte-associated antigen-4 (CTLA4) blockades for the treatment of metastatic UM are ineffective  (32). Using scRNA-seq V(D)J analysis, Durante et al. revealed clonally expanded T cells and/or plasma cells in tumor samples, indicating that tumor-infiltrating immune cells can mount a response and suggesting that poor tumor mutation may not be the only reason for the poor response of UM to checkpoint inhibitors (33). They also found that tumor-infiltrating immune cells in UM samples contained CD8+ T cells, which had not been previously recognized, and that they mainly expressed the checkpoint marker LAG3 rather than PD1 or CTLA4. LAG3, a soluble lymphocyte activation gene 3 protein, is an immune checkpoint inhibitor with a strong synergistic effect with PD-1 and may be a promising cancer treatment in the future (34). A previous study also noted that the combination of LAG-3 and PD-1 contributed to meaningful antidrug resistance and antitumor activity in metastatic UM; however, further clinical research is needed (35).




5 Conclusion and discussion

Owing to tremendous advancements in our understanding of RB and UM, strategies for local tumor control and the probability of salvaging the eyeball have vastly improved. However, metastasis remains common, representing a significant barrier to good prognosis (36). The TME affects genesis, progression, metastasis, and response to treatment and has been deemed a therapeutic target in various forms of malignancy. Cancer is a dynamically evolving disease, and tumor cells generally become spatially and temporally heterogeneous, which may be a major obstacle to treatment (37). SCS studies have provided new insights into the inherent complexity of RB and UM as well as their TMEs, which paves the way for early screening, personalized treatment strategies, and survival outcome prediction.

Tissue biopsy is the gold standard for establishing a diagnosis of cancer; however, tissue biopsy of intraocular malignancy is difficult and may increase the risk of extraocular dissemination. Liquid biopsy—a convenient, safe, and repeatable biopsy technology—is increasingly used to detect, analyze, and monitor various types of cancer, including RB and UM (38–40). Recent studies have demonstrated that the aqueous humor can be safely sampled during RB management, and analyses of tumor-derived cell-free DNA and DNA methylation in the aqueous humor can provide insights into the characteristics of RB (41–44). In previous studies, circulating tumor DNA in blood specimens and the aqueous humor as well as soluble human leukocyte antigen and angiopoietin 2 in the aqueous humor were identified as potential prognostic factors for UM (45–48). Researchers have also used SCS technology to study circulating cells in the cerebrospinal fluid, providing a new insight into the diagnosis and therapy of neurologic diseases (49). The combination of SCS and liquid biopsy may represent a new approach for the detection, monitoring, and evaluation of the risk of metastasis in RB and UM.

Despite the advantages of SCS, it has several limitations for the management of intraocular malignancies. First, a sufficient quantity of cells must be sampled to ensure that all cell types can be labeled. However, obtaining intraocular tumor tissue is more difficult than obtaining tissue from solid tumors at other anatomical sites, and there are often insufficient cells in aqueous humor samples. Second, the obtaining and storing of samples requires further refinement to reduce cellular injury. Third, although the cost of analysis per cell has been reduced to an acceptable level using the current system, the comprehensive sequencing price is extremely high for thousands of cell types in a sample, hindering its broad application in tumor research. Finally, SCS may provide a large amount of information, and to better understand the results and fully quantify biological variations, more advanced and convenient computational strategies are required.

In summary, SCS has provided a promising future for studying tumor heterogeneity and the TME, knowledge of which is crucial for improving our diagnostic methods, biomarkers, therapeutic strategies, and methods of predicting prognosis. The broad use of SCS may improve knowledge regarding intraocular tumors and promote the development of individual therapeutic regimens to prevent tumor metastasis and relapse while improving survival outcomes.
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Type of Species  Cell Infil- Lineages Key finding Sequencing  Reference
Sample tration represented Technology
CRC tissues and =~ Human Tumor tissues: | Epithelia, « An overall increase in myeloid cells and an overall decrease 10X Chromium (12)
nonmalignant « SPP1 + immune in B cells were observed in tumor tissue compared to normal
colon tissues macrophages tissue.
« Th17 cells « Human colon cancer cells have a multilineage
« Treg cells differentiation process of normal colonic epithelial cells.
«CD8 +T « Myofibroblasts stimulate tumor growth through extensive
cells tissue remodeling and support cancer stem cell survival
. through Wt signaling.
Myofibroblasts « The marked expansion of SPP1 + macrophages may play a
« IgG+ plasma central role in immunosuppression and tumor progression
cells through osteopontin, and patients with high levels of SPP
Normal 1 + expression have a poor prognosis.
mucosa: « T cell subtypes are evenly distributed in normal and tumor
« 18T cells tissues: Th17 and Treg cells are mainly distributed in tumor
« Matrix tissues, and Y8T cells are abundant in normal mucosa.
fibroblasts
+CD4+T
cells
« IgA+ plasma
cells
Paired cancer Human « The observation of molecular phenotypic diversity, WES, WGS, (13)
and including PTPRK-RSPO3 fusions. 10X Chromium
normal « Discovery of the similarity between RSPO fusion-like
organoids from organs and normal-like organs, with high BMP2 and low
microsatellite- PTK?7 expression.
stable EOCRC
patients
Tumor PDOs Human « Discovery of the heterogeneity of copy number alterations scKaryo-seq (14)
in tumor PDOs.
« Chromosomal instability and karyotype evolution persist in
human colon cancer carcinoids.
Fresh normal Human Definition of Epithelia, « Definiton of patient-overarching colorectal cancer cell 10X Chromium (15)
colon and six immune clusters characterized by differential activities of oncogenic
colorectal transcriptome- signaling pathways such as mitogen-activated protein kinase
cancer tissues. based states of and oncogenic traits such as replication stress.
CRC cells: « CRC cell development trajectories follow the MAPK
« Stem/TA- pathway in tumor organoids.
like « The targeting of EGFR-BRAF-MEK in tumor organoids
« Goblet cell- depends on acquired KRAS/BRAF mutations and induced
like cellular plasticity rather than the default developmental
« TC1-4 trajectory that affects signal transduction and gene
Be found in expression.
colorectal
polyp and
cancer cell:
« Stem/TA-
like
TC1-4
CRC tissues and ~ Human « CRC cells carry several times more somatic mutations than  single-cell (16)
adjacent normal normal colorectal cells, which is more likely acquired during ~ genome
intestinal crypts the final dominant clonal expansion of the cancer. sequencing,
« Genetic diversification of each cancer is accompanied by WGS
pervasive, stable and inherited differences in the biological
states of individual cancer cells.
Lung cancer, Human « B cells Endothelia, « T cells are the most common cell type found in tumor 10X Chromium 17)
CRC, ovary « Treg cells immune tissue. CITE-seq
cancer and « CD8+ T « Tissue specificity of endothelial cells is restricted to normal
breast cancer cells tissue.
tissues CD4+ T cells « Fibroblasts are a cell type shared by a variety of tissues,
showing the highest cancer type specificity.
« Colon-specific subsets mainly exist in normal tissue.
« Dendritic cells and T cells present low -tissue-specific.
« B cells, except plasma cells in mucosa-rich normal colon,
all other tumors are rich in B cells.
« In myeloid cells, other myeloid cell subsets exist in all
cancer types, except for the resident alveolar macrophages.
CRC tissues, Human CRLM: Immune « Further developed scMetabolism, a computational pipeline 10X Chromium (18)
Liver metastasis ~ Mouse « CD8+ T to quantify single-cell metabolism, and observed that these
tissues and cells macrophages have enhanced metabolic activity.
adjacent tissues « CD4+ T « Provided a single-cell and spatial map of colorectal liver
cells metastases and identified highly metabolically activated MRC
« NK cells 1+ CCL 18 + m2-like macrophages at the metastatic site.
« B cells « Efficient neoadjuvant chemotherapy can slow the metabolic
Liver activation, increasing the possibility of targeting metabolic
Metastasis: pathways in metastasis.
« SPP1+
macrophages
+« MRCl1+
macrophages
+ CCL18+
macrophages
CRC tissues and =~ Human « Tumor Immune « CXCLI13 + T cells may perform similar functions in 10X Chromium (19)
adjacent normal tissues: microsatellite unstable (MSI) tumors and are associated with
tissues « CTLA4+ a high response rate to checkpoint blockade.
Tregs « Discovery of reduction of antigen presentation and anti-
« CTLA4- tumor immunity of CD40 + and CD27 + cells in tumors.
Tregs « Communication between non-immune cells and immune
«Th 1/Th 17 cells expanded significantly in the tumor.
cells with high
CXCL13
expression
Macrophages
Adjacent
normal
tissues:
« Naive T cells
(CD8-TCF 7
and CD4-CCR
7
« Tex cells
(CD8-
HAVCR2)
CRC tissues and ~ Human « B cells(early Immune « B cells in early CRC tumors are predominantly pre-B-like Smart-seq2 (20)
liver metastasis tumor) cells with tumor suppression capacity, whereas B cells in DNBelab C4
« Plasma cells advanced CRC tumors develop as plasma cells.
(advanced « The interaction between CCL 8 + cycling B cells and CCR
tumor): 5+ T cells may play an antitumor role in advanced CRC.
IgA+IGLC2+ « T-cell anti-tumor responses are activated in CRC tumors,
plasma cells and in the tumor microenvironment, T-cell responses are
attenuated by myeloid cells.
CRC tissues and =~ Human + CD8+ Tem Immune, « Together, the tumor microenvironment and TCR affected Smart-seq2 (1)
adjacent normal cells endothelia the transformation of tumor-infiltrating CD8 effector
tissues « Tex cells memory T cells to exhausted T cells and effector T cells.
« Effector T « Among CRC patients, MSI/dMMR patients showed a
cells significantly better therapeutic response to immune
« Th17 cells checkpoint inhibitors than did MSS patients.
« Thl-like « Intraepithelial lymphocytes and Th 17 cells were more
cells with high enriched in CRC patients than in liver and lung cancer.
expression of
CXCL13
Intraepithelial
lymphocytes
(CD160+)
CRC tissues, Human « CD8+T cells = Immune « The CD8+ Texs are malignancy-related and TCR- Smart-seq2 (22)
liver metastasis a. IEL dependent.
tissues, blood b. Tex « Primary CRC tumors with Liv.Mets may exhibit a stronger
and adjacent c. MAIT immunosuppressive niche compared to non-metastatic CRC
normal tissues « CD4+T cells tumors.
a. Th17 « SPP1+ is mainly found in Liv.Mets as well as the potent
b. Thi-like phagocytosis of CIQC+ and may play an important role in
c. IL10+ tumor metastasis.
Treg « Proinflammatory DC3 is phenotypically formed by cancer
d. CTLA4+ cells in the CRLM.
Treg
Macrophages
a. FCNI1+
RTM
b. C1QC+
TAM
c. NLRP3+
RTM
d. PLTP+
RTM
e. CXCLI2+
RTM
f. MKI67+
TAM
g SPPL+
TAM
+ DCs
a. LAMP3+
cDC
b. CDIC+
cDC2
c. DC3
d. FCNI1+
cDC2
e. TIMP1+
cDC2
CRC tissues Human « Treg cells Immune « Intratumoral Tregs are characterized by low activity of the Smart-seq2 (23)
Mouse « CD8+ T MondoA-thiokycin interacting protein (TXNIP) axis and
cells increased glucose uptake.
« Inhibition of the MondoA-TXNIP axis promotes glucose
uptake and glycolysis, inducing Th 17-like Tregs with high
glycolysis, thereby promoting Th 17 inflammation,
promoting interleukin 17A-induced CD8+ T cell exhaustion,
and driving colorectal cancer.
« IL-17A blockers can be coordinated with PD-1 inhibitors
in treating AOM-DSS-induced colorectal cancer.
CRC tissues and =~ Human + CIQC+ Immune, « C1QC+ TAM interacts with a variety of T cells and plays Smart-seq2 (24)
adjacent normal ~ Mouse TAMs mesenchyme the function of cell phagocytosis and antigen presentation.
tissues « SPP1+ « SPP1+ TAM mainly interacts with fibroblasts to play the
TAMs function of promoting angiogenesis and promoting tumor
« Tem cells metastasis.
« Trm cells « The anti-CSFIR blocking antibody affects the proliferation
« DCs of macrophages during the cell cycle, specifically deleting a
« Bhlhed0+ percentage of macrophages with C1QC+ TAM features, but
TH1-like cells not on macrophages with SPP1+ TAM features.
« CD8+ Tm + 0. CD40 agonists can exert their immunotherapeutic effects
cells by activating DC cells, promoting Bhlhe40 + Th 1 cells,
enhancing the migration ability of Tem cells between lymph
nodes and tumors and the conversion ability between Tem
cells and Trm cell groups.
CRC tissues Human . ILCls Immune « ILCls express inhibitory receptors and undergo inhibitory 10X Chromium (25)
Mouse « ILC2s(ILC2- functional turnover in late CRC.
A, ILC2-B, « ILC2-C can promote tumor progression. HS3ST1 and PD1
ILC2-C) are highly expressed in ILC2 in advanced CRC tumors, and
« ILC3s lack of HS3ST1 or PD1 in ILC2s inhibited tumor growth.
« ILCregs « ILC3s transdifferentiate into ILCregs during CRC
progression, and ILCregs promotes tumor growth.
CRC tissues Human + CSCs Epithelia, Stem « Rare CSCs in CRCs exist in a dormant state and possess 10X Chromium (26)
cells high stemness and high WNT, TGF- and YAP/HIPPO Smart-seq2

signaling and are able to maintain short telomeres without
cell proliferation.
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Metrics Model 1 Model 2 Model 3

C-index (95%CI) 0.763 (0.690-0.836) 0.764 (0.686-0.842) 0.809 (0.733-0.885)
AUC ‘
| 6 months | 0.788 0.786 0.822
12 months 0.736 0.735 0.786
18 months 0.710 0.710 0.769
IBS 0.156 0.157 0.145
Brier score
6 months 0.063 0.062 0.054
12 months 0.108 0.109 0.104
18 months 0.131 0.133 0.121

*model 1 (clinical variables only, including sex, age, BMI, smoking status, diabetes and stage), model 2 (clinical variables + CA19-9), model 3 (model 1 + soluble immune subtypes).
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Model 1 Model 2 Model 3

Variables
HR (95% Cl) HR (95% Cl) HR (95% Cl)
Age
<65 1 (reference) 1 (reference) 1 (reference)
>=65 2.00 (0.85-4.71) 220 (0.91-5.36) 1.50 (0.62-3.63)
Sex
Female 1 (reference) 1 (reference) 1 (reference)
Male 0.47 (0.10-2.14) 0.44 (0.09-2.04) 0.54 (0.11-2.58)
BMI
<25 1 (reference) 1 (reference) 1 (reference)
>=25 1.40 (0.62-3.17) 1.54 (0.66-3.59) 1.91 (0.79-4.64)
Diabetes
No 1 (reference) 1 (reference) 1 (reference)
Yes 1.62 (0.72-3.62) 1.60 (0.72-3.56) 1.69 (0.77-3.70)
Smoking
No 1 (reference) 1 (reference) 1 (reference)
Yes 1.67 (0.36-7.76) 1.84 (0.39-8.69) 1.54 (0.32-7.34)
Stage
Resectable 1 (reference) 1 (reference) 1 (reference)
Locally advanced 5.12 (1.87-13.99) 5.10 (1.86-14.00) 4.30 (1.50-12.29)
Metastatic 6.24 (2.37-16.42) 6.87 (2.52-18.70) 8.84 (3.10-25.14)
CA19-9 ‘
Normal - 1 (reference) -
Elevated - 1.47 (0.55-3.94) -
Subtype ‘
Soluble immune-low - - 1 (reference)
Soluble immune-high - - 3.46 (1.47-8.12)

Modell: epidemiology variables, Model 2: epidemiology variables + CA19-9, Model 3: epidemiology variables + immune subtype.
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Controls (n Cases (n=70)

Markers

Median (IQR) pg/ml Median (IQR) pg/ml
BTLA 508.53 (306.86-748.43) 642.74 (409.05-1009.30) 0.02 0.04
CD27 103.02 (60.39-177.17) 127.48 (49.39-358.83) 0.13 0.19
CD28 32.47 (29.67-52.20) : 54.84 (32.47-125.98) 4.20E-04 5.04E-03
CD80 129.39 (78.23-239.56) ‘ 13173 (53.42-356.89) 054 059
CD137 40.82 (28.77-63.13) 68.61 (36.58-124.93) 4.72E-03 1.42E-02
CTLA-4 20.00 (14.83-25.30) 27.23 (13.09-47.52) 0.09 0.15
HVEM® 15.01 (15.01-15.01) 15.01 (15.01-15.01) = =
GITR 21.48 (13.01-34.03) 33.69 (21.21-51.01) 2.90E-03 1.16E-02
DO 23.73 (14.43-31.44) 24.28 (16.08-47.82) 0.19 023
LAG-3 15.11 (11.02-22.24) 22.33 (14.68-37.26) 1.61E-03 9.66E-03
PD-1 5149 (31.25-80.63) 55.86 (33.60-110.77) v 0.18 023
PD-LI* 349 (3.49-3.49) 349 (3.49-3.49) = -
PD-L2 2990.45 (2044.44-3643.34) 2849.28 (2051.36-5299.90) 0.61 0.61
TIM-3 622.85 (460.61-923.06) 807.28 (435.30-1520.76) 0.06 0.12

“Soluble HVEM and PD-L1 were not included in the subsequent analysis for most measurements below the LLOQ.
PEDR-correction was applied.
The bold values means significant p value.
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Cell Type Accession Samples# Marker

Gene#

CRC cells GSE11618, GSE13059, GSE110425, GSE14103, GSE16648, GSE122985, GSE18560, GSE24795, GSE115716, GSE35566, 687 -

GSE55624, GSE59196, GSE63252, GSE112282, GSE50841, GSE116528, GSE90085, GSE59883, GSE59857, GSE116529,

GSE75205, GSE106073, GSE72544, GSE50791, GSE119197, GSE120993
B cells GSE24736, GSE19599, GSE12366, GSE49910, GSE120367, GSE75007 218 422
CD4+ T cells GSE11292, GSE36769, GSE32959, GSE50175, GSE103527, GSE71956 230 885
CD8+ T cells GSE84251, GSE93683, GSE98640, GSE84331, GSE71956 126 807
NK cells GSE27838, GSE8059, GSE21774, GSE35330, GSE75091 93 256
Macrophages GSE102117, GSE100129, GSE7568, GSE16385, GSE13670, GSE24897 136 364
Monocytes GSE38351, GSE39840, GSE35683, GSE6054, GSE60199, GSE98480 125 331
DCs GSE7509, GSE10316, GSE23618, GSE23371, GSE87494, GSE85305 92 245
Neutrophils GSE22103, GSE39889, GSE8668, GSE18810, GSE70044 182 225

# number: CRC, colorectal cancer: NK cells, natural killer cells: DCs, dendiritic cells.
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Characteristics

Age
<40
40-59
60+

Menopausal status
Pre
Post

Tumor stage
T2
T3
T4

Node status
+

TILs
<50%

250%

Ki-67 expression
<20%
220%

Serum SDF-1 (pg/ml)
<200.0
200-299.9
300-399.9
400-499.9
2500

CXCR4 expression
Negative

Positive

Number of patients (%) Number of pCR (%) Chi-Square P value

60 (19.8)
194 (64.0)
49 (16.2)

159 (52.5)
144 (47.5)

150 (49.5)
100 (33.0)
53 (17.5)

52 (17.2)
251 (82.8)

170 (56.1)
133 (43.9)

107 (35.3)
196 (64.7)

68 (22.4)
55 (18.2)
69 (22.8)
51 (16.8)
60 (19.8)

117 (38.6)
186 (61.4)

23(38.3)
66 (34.0)
14 (28.6)

55 (34.6)
48 (33.3)

62 (41.3)
28 (28.0)
13 (24.5)

18 (34.6)
85(33.9)

41 (24.1)
62 (46.6)

22 (20.6)
81 (41.3)

36 (52.9)
23 (41.8)
19 (27.5)
3(25.5)
2 (20)

43 (36.8)
60 (32.3)

0.564

0.817

0.026

0917

<0.001

<0.001

<0.001

0.421

Multivariate P value

0.034

<0.001

0.001

0.005

Exp. OR (95%CI)

Ref.
0.510 (0.275-0.947)
0.449 (0.210-0.962)

Ref.
4.607 (1.530-4.442)

Ref.
2.618 (1.456-4.707)

Ref.
0.515 (0.233-1.136)
0.304 (0.142-0.650)
0.318 (0.136-0.743)
0.264 (0.114-0.609)

pCR, pathological complete response; OR, odds ratio; CI, confidence interval; TILs, tumor-infiltrating lymphocytes; SDF-1, stromal cell-derived factor-1; Ref., reference.
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Factors

Age
<40 vs. 40-60 vs.>60
Menopausal status
Pre vs. Post
Initial tumor status
T2 vs. T3 vs. T4
Residual tumor size

<2cm vs. 2-5cm vs. >5cm

Residual involved nodes

0vs. 1-3 vs. 24

Vascular invasion
Negative vs. Positive

Grade
I-Ivs. III

Ki-67
<20% vs.220%

Serum SDF-1 at baseline
Low vs. High

Serum SDF-1 at surgery
Low vs. High

CXCR4 at baseline
- Vs

CXCR4 at surgery
- Vs +

TILs at baseline
Low vs. High

TILs at surgery
Low vs. High

Univariate

P

0.448

0.350

0.163

<0.001

<0.001

0.981

0.051

<0.001

0.046

<0.001

0.111

0.188

0.218

<0.001

Disease-free survival

0.018

<0.001

0.203

0.559

0.011

0.012

HR, hazard ratio; CI, confidence interval; SDF-1, stromal cell-derived factor-1; TILs, tumor-infiltrating lymphocytes; Ref., reference.

Multivariate

HR (95% CI)

Ref.
0.802 (0.419-1.535)
1.774 (0.993-3.168)

Ref.
0.862 (0.397-1.870)
2.685 (1.387-5.196)

Ref.
1.980 (1.170-3.350)

Ref
0.487 (0.278-0.855)
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Cancer Type  HRassociated Reference Intra-tumoral CD8+ T cells Intra-tumoral Treg cells References
with high tumor
infiltration by
Tregs
Colorectal HR<1 (O CD8+ and Treg tumor frequencies are positively ~ CD8+ and Treg tumor frequenciesare positively (7-12)
cancer correlated. CD8+ effect overweighs Tregs effect.  correlated. CD8+ effect overweighs Tregs effect.
Colorectal HR <1 " Intra-tumoral CD8+ density is independent of Intra-tumoral Treg density is lower at higher tumor (11)
cancer tumor stage stages
Head and HR <1 ©" Tumor frequencies of CD8+ and Tregs are Tumor frequencies of CD8+ and Tregs are (13, 14)
neck cancer positively correlated. CD8+ effect overweighs the  positively correlated. CD8+ effect overweighs the
effect of Tregs.CD8+/Treg frequency ratio is effect of Tregs. CD8+/Treg frequency ratio is
higher in tumor epithelia than in stroma higher in tumor epithelia than in stroma
Ovarian cancer HR<1 (15, 16)  Both CD8+ and Tregs infiltrate into tumor CD8+ and Tregs infiltrate into tumor (15, 16)
(advanced simultaneously. CD8+ effect overweighsTregs simultaneously. CD8+ effect overweighs Tregs
stage) effect effect
Ovarian HR>1 (26) Intra-tumoral Tregs effect overweighs intra- Intra-tumoral Tregs effect overweighs intra-tumoral (26)
cancer tumoral CD8+ effect CD8+ effect
Lung cancer HR>1 ©" Intra-tumoral CD8+ frequency is lower relative to  Intra-tumoral Treg frequency is higher relative to 17)
normal tissue normal tissue
Lung cancer HR>1 (O Intra-tumor Tregs number is higher than CD8+ Intra-tumor Treg number is higher than CD8+ (18)
number (both are higher compared to normal number (both are higher compared to normal
tissue) tissue)
Lung cancer HR>1 " Percentage of proliferative circulating CD8+ Circulating Tregs elevated and inversely correlate (20)
inversely correlate with circulating Tregs with percentage of proliferative circulating CD8+
Renal cell HR>1 ©)” Active CD8+ frequency is lower in high-grade Treg frequency is higher in high-grade tumors 1)
carcinoma tumors
Endometrial HR>1 (22) CD8+ frequency increases but less than Treg Treg frequency increases more than CD8+ (22, 23)
cancer frequency at higher tumor grades. Endometrial frequency at higher tumor grades
cancer cells suppress CD8+ activity
Cervical HR>1 (24, 25)  Both CD8+ and Treg frequencies increase in Both CD8+ and Treg frequencies increase in 24)
cancer tumor compared to normal tissue. CD8+ increase  tumor compared to normal tissue. Treg frequency
is half the increase in Tregs frequency increase is double the increase in CD8+ frequency
Hepatocellular HR>1 7™ CD8+ frequency in tumor is reduced and CD8+ Tregs frequency in tumor is increased. CD8+/Treg (28-30)
carcinoma function is impaired. CD8+/Treg frequency ratio is  frequency ratio is lower at higher tumor grades
lower at higher tumor grades
Pancreatic HR>1 6)® (31)%  Intra-tumoral CD8+ and Treg numbers were Intra-tumoral CD8+ and Treg numbers were 32
cancer negatively correlated negatively correlated

HR, hazard ratio (mortality hazard associated with Tregs infiltration into the TME, compared to cancer-specific mean values).
(*)The reference presents mean values obtained by a pooled analysis of the variables.
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Drug Indication Phase Pivotal study PFS (Months) OS (Months) ORR First Recruitment

posted status
Atezolizumab + NSCLC 3 NCT02366143 8.3vs 6.8 19.2vs 14.7 NA 2015 Completed
Bevacizumab
Bevacizumab + Nivolumab NSCLC 1 NCT01454102 9.3vs 4.0 21.7vs 141 8.0% vs 10.0% 2011 Completed
Ramucirumab + NSCLC 1 NCT02443324 9.7 26.2 30.0% 2015 Active, not
Pembrolizumab recruiting
Ramucirumab + Durvalumab  NSCLC 1 NCT02572687 27 11.0 11.0% 2015 Completed
Bevacizumab + RCC 2 NCT01984242 11.7vs 8.4 vs NA 32.0% vs 29.0% vs 2013 Completed
Atezolizumab 6.1 25.0%
Nivolumab + Ipilimumab RCC 3 NCT02231749 11.6vs 8.4 NA vs 26.0 9.0% vs 1.0% 2014 Active, not
recruiting
Axitinib + Avelumab RCC 1 NCT02493751 NA NA 27.0% vs 4.0% 2015 Completed
Axitinib + Avelumab RCC 3 NCT02684006  13.8 vs 8.4 11.6vs 10.7 55.2% vs 25.5% 2016 Active, not
recruiting
Pembrolizumab + Axitinib RCC 3 NCT02853331  17.1vs. 11.1 NA 60.0% vs. 38.5% 2016 Active, not
recruiting
Tivozanib + Nivolumab RCC 1/2  NCT03136627 18.9% NA 56.0% 2017 Completed
Apatinib + SHR-1210 HCC 1 NCT02942329 29 1.4 30.8% 2016 Unknown
Bevacizumab + HCC 1 NCT02715531 56vs 3.4 NA 36.0% 2016 Completed
Atezolizumab
Nivolumab + Ipilimumab HCC 1/2 NCT01658878 NA 22.8vs 12.5vs 32.0% vs 27.0% vs 2012 Active, not
127 29.0% recruiting
Lenvatinib + Pembrolizumab  HCC 1 NCT03006926 8.6 220 36.0% 2016 Active, not
recruiting
Bevacizumab + HCC 3 NCT03434379 NA NA NA 2018 Active, not
Atezolizumab recruiting
Bevacizumab + Dacarbazine Melanoma 2 NCTO1164007 55 1.4 18.9% 2010 Completed
Bevacizumab + Ipiimumab Melanoma 1 NCT00790010 9.0 25.1 19.6% 2008 Active, not
recruiting
Axitinib + Toripalimab Melanoma 1 NCTO03086174 7.5 NA 67.5% 2017 Active, not
recruiting
Bevacizumab + CRC 2 NCT0287319 4.4vs 3.3 NA NA Unknown Unknown
Atezolizumab
Bevacizumab + Nivolumab CRC 2 NCT04072198 NA NA NA 2019 Recruiting

NSCLC, non-small cell lung cancer; RCC, renal cell cancer; HCC, hepatocellular carcinoma; CRC, colorectal cancer; ORR, objective responses rate; RFS, progression-free survival;
OS. overall survival. NA, Not available.





OPS/images/fimmu.2022.892543/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.892543/M1.jpg
o(x/y) ~ (us/u5) {05 /s — 2Cov(x, y) /iy + oy /us b (1)





OPS/images/fimmu.2023.1332519/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.934387/fimmu-13-934387-g002.jpg
ANA pake  Harsdrae
Acos2 acor 0ss0T-0TIE)
s o0 1asktam-ses)
ACRs12 0001 04840371083
MR 0001 209%1638-27)
Acten2 001 0463030808
AOOTETY <001 0S0KONS-0T48)
NT-AST 0001 0330302-0738)
orioR oo 161 3e3-208
AP0011893 <001 QT0NDSME-083)
LNGOISOT 0001 03880 4ee-0882)
NPSO-OT 0001 2171 652-2898)
Aoossia1 G0N 050030834
OTUDSB-ASY 0001 048%0:340-0700)
HOWAS! 0001 043m0328-0750)
AoonTa1 <a0n 180K1 420-2280)
Acoson 3 <aor 192814912487
Acorsz <ocor 1T 1-2528)
w1 0001 0dst0az-08sy
WORYI-ASZ <0001 08120387067
Acoomoess <0001 1881 28827
ARROGI-AS <001 184101 373-2467)
PLEDI-ASI 0001 08150461-0821)
AowTOETs <aton 194701 42828

iit

iis
Coefficients
-02

o3

it

i

AAGgene IncRNA Regulation DRERE)

b E ety

2323 2220 19 17 16 15 14 11 99 986 4 0

129
L

Acosszrs2-

128

27
L

GENE

cvror-

Partial Likelihood Deviance
25 126
L L

124
!

123

02
00
o
04
o8






OPS/images/fimmu.2022.859633/table3.jpg
TKI Co-therapy Target Phase Ref.
Axitinib = VEGFR1, VEGFR2, VEGFR3 Il (31)
+ lomustine 32)
+ avelumab (33)
Cabozantinib +TMZ+RT RET, MET, VEGFR1, VEGFR2, VEGFR3, KIT, TRKB, FLT-3, AXL, TIE-2 | (34)
Lenvatinib + everolimus VEGFR1, VEGFR2, VEGFR3, FGFR1, FGFR2, FGFR3, PDGFRa, KIT, RET 7] (35)
Nintedanib - FGFR1, FGFR2, FGFR3, PDGFRo/B, VEGFR1, VEGFR2, VEGFR3, FLT3 Il (36,
37)
Pazopanib + lapatinib VEGFR1, VEGFR2, VEGFR3, PDGFRo/p, FGFR 1/3, KIT, LCK, FMS, Itk i (38,
39)
_ Il (40)
Sunitinib = PDGFRo/B, VEGFR1, VEGFR2, VEGFRS, ¢-KIT, FLT3, CSF-1R, RET Il (41-
45)
+rinitecan | (46,
47)
Ponatinib = BCR-ABL, BCR-ABL T315l, VEGFR, PDGFR, FGFR, EPHR, SRC family kinases, KIT, RET, TIE2, FLT3 Il (48)
Regorafenib - VEGFR1, VEGFR2, VEGFR3, BCR-ABL, B-RAF, B-RAF(V600E),c-KIT, PDGFRo/B, RET, FGFR1/2, TIE2, Il (49)
Eph2A
Sorafenib +RT* B/C-RAF, B-RAF(VB0OE), KIT, FLT3, RET, VEGFR1, VEGFR2, VEGFR3, PDGFRB i (50)
= (51)
Vandetanib \ ] (52)
+RT* EGFR, VEGFR1, VEGFR2, VEGFR3, RET, BRK, TIE2, EPHRs, SRC kinases ] (63)
fractionated (54)
radiosurgery

*RT, Radiation therapy: VEGFR, VEGF receptor; PDGFR, Platelet-derived growth factor receptor: CSFR, Colony stimulating factor receptor.
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SiRNA complex Study summary Ref.

phase
DOPC-encapsulated ! This first phase study examines the side effects and best dose of EphA2 siRNA in the treatment of patients with metastatic ~ (58)
EphA2 siRNA solid tumors or recurrent cases. DOPC-encapsulated siRNA slows the growth of tumor cells by targeting EphA2.
Bcl2L12 siRNA conjugated 0 A potential treatment for GBM involves the use of RNA-interfering spherical nucleic acids that penetrate the brain and (59)

with gold nanoparticles consist of nuclei of gold nanoparticles covalently bonded to small interfering RNA (SiRNA) oligonucleotides.
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Anti-angiogenic immunotherapeutic

Major category

Examples

Intracellular Tyrosine Kinase Inhibitors (TKIs)
Membrane TKls
Ligand TKIs

decoy receptors
Matrix metalloproteinase inhibitors (MMPIs)

matrix-derived inhibitors

non-matrix-derived inhibitors
integrin antagonists

Cytokine/chemokine inhibitors

aptamers

Monoclonal antibodies (mAbs; targeting angiogenic

cytokines or TKRs)

TKls

decoy receptors
MMPIs
Endogenous angiogenic substance
inhibitors

integrin antagonists

Cytokine/chemokine inhibitors

aptamers
mAbs

mTOR inhibitors, protein kinase C inhibitors
Sunitinib, Sorafenib
VEGF inhibitors such as Bevacizumab;
also categorized as a mAB
aflibercept
Marimastat
Konstatin,thrombospondin1-2, endostatin,
endorphin, arsenic
angiostatin, antithrombin, TIMP 4, vasostatin
Vitaxin (integrin 0533 MAB),
Anti-integrin 5B 1 blocking peptides,
Cilengitide (integrin 533 and integrin a5p5; a
cyclic RGD pentapeptide),
tumor necrosis factor (TNF) inhibitors, L2
inhibitors, or a/B interferon (INF o./B) inhibitors
Pegabtanib
Tanibirumab, Cetuximab, Onartuzumab
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mAB Co-therapy Target Phase Antibody type Ref.
Aflibercept = VEGF-A, VEGF-B, PGF I Fully-humanized IgG (23, 24)

+TMZ | (25)

+ radiation therapy+ TMZ | (26)

Tanibirumab = VEGFR2 I Fully-humanized IgG (27)

| (28)

Cetuximab = EGFR 1 Fully-humanized IgG (29)

Onartuzumab +Bevacizumab c-MET 1] Fully-humanized IgG (30)
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Characteristic Total No. Low or No Expression, No. (%) High Expression, No. (%) Pearson x2 P-Value

Total No. 176 88 (50.00) 88 (50.00)
Sex 1.031 0.398
Man 128 61(47.66) 67 (52.34)
Female 48 27 (56.25) 21 (43.75)
Age (year) 0.211 0.760
<60 73 38 (52.05) 35 (47.95)
>60 103 50 (48.54) 53 (51.46)
Differentiation 1.729 0.421
Well 9 5 (55.55) 4 (44.45)
Middle 47 26 (55.32) 21 (44.68)
Poor 97 43 (44.33) 54 (55.67)
Unknown 23 14 9
T 16.532 0.001*
Tis+T1 26 19 (73.08) 7 (26.92)
T2 41 27 (65.85) 14 (34.15)
3 100 38 (38.00) 62 (62.00)
T4 9 4 (44.44) 5 (55.56)
N 5.311 0.150
NO 7 45 (58.44) 32 (41.56)
N1 25 13 (52.00) 12 (48.00)
N2 38 14 (36.84) 24 (63.16)
N3 36 16 (44.44) 20 (55.56)
M 5.724 0.032*
MO 164 86 (52.44) 78 (47.56)
M1 12 2 (16.67) 10 (83.33)
TNM 18.683 <0.001*
| 48 35(72.92) 13 (27.08)
I 56 28 (50.00) 28 (50.00)
Il 60 23(38.33) 37 (61.67)
\% 12 2 (16.67) 10 (83.33)
Preoperative 2.666 0.143
CEA, ng/m1 76 46 (60.53) 30 (39.47)
<5 22 9 (40.91) 13 (69.09)
>5 78 33 45
Unknown
Preoperative 1.569 0.332
CA199, w/ml 76 40 (52.63) 36 (47.37)
<37 " 8(72.73) 3(27.27)
>37 89 40 49
Unknown

*P < 0.05. T, tumor size; N, lymph node metastasis; M, distant metastasis; CEA, carcinoembryonic antigen; CA19-9, carbohydrate antigen 19-9.





OPS/images/fimmu.2021.660397/fimmu-12-660397-g002.jpg





OPS/images/fimmu.2021.660397/fimmu-12-660397-g003.jpg
P






OPS/images/back-cover.jpg
Frontiers in
Immunology

Explores novel approaches and diagnoses to treat
immune disorders.

The official journal of the International Union of
Immunological Societies (IUIS) and the most cited
inits field, leading the way for research across.
basic, translational and clinical immunology.

Discover the latest
Research Topics

Immunology






OPS/images/fimmu.2021.740790/table1.jpg
Pre-cryoablation

Post-cryoablation

GENES Variations Abundance GENES Variations Abundance
KLHL6 p.T328M 1.63% ABCCH1 p.C1479Y 0.57%
MLL2 p.L4575I 11.48% ABCC4 p.A971T 0.55%
MLL2 p.T4110l 32.73% AURKB p.A329T 2.50%
MUTYH Q253" AXIN1 p.Q184Rfs*58 0.90%
NTRK p.N218K 1.17% CDK9 p.R188H 0.81%
RICTOR amplification CREBBP p.R1347W 0.50%
TP53 p.R249S 5.66% DOT1L p.A1254T 1.13%
TSC2 loss EGFR p.A767V 0.54%
MSI MS-stable FH p.V73M 0.53%
T™B 3 Muts/Mb FLT3 p.G891D 1.53%
FOXA1 p.E456G 0.54%
GLI2 p.A43V 2.62%
GLI2 p.R1470W 0.68%
HGF p.G396D 1.13%
IRS2 p.AB18V 1.61%
KEAP1 p.Q20" 0.96%
KMT2B p.C1249Y 0.67%
LZTR1 p.A512T 1.11%
MUTYH P.Q264*
NKX2-1 p.G134D 0.79%
NOTCH4 p.P237S 0.57%
NSD1 p.A955V 0.52%
PARP4 p.T1170I 6.11%
PRF1 p.G149D 0.86%
RBM10 p.A7T17V 0.70%
SLC16A7 p.L241P 3.82%
SMARCA1 p.G889ID 0.58%
SOX9 p.A209V 0.51%
TERT p.A745V 0.55%
Msl MS-stable
T™B 18.67 Muts/Mb

* ostands for codon variation variation.
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Phosphopeptide RVASPTSGV VMIGsPKKV RRGSFEVTL
Protein of Origin IRS2 TNS3 SELH
HLA-binding A"02 A*02 cro7

Samples c0l0205 & hct116 sw620 CRC1, CRCLM1, CRCLM2
Other malignancies Melanoma & Leukemia Melanoma & Leukemia

TIL responses - Ht ++

HD PBMC responses ++ +++ +

CRC patient PBMC +++ +H+ +++

+ low, ++ moderate, +++ strong responses, - not detected.
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Patient Gender Age Stage Type of nephrectomy*
1 M 74 Fuhrman Il P
2 M 74 Fuhrman Il R
3 M 67 Furhman Il (pT3bpNO) R
4 M 61 Fuhrman Il P
5 M 63 Fuhrman Il P
6 M 67 Fuhrman I/l R
7 F 59 Fuhrman Il R
8 M 59 Fuhrman Il R
9 M 74 Fuhrman Il P
10 M 73 Fuhrman IV R
il M 4l Fuhrman Il R
12 F 72 Fuhrman Il P

*P, partial: R, radical.
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CellType  Gene Number

Bosts 24
CD4s Todls 65
C08: Tools a2
0ce 15
Macrophages 18
Monooytes 26
NKods 16
Newtrophis 13

Signature Genes

8LK CD19, CD79A, CD79B, IGLLY, TCLIA, TLRY, FCRL2, BANKI, CPNES, KLHL14, LINCO0326, FORLS, EBF1, ARHGAP2S,
(CLECL, TNFRSF17, FGRLA, HLA-DOB, NCF1, P2RY10, PNOC, TLRS, FCRLS

ANK1, CDAOLG, CO69, CD72, CHISL?, CCA, CCRS, DGKA, FYN, GATAS, GPRIS, GPRI9, IL2RA,ILGR, L9R, L12RB2, TNFRSFS,
1TGA%, ITGB2, JAKS, LCK, LTB, MAL, CD200, NPAT, P2RXS, PDCDI, PLCL1, PTPRC, RGS1, SELPLG, STATA, STATSA, STATSE,
XK, WIPF1, SOCSS, A2, HS3STIB, TLRG, CD226, PASK. PLCL2, ANKRDI2, STAP1, ZBTB32, LAT, PNMAS, FOXP3, ASB2.
LRANG, LAXI, RNF125, PARP 1, PLXDC, MANIC1, HIVEP3, BCL118, PYRIG, ANKRDSS, TRINGG, LIMD2, SIGLEC10, RCSD,
P3P

ABCD2, RUNXG, CD8A, GOS8, LYST, TSC2200, GPRISS, FLTSLG, HA-DPB, IF16, INPPAA, POUSFT, PTGERS, RAB27A, ATNT,
ZBTB16, EOVES, LIBRI, SLCTBAT, T2A, AKAPS, TOX, SPOCK2, ZEB2, PLINC1, CASS, IKZR2, PTPN2Z, PBXIPI, IGFLR,
APOLS, KIAAT109, SLAZ, SLENT1, JAM, TC2N, TTC39C, TGO, TMEM?, HAPLNG, PYHINI, JAKMIPT

'SLAMFS, CCL17, CD18, COTE, CLIG2, COIC, CD209, DNASEILS, IL3RA, SAMSNT, FABPY, CIOC, SUAMFY, THED, FAMAIA
(CHITI, CD14, APOCI, HAMP, VSIG4, SDS, SIGLECT, ADAMDECT, CCL18, CCL8, COR1, CWKLAY, CSF1, HS3ST2, MUP19, CPM,
NG, MSaAT

TLRS, ASGR?, IRAK3, CD35, CFP, CLECAA, CLECHE, CXor21, DOK2, DOKS, FCNI, HOK, LILRA, LLRAS, LILRBZ MNDA, MYOTF,
'NGF2, PLRA, PLEK, POUZF2, PSTPIP1, QK RETN, CDSCOLF, SAGN

KIR2DL3, NCRY, FGREP?, KIRGDS1, PTGOR LIV KIFADL1, KIR2DS1, KIRSDL3, KIR2DS2, KIRRDS5, KIFRDL, SH2D1B, KIF2DLY,
PKSCG, KIR20S4

FOGR3B, ALPL, YNNG, FFAR2, MMP25, TREM1, FPRI, UNCO0S28, CAMTIA2, PROK?, GLECTA, GAMP, YNNZ

o Cotedittl aaner N Ga Rl A ol DICh G Ca
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Celltype  Gene Number

B cots 15
CDAs Tosls 85

OB+ Teds 43
oos =
Macrophages 19
Moncoytes 31
NKeds 11
Neutropnis 19

Signature Genes

MS4A1, BLK, CD19, GNG3, SGCA, CD79A, CD79B. CDSS, CD72, HTRSA, IGLL, TCLIA, TLRY, VPREBS, ACDA
UMD2, TRAF1, NPAT, PISIP1, ANKRD12, AAKT,

ACBD1, CD226, CUBN, GRSMS, GRAP2, IL16, INSLS, JAKS, KLHL3, KAT2, LA, MLHS, MUXIP, NOLY, SELPLG, SORCS3,
STAP1, TNK', TSPAN2, ZNF7808, HSASTSB, FOXP, LAXT, STATSB, TTN, COR3, NFATCS, L2, GGT), SYNGRS, L12RBI,
STAT, 28832, CSF2, DPP4, ILI2R82, 1122, EGFLG, L4, GATAS, L, L13, 26, ANKT, M8, MCAL2, PHEX. PTG, ILIRY, RORC,
121, IL1R2, IL17A, MAPAK1, SIK1, FOSB, PYRIG, CDB9, BCL118, CHISL2, DGKA, LAT, LCK, MAP9, PASK, RGS!, SLCTATO, TCF7,
TSHR, ZBTBI10, TFAP4, COLSAS, ADGYAPIR, DABI, EANI, PXYDY, PNMAS, ARHGEFS, DEFB126

BLNK, HTRIB, SMCP, RR¥, CCDCS?, MOGAT2, GUBA, CALY, KIAAT 109, CD248, REX2, AMBN, MYLY, GPRS2, CILP, TNFRSF1OC,
TGN, PTGOR, PROVI1, MPO, RUNKS, APOLS, DUSP2, ZBTB16, CCNDZ, EOVIES, TH2A, SNX9, GXCL13, HAVGR2, LINCO0295,
MYOZA, TIGH, TNFRSFIB, AKAPS, TOX, RGS2, GALM, SYNGR, PTGERY, CCRS, AT, GIPR.

PTGIR, SLAVIS, SLCISAS, SYT17, CCL13, CCL17, GDIB, CDIE, CLIC2, P12, TREM?, PLA2GT, ALDHIA2, ALOXS, ALOXISS,
BCL2LI1, COL23, CDIA, CDIC, CD209, CDSO, DNASETL, LT3, FUT7, GUCATA, IL12B, IL3RA, KONKIS.

CAMP, CHIT1, CD14, FGRIA, HAMP, MSR, VSIG, SDS, SIGLECY, TYROBP, ADAMDECY, COL7, CCRY, C084, CMKLA,
‘CPNES, CXCLY, CYBA CYPIAT

‘CA1, TLRS, FOLR2, ASGR2, IRAKS, CD33, VCAN, AF1, CDI01, CDO3, GEACAM:, GFP, CLEGIA, CXort21, DOK?, DOKS, FCERIA,
FON, FGL2, FOLRS, GPRISS, HOK, KCNMB1, KOMGB, KSRI, LILFAT, LILRAS, LILRBI, LST1, LY8G, LYL1

KIR2DL3, NCRT, NCRS, PRRSL, KIRGDS 1, PTGOR, HIPKT, L2, NMURI, PROVE, TNFSFT1

‘CXCAI, FOGR3B, SI00A12, TREML2, TRPME, SIGLECS, CREBS, ALPL, CEACAMS, VNS, CA4, CEACAMS, CYPAFS, FFAR, HES,
MMP25, PRRY1S, PGLYRP, TGMS
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C Controls, n (%) Cases, n (%)
n 70 70
Age, mean (SD) 63.80 (9.62) 65.16 (10.13) 042
Sex 1.00
I Female | 31 (44.29) » 31 (44.29) |
Male 39 (55.71) 39 (55.71)
BMI, mean (SD) 24.25 (2.90) 23.55 (2.77) 0.15
Smoking 0.73
No 42 (60.00) 39 (55.71)
Yes 28 (40.00) 31 (44.29)
Diabetes <0.001
[ No 66 (94.29) 47 (67.14)
Yes 4(571) 23 (32.86)
Tumor location -

Head - 39 (55.71)
Neck - 5(7.14)
Body = 6(857)
Tail - 20 (28.57)
T stage -
T1 - 2 (2.86)
T2 - 27 (38.57)
T3 - 23 (32.86)
T4 - 18 (25.71)
| N stage -
No - 39 (55.71)
N1 - 15 (2143)
N2 - 16 (22.86)
M stage ‘ -
[ Mo - 45 (64.29)
M1 - 25 (35.71)
Stage ‘ -
Resectable - 28 (40.00)
Locally advanced - 17 (24.29)
Metastatic - 25 (35.71)
7 CA19-9 (U/ml) ’ <0.001
[ ‘ Normal (<37 U/ml) 70 (100.0) 17 (24.29)
Elevated (=37 U/ml) 0(0.0) 53 (75.71)
Treatment ‘ NA
Radical surgery only - 6 (8.60)
Radical surgery plus chemotherapy - 22 (31.40)
Palliative chemotherapy - 28 (40.00)
*Others - 9 (12.90)
None - 5 (7.10)

*Others indicate palliative surgery, high-intensity focused ultrasound, ERCP and PTCD.
SD, standard deviation.
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Characteristics All cases n (%) TILs grade P value TLS P value

1 2 3 Absent Present
Total, n 804 661 (82.2) 131 (16.3) 12(1.5) 241 (28.5) 563 (66.5)
Age, y 0.089 0.010
<60 423 (52.6) 356 (53.9) 64 (48.9) 3(25.0 110 (45.6) 313 (65.6)
>60 381 (47.4) 305 (46.1) 67 (51.1) 9(75.0) 131 (54.4) 250 (44.4)
Mean + SD 57.4£126 57.0+ 127 58.5 + 12.1 64.3 £ 14.1 59.1 129 56.7 + 12.5
Gender 0.100 0.411
Male 547 (68.0) 441 (66.7) 99 (75.6) 7(58.3) 169 (70.1) 378 (67.1)
Female 257 (32.0) 220 (33.3) 32 (24.4) 5(41.7) 72 (29.9) 185 (32.9)
Location 0.505 0.021
Cardia, fundus 210 (26.1) 173 (26.2) 32 (24.4) 5(41.7) 60 (24.9) 150 (26.6)
Body 195 (24.3) 164 (24.8) 27 (20.6) 4(33.3 50 (20.7) 145(25.8)
Antrum 371 (46.1) 300 (45.4) 68 (51.9) 3(25.0) 116 (48.1) 255 (45.3)
Remnant/Multiple sites 28 (3.5) 24 (3.6) 4(3.1) 0 15(6.2) 183 (2.3)
Size 0.028 0.013
<5cm 441 (54.9) 366 (55.4) 73 (55.7) 2(16.7) 116 (48.1) 325 (57.7)
>5 cm 363 (45.1) 295 (44.6) 58 (44.3) 10 (83.3) 125 (51.9) 238 (42.3)
PTNM stage* 0.483 0.036
[ 353 (43.9) 285 (43.1) 61 (46.6) 7439 92 (38.2) 261 (46.4)
+V 451 (56.1) 376 (56.9) 70 (53.4) 5(41.7) 149 (61.8) 302 (53.6)
Lymphovascular invasion 0.858 0217
Absent 670 (83.3) 548 (82.9) 112 (85.5) 10(83.3) 207 (85.9) 463 (82.2)
Present 134 (16.7) 113 (17.1) 19 (14.5) 2(16.7) 34 (14.1) 100 (17.8)
Perineural invasion 0.051 0.761
Absent 664 (82.6) 537 (81.2) 115 (87.8) 12 (100) 201 (83.4) 463 (82.2)
Present 140 (17.4) 124 (18.8) 16 (12.2) 0 40 (16.6) 100 (17.8)
Histologic differentiation 0.411 0.007
Well/Moderate 214 (26.6) 182 (27.5) 30 (22.9) 2(16.7) 80(33.2) 134 (23.8)
Poor 590 (73.4) 479 (72.5) 101(77.1) 10(83.3) 161 (66.8) 429 (76.2)
Lauren classification <0.001 0.009
Intestinal 215 (26.7) 184 (27.8) 30 (22.9) 183 80(33.2 135 (24.0)
Difiuse 527 (65.5) 441 (66.7) 78 (59.5) 8(66.7) 149 (61.8) 378 (67.1)
Mixed 62 (7.7) 36 (5.4) 23 (17.6) 3(25.0) 12 (6.0) 50 (8.9)
WHO classification 0.424 0.007
Pap/tub 218 (27.1) 185 (28.0) 31(23.7) 2(16.7) 81 (33.6) 137 (24.3)
Muc/por 586 (72.9) 476 (72.0) 100 (76.3) 10(83.9) 160 (66.4) 426 (75.7)

EBVnGC, EBV-negative gastric carcinoma; por, poorly cohesive carcinoma; pap, papillary adenocarcinoma; tub, well and moderately differentiated tubular adenocarcinoma; muc,
mucinous adenocarcinoma; TILs, tumor-infiltrating lymphocytes; TLS, tertiary lymphoid structures. *The 7th AJCC TNM staging system.
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Variables EBVnGC P value EBVaGC P value
n (%) TLS-absent TLS-present n (%) TLS-absent TLS-present
TlLs 0.001 0.701
grade 1 661 (82.2) 217 (32.8) 444 (67.2) 22 (52.4) 8(61.5) 14 (48.3)
grade 2 131 (16.3) 22(16.8) 109 (83.2) 15 (35.7) 4(30.8) 11(37.9)
grade 3 12(1.5) 2(16.7) 10 (83.3) 5(11.9) 1(7.7) 4(13.8)
Total, n 804 (100.0) 241(30.0) 563 (70.0) 42 (100.0) 13 (31.0) 29 (69.0)

TILs, tumor-infiltrating lymphocytes; TLS, tertiary lymphoid structures.
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Variables

Age (y)
Gender
Location

Size

PTNM stage*
Lymphovascular invasion
Perineural invasion
Histologic differentiation
Lauren classification
WHO classification

TILs

LS

TILs & TLS

Categories

>60 vs < 60

female vs male

body vs cardia/fundus

antrum vs cardia/fundus
Remnant/multiple sites vs cardia/fundus
>5 cmvs <5 cm

IV vs |+

present vs absent

present vs absent

poor vs well/moderate

diffuse/mixed vs intestinal

muc/por vs pap/tub

grade 1 vs grade 2/3

absent vs present

grade 1&TLS- vs grade 2/3&TLS+
grade 1&TLS+ vs grade 2/3&TLS+
grade 2/3&TLS- vs grade 2/3&TLS+

Univariate analysis

Multivariate analysis

HR (95% CI)

1.245 (0.988-1.568)
0.973 (0.761-1.244)
0.945 (0.680-1.312)
0.932 (0.701-1.238)
3.081 (1.859-5.106)
1.419 (1.126-1.788)
4.991 (3.722-6.694)
2.120 (1.628-2.760)
1.771 (1.366-2.297)
1.777 (1.322-2.389)
1.744 (1.300-2.340)
1.758 (1.313-2.354)
1.846 (1.306-2.607)
1,647 (1.300-2.085)
2.844 (1.864-4.340)
2,089 (1.356-3.066)
2.879 (1.485-5.581)

P value

0.063
0.828
0.735
0.627
<0.001
0.003
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.001

<0.001
<0.001
0.001

0.002

HR (95% CI) P value
5.025 (3.745-6.743) <0.001
2.053 (1.571-2.684) <0.001
1.649 (1.267-2.146) <0.001
1.817 (1.347-2.400) <0.001
1.782 (1.323-2.662) <0.001
1.798 (1.337-2.416) <0.001
1.830 (1.295-2.586) 0.001
1.558 (1.228-1.977) 0.003
2.683 (1.756-4.099) <0.001
2,005 (1.332-3.019) 0.001
2.411 (1.233-4.715) 0010

EBVnGC, EBV-negative gastric carcinoma; por, poorly cohesive carcinoma; pap, papillary adenocarcinoma; tub, well and moderately differentiated tubular adenocarcinoma; muc,
mucinous adenocarcinoma; TILs, tumor-infiltrating lymphocytes; TLS, tertiary lymphoid structures; HR, hazard ratio; Cl, confidence interval. *The 7th AJCC TNM staging system.
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Characteristics All cases EBVaGC EBVnGC  Pvalue
n (%) n (%) n (%)

Total, n 846 42 (5.0) 804 (95.0)

Age, y 0.010
<60 454 (53.7) 31(73.8) 423 (52.6)
>60 392 (46.3) 11(26.2) 381 (47.4)
Mean + SD 57.2+127 532+124 574+126

Gender 0.003
Male 585 (69.1)  38(90.5) 547 (68.0)
Female 261 (30.9) 4(9.5) 257 (32.0)

Location 0.006
Cardia, fundus 223 (26.4) 13(31.0) 210 (26.1)
Body 214 (25.3) 19 (45.2) 195 (24.3)
Antrum 380 (44.9) 9(21.4) 371 (46.1)
Remnant/Multiple sites 29 (3.4) 124 28 (3.5)

Size 0.039
<6cm 457 (54.0) 16 (38.1) 441(54.9)
>5 cm 389 (46.0) 26(61.9) 363 (45.1)

pTNM stage* 0.339
1+l 375 (44.3) 22 (52.4) 353 (43.9)
IV 471(65.7)  20(47.6) 451 (56.1)

Lymphovascular invasion 0.138
Absent 701 (82.9)  31(73.8) 670 (83.3)
Present 145 (17.1) 11(26.2) 134 (16.7)

Perineural invasion 0.835
Absent 698 (82.5)  34(81.0) 664 (82.6)
Present 148 (17.5) 8(19.0) 140 (17.4)

Histologic differentiation 0.103
Wel/Moderate 220 (26.0) 6(14.3) 214 (26.6)
Poor 626 (74.0) 36 (85.7) 590 (73.4)

Lauren classification 0.043
Intestinal 221 (26.1) 6(14.3) 215 (26.7)
Diffuse 556 (65.7) 29 (69.0) 527 (65.5)
Mixed 69 (8.2) 7(16.7) 62 (7.7)

WHO classification 0.073
Pap/tub 224 (26.5) 6(14.3) 218 (27.1)
Muc/por 622 (73.5) 36 (85.7) 586 (72.9)

TiLs <0.001
Grade 1 683 (80.7) 22 (52.4) 661 (82.2)
Grade 2 146 (17.3) 15(36.7) 131 (16.3)
Grade 3 17 (2.0) 5(11.9) 12 (1.5)

TLS 0.893
Absent 254 (30.0) 13(31.0) 241 (30.0)
Present 592 (70.0) 29 (69.0) 563 (70.0)

EBVaGC, EBV-associated gastric carcinoma; EBVNnGC, EBV-negative gastric carcinoma; por,
poorly cohesive carcinoma; pap, papillary adenocarcinoma; tub, well and moderately
differentiated tubular adenocarcinoma; muc, mucinous adenocarcinoma; TILs, tumor-
infiltrating lymphocytes; TLS, tertiary lymphoid structures. *The 7th AJCC TNM staging system.
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