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Editorial on the Research Topic 


Cancer Immunotherapies: From Efficacy to Resistance Mechanisms


Current generations of cancer immunotherapies are used to abrogate immunosuppression or modify immune cells to enhance anti-tumor immune cell functions. With recent advances in antibody generation, characterization and production, the development of monoclonal antibody-based immunotherapies targeting co-inhibitory receptors on T cells, the so-called “immune checkpoint blockade (ICB)”, has fundamentally changed the outlook on metastatic cancer and has offered new hope to patients for long-term survival. Despite their success, the clinical efficiencies of these treatments remain low and vary across different malignant diseases, sparking effort from the community to identify mechanisms responsible for therapy resistance and to offer a rationale for combination therapies aiming to further improve patient prognosis and outcomes. Under the theme “Cancer Immunotherapies: from efficacy to resistance mechanisms”, 41 articles covering a wide range of topics in cancer immunotherapy were contributed. Here, we highlight the most valuable insights from original research articles and reviews published in this issue.


Adoptive T Cell Therapy

Adoptive T cell therapy (ACT) utilizes patient’s own immune cells to seek out and kill tumor cells. Kumar et al., reviewed the latest developments and highlighted future perspectives of ACT in cancer. One novel approach developed by Cheng et al., consists of injecting expanded autologous circulating cells that were sequentially primed with dendritic cells loaded with 6B11 minibody, mimicking the ovarian cancer–associated antigen OC166-9, and expanded with IL-2 and immobilized anti-CD3 antibody. This preliminary study demonstrated a good safety profile and showed potential efficacy against platinum-resistant recurrent or refractory ovarian cancer (Cheng et al.), warranting further evaluation. Other approaches involve the expression of chimeric antigen receptors (CAR) targeting tumor-associated antigens in T cells. The infusion of CAR T cells has shown great efficacy against haematological malignancies. However, this therapy is often associated with inflammatory toxicities requiring therapeutic intervention. In this regard, Fischer and Bhattarai summarized our current understanding of mechanisms contributing to adverse inflammatory responses, described current strategies for the management of toxicities, and reviewed ongoing developments to prevent harmful inflammatory toxicities associated with CAR T cell treatment (Fischer and Bhattarai).



Impact of the Tumor Microenvironment

The tumor microenvironment (TME) refers to the complex local tumor ecosystem composed of tumor cells, extracellular matrix, vascular and lymphatic vessels, fibroblasts, and immune cells. Each component of the TME influences the efficacy of current immunotherapy treatments. Recent evidence suggests that not only T lymphocytes but also innate immune cells drive ICB efficacy and may represent novel immunotherapy targets. Shaver et al., reviewed the role of natural killer (NK) cells in ICB efficiency and described current advances in treatments that harness NK cell function. Patients who respond favourably to ICB often have high tumor infiltration by T cells or NK cells. However, this is not a promise of success as multiple primary and acquired resistance mechanisms to immunotherapy have recently been described.



Primary and Acquired Resistance Mechanisms

Despite their unprecedented success, most patients do not respond favourably to ICB therapy (primary resistance) or initially respond to but subsequently acquire resistance to treatments and relapse. In this issue, Wang et al., provided an exhaustive summary of currently identified primary and acquired resistance mechanisms. Complementary to this work, Zhou et al., reviewed underlying mechanisms and potential strategies to overcome acquired resistance mechanisms to ICB, notably through combination treatments. Many identified resistance mechanisms relate to specific TME composition and innate or adaptive immune cell dysfunction. Li et al., comprehensively reviewed the role of inflammasomes within the TME, which play a key role in regulating the state of inflammation and recruitment of immune cells to the tumor (Li et al.). They describe non-canonical pathways of inflammasome activation that lead to expulsion of ‘nets’ of DNA from neutrophils (NETosis), which promote tumorigenesis by shielding cancer cells from immune cell attacks (Li et al.). These DNA ‘nets’ further promote tumor cell mobility and thereby enhance metastasis. Cai et al., highlighted how anti PD-(L)1 targeting agents negatively impact macrophage reprogramming leading to reduced efficacy of the treatment. Chen et al., demonstrated that the CD47:SIRPa signalling pathway contributed to reduce phagocytic responses of macrophages, negatively impacting antibody-based treatments in chronic lymphocytic leukaemia patients. In colorectal cancer, patients harboured increased TIGIT expression on their circulating CD3+ T cells compared to healthy donors (Shao et al.). Shao et al., further showed that TIGIT expression was associated with T cell dysfunction and impaired metabolism, negatively impacting patient prognosis.

Brain cancers are particularly resistant to immunotherapies. Yu and Quail extensively discussed how intra- and inter-tumoral heterogeneity, immunosuppressive TME and tumor plasticity, together with unique cancer location within the central nervous system are all challenges for immunotherapy of glioblastoma. To address these challenges, many drug candidates for glioblastoma are currently developed and tested as standalone treatments or in combination with current ICB (Yu and Quail). In neuroblastoma, Tang et al., found that high levels of CD4 and NKG2C/E gene expression were both associated with prolonged patient survival, suggesting that CD4+ cytotoxic cells could provide protective anti-tumor immunity and might represent an attractive target for future drug development.



Overcoming Resistance Mechanisms Using Combination Treatments

Several articles in this issue discussed novel combinatorial approaches to improve responses to ICB. These include anti-TIGIT (Shao et al.) or GARP : TGF-β1 (Bertrand et al.) antibodies, inhibitors of indoleamine 2,3-dioxygenase 1 (IDO1) (Li et al.), Wnt/b-catenin (Huang et al.), proteasome (Renrick et al.), or icaritin (Tao et al.), a prenylflavonoid derivative. Using the MC38 adenocarcinoma cell line, Bertrand et al., described increased anti-tumor responses when anti-PD-1 antibody was combined with GARP : TGF-β1 antibodies, that led to improved outcomes resulting from blocking both active TGF-β1 production and the latent form covalently bound to GARP expressed by regulatory T cells. Anti-tumor responses were associated with increased T cell infiltration and density of blood vessels (Bertrand et al.). In triple-negative breast cancer (TBNC) patients, IDO1 and PD-L1 are both highly expressed in the TME, constituting a main obstacle to anti-tumor immune responses. Based on these observations, Li et al., found that dysfunctional γδT cells had restored cytotoxic and anti-tumor functions against breast cancer cells upon treatment with an IDO1 inhibitor, but not with an anti-PD-L1 antibody, in vitro and in vivo, suggesting a rationale for using IDO1 inhibitors to treat cancer patients. Since a phase III clinical trial in melanoma testing IDO1 inhibitors in combination with anti-PD-1 antibody did not improve patient survival (1), targeting IDO1 may require more sophisticated approaches to enhance the effectiveness of anti-cancer treatments. Although much less studied, Mondanelli et al., reviewed existing evidence and current challenges for IDO2, the IDO1 paralog, as a target in cancer immunotherapy.

Other inhibitors have also been proposed. Huang et al., described the capacity of an inhibitor of the Wnt/b-catenin pathway to synergize with anti-PD-L1 antibody to improve intratumoral CD8 effector function. Renrick et al., showed that the proteasome inhibitor bortezomib, a drug approved for multiple myeloma and mantle cell lymphoma that sensitizes tumor cells to apoptosis, can increase anti-tumor T cell function by increasing the expression of miR-155 that subsequently lowers PD-1-mediated T cell exhaustion and enhances cytotoxic effector functions in animal models of solid tumors. Beyond the use of antagonistic antibodies and inhibitors, the exploration of natural components in cancer therapy is also evolving. Tao et al., showed that the prenylflavonoid derivative icaritin suppresses tumor growth by blocking myeloid derived suppressor cells in murine models of hepatocellular carcinoma, and enhances anti-tumor efficacy of PD1-targeting (Tao et al.).

Several case reports suggested the combination of ICB with endocrine therapy, radiotherapy, or chemotherapy. Wu et al. described two cases of hormone receptor positive metastatic breast cancer that responded to endocrine therapy in combination with PD-1 ICB, where metastases were located in either brain or bone, both anatomically challenging sites and not easily accessible for surgical removal (Wu et al.). Wu et al., reported a case report of a metastatic renal cell carcinoma (RCC) patient, who was resistant to ICB and radiotherapy, but started displaying abscopal effects and ICB response of metastases after removal of the primary tumor mass (Wu et al.). At this stage, it is unclear how cytoreductive surgery leads to abscopal effects, a well-known phenomenon in RCC, and the authors speculate that the total amount of PD-L1 expressing tumor cells was too large for ICB therapy to be effective, and radiation induced memory T cells could only become effective after the global tumor cell burden was significantly reduced by removing the largest tumor mass on the kidney. Xiu et al., described two cases of lung adenocarcinoma with epidermal growth factor receptor mutations and resistant to tyrosine kinase inhibition, where one was treated with a combination of chemotherapy, and the other received chemotherapy and PD-1 ICB (Xiu et al.). In this instance, the patient receiving the chemo/ICB combination acquired a partial response while the patient receiving chemotherapy only progressed.

Chen et al., provided an interesting perspective on the use of IL-10 as a cancer immune therapeutic. While IL-10 is largely associated with immune suppression, this original research study demonstrates that intra-tumoral delivery of IL-10 leads to significantly reduced tumor growth and, in combination with an oncolytic adenovirus, profoundly limits tumor growth in a CD8+ T cell-dependent manner (Chen et al.).

Extracellular vesicles secreted by cancer cells also contribute to treatment resistance through transmission of drug transporters that are taken up by target cells, which induces drug resistance and confers survival advantage. Hekmatirad et al., showed that inhibition of exosome release increases the susceptibility of acute myeloblastic leukemic cells to PEGylated liposomal doxorubicin, a combination warranting further evaluation using in vivo models.



Immunotherapy for Bladder Cancer

Immunotherapies are commonly used to treat bladder cancer patients. The ICB response rate for advanced bladder cancer, like many other solid cancers, lies around 20%. Therefore, identification of predictors of response and alternative therapy regimens are needed. Lin et al., reported that mutations in the nuclear receptor corepressor 1 (NCOR1) are significantly associated with response and overall survival. NCOR1 mutation was further associated with neoantigen load and TIL infiltration (Lin et al.). Bacillus Calmette-Guerin (BCG) treatment, a live-attenuated Mycobacterium bovis vaccine traditionally used to prevent tuberculosis, is a standard immunotherapy for non-muscle invasive bladder cancer delivered through intravesical instillation. Lim et al., provided an in-depth characterization of the changes in immune composition in responders of BCG therapy, demonstrating that an infiltration of PD-1+ effector CD8+ and non-Treg CD4+ T cells is indicative of response and better recurrence-free survival (Lim et al.). Dowell et al., observed the constitutive expression of PD-L2 in both bladder cancers and in normal urothelium, and discussed its potential role in maintaining tolerance of this immune-privileged anatomical site (Dowell et al.). Finally, in a case report, Cao et al., described a patient with muscle invasive bladder cancer who achieved bladder preservation through a combination of neoadjuvant chemotherapy with anti-PD-1 antibody (Cao et al.). While these first case reports of experimental combination approaches are promising, appropriately controlled clinical trials are only slowly emerging.



Prognostic/Predictive Biomarkers for Patient Outcomes

Development of biomarkers for patient outcomes is critical for patient stratification and deployment of effective cancer immunotherapy. Patient’s age, tumor mutation, and gene polymorphism were shown to be associated with different response rates to ICB treatment in melanoma. Safi et al., demonstrated that the age of the patients receiving ICB influenced clinical outcomes with younger patients having improved survival compared to older groups. Parakh et al., found an association between germline PD-1 polymorphism and progression free-survival (PFS) in response to anti-PD-1 antibody treatment. In an Asian cohort, Zhou et al., uncovered that patients with NRAS mutated tumors have lower response rates to anti-PD-1 antibody treatment associated with reduced survivals. Additional host- and tumor-intrinsic characteristics were described and correlated with clinical prognosis, some having the potential to predict ICB efficiency, providing rationale for more individualized clinical management strategies (2). Using the TCGA datasets, Fan et al., described a gene signature composed of five interleukins and/or receptors associated with better prognosis in lung adenocarcinoma. Complementary to this work, Munari et al., found that a high CD8+ T cell density in the TME was associated with improved survival in non-small cell lung cancer. Retrospective analyses of the TME transcriptomic profile from melanoma and urothelial cancer patients have revealed that high proportions of activated T cells, M1 macrophages and follicular T helper cells were associated with improved clinical outcomes following ICB, while mast cells or resting memory CD4+ T cells correlated with dismal prognosis (Liu et al.). In addition to these tumor-intrinsic parameters, Billon et al., found that high baseline plasmatic levels of BTN2A1, a molecule binding to γδTCR and activating γδT cells, was significantly associated with shorter PFS of metastatic RCC patients treated with anti-PD-1 antibody, suggesting a potential role of γδT cells in ICB efficacy. A network meta-analysis performed by Botticelli et al., in head and neck cancer deciphered potential association between the efficacy of anti-PD-1 and anti-PD-L1-based treatment with clinical covariates. The authors suggested that anti-PD-1 therapy seems to be more efficient in smoking patients and human papilloma (HPV) negative cases while anti-PD-L1 antibody might be more effective in female patients, locally recurrent settings and in HPV positive cases. In advanced gastric cancer patients, sarcopenia, characterized by reduced skeletal muscle mass, combined with a high neutrophil to lymphocyte ratio was associated with reduced efficacy of anti-PD-1 antibodies (Kim et al.). Collectively, these studies provided key insights into the importance of the tumor immune contexture and clinical covariates in dictating clinical prognosis and treatment efficacy in cancer patients, warranting validation for patient stratification and selection in clinical practice.



Future Perspectives

Aforementioned reviews and original articles critically highlight the importance of studying cancer biology via global approaches. The use of systems biology approaches to comprehensively understand primary and acquired resistance mechanisms to ICB at play should pave the way to more personalized medicine, taking into account an individual’s genetic and environmental influences such as COVID-19 (El-Shakankery et al.). However, despite intensive research efforts, many of the identified mechanisms are still poorly understood. In this regards, Sun et al. provided a comprehensive review of the DNA damage repair pathways in tumors and their relation to ICB response. Mismatch repair is a recognized predictive biomarker for ICB, and original research suggests a combination of agents targeting DNA damage repair and ICB and hold promises for increasing therapeutic efficacy. However, this field of research is complex as different pathways will lead to different outcomes, where for example high mutational load is associated with increased ICB response while increased somatic copy numbers are associated with decreased outcomes and immune suppression likely due to the accumulation of unfavourable mutations. This example illustrates the duality of the problem with pathways playing often opposite roles according to the cell type or tissue involved and the lack of sensitive tools and methods to accurately predict patient responses to ICB.

In a near future, with the development and use of artificial intelligence and machine learning algorithms, we anticipate the development of accurate nomograms integrating multiple variables for patient stratification and treatment decision. With this regard, Yuan et al., developed and validated a nomogram using pre-treatment contrast-enhanced computed tomography (CT) images and clinical risk factors to estimate the anti-PD-1 treatment efficacy in hepatocellular carcinoma patients. The developed model showed high specificity and sensitivity, warranting further validation in a prospective setting. In addition, with the advancement of technologies providing high-dimensional data, we are slowly uncovering the complexity of the highly heterogenous landscapes of malignant diseases. In head and neck squamous cell carcinoma patients, Kulasinghe et al. used highly multiplexed digital spatial profiling to unravel immune cell types and markers correlating with progressive disease, revealing potential biomarkers and their spatial distribution in situ. The application of spatial high-dimensional transcriptomic and proteomic technologies with single cell resolution represents an essential field of development to guide biomarker and target discovery and the foundation for personalized cancer therapy.

In summary, a better understanding of resistance mechanisms will allow clinicians and scientists to design novel targeting approaches or to optimally orchestrate combinatory treatments aiming to overcome resistance mechanisms with the goal to improve clinical outcomes in a more personalized manner.
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Background

There is no study accessible now assessing the prognostic aspect of radiomics for anti-PD-1 therapy for patients with HCC.



Aim

The aim of this study was to develop and validate a radiomics nomogram by incorporating the pretreatment contrast-enhanced Computed tomography (CT) images and clinical risk factors to estimate the anti-PD-1 treatment efficacy in Hepatocellular Carcinoma (HCC) patients.



Methods

A total of 58 patients with advanced HCC who were refractory to the standard first-line of therapy, and received PD-1 inhibitor treatment with Toripalimab, Camrelizumab, or Sintilimab from 1st January 2019 to 31 July 2020 were enrolled and divided into two sets randomly: training set (n = 40) and validation set (n = 18). Radiomics features were extracted from non-enhanced and contrast-enhanced CT scans and selected by using the least absolute shrinkage and selection operator (LASSO) method. Finally, a radiomics nomogram was developed based on by univariate and multivariate logistic regression analysis. The performance of the nomogram was evaluated by discrimination, calibration, and clinical utility.



Results

Eight radiomics features from the whole tumor and peritumoral regions were selected and comprised of the Fusion Radiomics score. Together with two clinical factors (tumor embolus and ALBI grade), a radiomics nomogram was developed with an area under the curve (AUC) of 0.894 (95% CI, 0.797–0.991) and 0.883 (95% CI, 0.716–0.998) in the training and validation cohort, respectively. The calibration curve and decision curve analysis (DCA) confirmed that nomogram had good consistency and clinical usefulness.



Conclusions

This study has developed and validated a radiomics nomogram by incorporating the pretreatment CECT images and clinical factors to predict the anti-PD-1 treatment efficacy in patients with advanced HCC.





Keywords: hepatocellular carcinoma, programmed death receptor-1, computed tomography, radiomics, nomogram



Highlights

	-Question: Is radiomics nomogram extracted from contrast-enhanced CT useful in predicting the anti-PD-1 treatment efficacy in patients with advanced HCC?

	-Pertinent Findings: The nomogram, including embolus, ALBI grade and fusion radiomics score based on both tumor and peritumoral area, achieved the best performance in predicting the probability of PD after PD-1 inhibitor therapy.

	-Implications for Patient Care: Our study has developed and validated a radiomics nomogram by incorporating the pretreatment CECT images and clinical factors to predict the anti-PD-1 treatment efficacy in patients with advanced HCC.





Introduction

Hepatocellular carcinoma (HCC) is now the fourth most common cancer and the second leading causes of cancer-related mortality worldwide (1, 2). Late diagnosis, limited treatment options and lack of predictors of anti-tumor efficacy greatly account for the poor prognosis of HCC (3–5). Recently, immune checkpoint blocker therapy, particularly antibodies targeting the programmed cell death-1 (PD-1)/programmed cell death ligand-1 (PD-L1) pathway, has sparked a boom in systemic treatment aimed at improving the tumor response and survival of HCC patients (6–12). However, only a fraction of patients benefits from the PD-1/PD-L1 monotherapy, indicating it is very important to excavate a curative effect predictor for precise immunotherapy of advanced HCC (13–17). According to the limited researches (18–21), tumor mutational burden (TMB) and PD-L1 expression are the most extensively studied predictive markers for the efficacy of PD-1/PD-L1 treatment. Nevertheless, the percentage of patients with high TMB was low in HCC, and its value as a predictive marker for PD-1 therapy is not reported in the CheckMate-040 and KEYNOTE-224 study (13, 14). On the other hand, many studies have demonstrated that PD-L1 expression is associated with poor prognosis in HCC individual, while its positive expression (with a cut-off of ≥1%) occurred only in about 20% of HCC patients (13, 14, 18, 22). Besides, good anti-tumor response is usually observed during the clinical application of anti-PD-1 monotherapy even in patients with negative PD-L1 expression (23, 24). Therefore, identifying robust predictors as useful tools to predict response to PD-1/PD-L1 treatment in HCC patients is urgently needed in the era of precision medicine.

In a developing country like China, computed tomography (CT) is widely applied as an indispensable tool for differential diagnosis, treatment option determination, and therapeutic evaluation, other than magnetic resonance imaging (MRI). In China, the waiting time for CT examination is 1–2 days even in tertiary general hospitals, but when it comes to MRI examination, it can be 3–7 days at least. Moreover, radiomics has recently been recognized as a newly emerging form of imaging technology in oncology using a series of statistical analysis tools or data-mining algorithms on high-throughput imaging features to obtain predictive or prognostic information (25). Its application has achieved successful prediction abilities in various tumors by building appropriate models with refined features and clinical data (26–30). For instance, radiomic features extracted from contrast-enhanced CT (CECT) have been proved to be useful in predicting microvascular invasion (MVI) and the long-term clinical outcomes in patients with HCC (31). However, to the best of our knowledge, there is no study accessible now assessing the prognostic aspect of radiomics for anti-PD-1 therapy for patients with HCC.

The aim of our current study was to develop and validate a radiomics nomogram by incorporating the pretreatment CECT images and clinical risk factors to estimate the anti-PD-1 treatment efficacy in patients with advanced HCC.



Material and Methods


Study Design and Participants

This study included patients with advanced HCC who were refractory to the standard first-line of therapy and received PD-1 inhibitor treatment with Toripalimab, Camrelizumab, or Sintilimab from 1st January 2019 to 31 July 2020 in the department of Infectious diseases and Hepatology Unit, Nanfang hospital, Southern Medical University. The inclusion criteria were listed as follows: 1. patients who were aged ≥18 with HCC diagnosed by two imaging modalities, or biopsy; 2. were refractory to the standard first-line of therapy; 3. were in stage C according to the Barcelona Clinic Liver Cancer (BCLC) staging system; or in stage B who could not tolerate further surgery or ablation; 4. with Child-Pugh A or B liver function; 5. Eastern Cooperative Oncology Group (ECOG) performance status of ≤3; 6. ≥1 measurable disease at baseline per modified response evaluation criteria in solid tumor (mRECIST); 7. without heart, lung or kidney dysfunction, and life expectancy of ≥3 months.

Patients with the following characteristics were excluded: 1. without enhanced CT scan at baseline; 2. accepted locoregional therapy during follow-up; 3. brain or leptomeningeal metastasis or uncontrolled medical disorders that could jeopardize the outcomes of the study; 4. women who were pregnant or breast feeding; 5. currently had or had a history of malignant tumors in addition to HCC; 6. positive HAV/HCV/HDV/HIV serology; 7. attended other clinical trials. Finally, 58 HCC patients with complete data were included and divided into two sets randomly (at a ratio of 7:3): training set (n = 40) and validation set (n = 18). The reliability of this study was evaluated by calculating a power of the test based on sample sizes and the research outcomes in the two sets (32). Figure 1 illustrates the flowchart of the enrolled study patients.




Figure 1 | Flowchart of the controlled study patients.



This retrospective study was approved by the ethical committee of Nanfang Hospital, Southern Medical University (NFEC-201903-Y1-01). Written consent for PD-1 inhibitor therapy was obtained from patients prior to their enrolment into this study.



Dosage of PD-1 Inhibitor Therapy

Toripalimab was given intravenously at 3 mg/kg body weight or at a fixed dose of 240 mg every 2 weeks. Camrelizumab was given at a fixed dose of 200 mg every 2–3 weeks intravenously. Sintilimab was given at a fixed dose of 200 mg every 3 weeks intravenously.



Clinical Data and Assessments

Clinical and laboratory data were collected from all patients prior to PD-1 inhibitor therapy. Clinical data included age, gender, Barcelona Clinic Liver Cancer (BCLC) stage, Eastern Cooperative Oncology Group (ECOG) performance, and Child-Pugh score. In addition, imaging data were collected based on abdominal computed tomography (CT) and/or magnetic resonance imaging (MRI), and included tumor size, number, vascular invasion, and extrahepatic metastasis. Laboratory data included alpha-fetoprotein (AFP), alanine aminotransferase (ALT), aspartate aminotransferase (AST), albumin, total bilirubin (TBIL), and prothrombin time (PT). Albumin-bilirubin (ALBI) score was calculated for each patient by the following formula: ALBI score = (log10 bilirubin × 0.66) + (albumin × -0.085), where bilirubin is in µmol/L and albumin in g/L (33).

The patients underwent CT at baseline and 2.8 (1.2, 6.2) months thereafter. TRAEs were recorded at every visit according to the US National Cancer Institute (NCI) Common Terminology Criteria for Adverse Events (CTCAE v. 4.03). The CT acquisition parameters are presented in the Supplementary Materials. Tumor responses were evaluated according to the modified response evaluation criteria in solid tumor (mRECIST) (34) and included the following classifications: (I) complete response (CR), disappearance of target lesions according to all enhanced imaging in the arterial phase; (II) partial response (PR), the total reduction of the diameter of the target lesions (enhanced arterial phase) by ≥30%; (III) stable disease (SD), the diameter of the target lesion not reduced to that in PR and not increased to that in progressive disease (PD); (IV) PD, the diameter of the target lesion increased by at least 20% compared with the baseline value or the appearance of new lesions according to enhanced imaging in the arterial phase.



Image Segmentation and Radiomics Feature Extraction

Non-enhanced and arterial phase CT images at 1.5 mm thickness were retrieved for image feature extraction. The region of Interest (ROI) including the whole tumor region (WTR) and the peritumoral region (PTR). The tumor area was manually segmented along with the contour of the tumor on the axial slice of non-enhanced and contrast-enhanced CT by two radiologists (reader 1 and reader 2, both with more than ten years of experience) who were blinded to the clinical outcome using 3D Slicer (version 4.10.2, https://www.slicer.org/) independently. Then, an automated software generated a circumferential region of interest 10mm beyond the measured tumor contour (Figure 2). Considering that the patients treated with PD-1 inhibitor were mostly in advanced stages with an average tumor size of 8.38 ± 3.95 cm and 9.29 ± 4.08 cm in the training and validation set respectively, we chose 10 mm as the border to avoid the inclusion of too many parts out of liver without adding any useful information. Both reader 1 and reader 2 repeated the same procedure two weeks later to evaluate the intra-observer reproducibility. And inter-observer reproducibility was evaluated between the two readers.




Figure 2 | Image segmentation of radiomics. The whole tumor region (WTR) was manually segmented along the contour of the tumor on the axial slice of plain and contrast-enhanced CT. Then, a region with 10 mm distance to the tumor contour was automatically created by the 3D Slicer software and defined as the peritumoral region (PTR).



All voxel sizes of images were resampled with the same size of 1×1×1 mm3 and the grey level was normalized to a scale of 1 to 32. Wavelet filtering were applied to all the images. Then, a total of 3160 radiomics features were extracted from the two ROIs of the non-enhanced and contrast-enhanced CT by Pyradiomics (version 3.0, an open-source python package) (35). These features included 7 types: 1) Shape; 2) First order statistics; 3) Gray Level Cooccurrence Matrix; 4) Gray Level Run Length Matrix; 5) Gray Level Size Zone Matrix; 6) Neighboring Gray Tone Difference Matrix; 7) Gray Level Dependence Matrix.



Feature Selection and Radiomics Score Calculation

Before further analysis, all the extracted radiomics features were standardized into a normal distribution with z-scores to eliminate the differences in the value scales of the data. The training set was used to build a radiomics model as the therapeutic effect of PD-1 inhibitor classifier. To avoid overfitting, feature selection is essential since the relatively low-dimensional sample size contrasted to the high-dimensional radiomics features. Firstly, we calculated the intraclass correlation coefficients (ICCs) between the features extracted from the two radiologists and features with either intra-observer or inter-observer ICCs less than 0.75 were excluded due to the relatively low robust. Secondly, we performed Spearman’s correlation test and features with the coefficients greater than 0.95 were excluded due to the redundancy. Thirdly, among the remaining features, features with significant differences between PD and non-PD (CR + PR + SD) groups were selected through t test. Fourthly, we applied the least absolute shrinkage and selection operator (LASSO) method to select the most powerful features in the training set. Finally, a radiomics score (Fusion Rad-score) based on combination ROIs of the tumor and peritumoral area (WTR+PTR) was calculated for each patient based on a liner combination of the selected radiomics features weighted by their LASSO coefficients. Similarly, a radiomics score (Tumor Rad-score) based only on the ROI of the tumor area (WTR) was also calculated. In addition, we also tried several different machine learning classifiers including the LASSO, Random forest, Support vector machines and Decision tree. It turns out that LASSO had the best AUC and F1-score. Details of the results had been added to the Supplementary Materials.



Development and Validation of Combination Nomogram

Clinical characteristics and radiomics score were selected through univariate and multivariate logistic regression analysis and a nomogram was built based on the independent risk factors in the multivariate analysis. Similarly, a combined model (called combined model 2) was built based on independent clinical factors and Tumor Rad-score. Multi-collinearity was evaluated by the variance inflation factors (VIFs) for variables in the nomogram and the combined model 2. Variables with VIFs > 10 indicated severity multicollinearities (36). The discrimination performance of the nomogram and combined model 2 was evaluated by Harrell’s c-index and receiver operator characteristic (ROC) curves in the training and validation sets (37). Comparison between different ROC curves was performed by Delong test (38). The predictive accuracy of the two models was evaluated by calibration curves and the Hosmer-Lemeshow test (39). Decision curve analysis (DCA) was performed to determine the clinical utility of two models and a larger area under the curve indicated a better clinical utility (40). Additionally, a self-evaluated radiomics quality score is presented in the Supplementary Materials.



Statistical Analysis

Statistical analyses were performed by SPSS (version 26, Chicago, IL, USA) and R software (version 3.6.2, http://www.Rproject.org). In the comparison of baseline data, we used the Student t test or Mann-Whitney U test for continuous variables, and the χ2 test or Fisher’s exact test for categorical variables. Correlation analysis was assessed by the Spearman correlation test. Nomogram and calibration curves were plotted by using the “RMS” package. The ROC curves were plotted by using the “pROC” package and the DCA curves were plotted by using the “RMDA” package. For all tests, two-sided P < 0.05 was considered statistically significant.




Results


Baseline Characteristics of the Training and Validation Set

A total of 58 patients received 3 different PD-1 inhibitor treatment based on the antibody used: toripalimab (n = 20), camrelizumab (n = 27) and sintilimab (n = 11). Accordingly, 13 (32.5%), 19 (47.5%) and 8 (20.0%) patients accepted toripalimab, camrelizumab, and sintilimab, respectively, in the training set (n = 40); and 7 (38.9%), 8 (44.4%) and 3 (16.7%) respectively, in the validation set. There is no statistical difference in the proportion of patients treated with each drug in the two sets (data un-presented).

The power of our study was 0.98 and 0.70 in the training and validation set respectively, suggesting a sufficient sample size of the study and a credible conclusion. The baseline patient characteristics of the training cohort and the validation sets are shown in Table 1. There were no significant differences in the baseline patient characteristics between the training set and validation set, indicating a good consistency between the two data sets. Seven factors showed significant differences between PD and non-PD in the training set: Alb, PLT, ALBI, ALBI grade, tumor embolus, Fusion Rad-score and Tumor Rad-score. Among the total 58 patients, 47 patients (81.0%) achieved tumor control (CR + PR + SD), while 11 patients (19.0%) with progressive disease. The ORR and DCR is 22.4% and 81.0%, respectively (Table 2)


Table 1 | Patient characteristics in training and validation set. (n = 58).




Table 2 | Tumor Responses for all PD-1 treated patients.





Feature Selection

We first excluded features with ICCs less than 0.75, and features of WTR and PTR was reduced to 1432 and 1360 respectively. Among the remaining features, 732 and 650 features of WTR and PTR were retained with correlation coefficients greater than 0.9 by Spearman’s correlation test. Then, 26 and 17 features of WTR and PTR showed significant differences between PD and non-PD (CR + PR + SD) groups via t test in the training set. Finally, 6 and 3 features were selected via LASSO regression (Figure 3). Fusion Rad-score (Figure 4) and Tumor Rad-score were calculated and the detailed formulas was provided in Supplementary Material 1. Compared to patients with non-PD, patients with PD after PD-1 inhibitor treatment had higher Fusion Rad-score (0.8 ± 1.6 vs. -0.8 ± 1.6, P = 0.002) in the training set. The inter-observer reproducibility was high and more details of the intra- and inter-observer reproducibility are shown in Supplementary Material 3.




Figure 3 | Radiomics features selection using the least absolute shrinkage and selection operator (LASSO) binary logistic regression model. (A) Tuning parameter log (λ) selection in the LASSO model used 10-fold cross-validation via minimum criteria. And the vertical black dashed line represents the lowest mean-square error corresponds to log (λ) is 0.0498. (B) LASSO coefficient profiles of all the radiomics features. Vertical black dashed line represents the optimal λ resulted in nine nonzero features.






Figure 4 | Scatter plots of the Fusion Rad-score in the training (A) and validation (B) set. Patients with Fusion Rad-score higher than 0 are classified as PD.





Identification of Independent Risk Factors for PD After PD-1 Inhibitor Treatment

Univariate and multivariate logistic regression analysis showed that tumor embolus, ALBI grade, Fusion rad-score, and Tumor rad-score were found to be independent risk factors for PD after PD-1 inhibitor treatment (Figure 5). The VIFs in the nomogram (1.008, 1.006, and 1.010) and combined model 2 (1.053, 1.042, and 1.088) were all less than 10, indicating there was no multicollinearity among these variables.




Figure 5 | Univariate (A) and multivariate (B) analyses for predicting PD in the training set. (*Statistically significant results from logistic regression analysis; †Used as the reference category).





Development and Validation of the Nomogram

A nomogram was established based on the results of multivariate logistic regression (Figure 6). Variables of the nomogram included two clinical factors (tumor embolus and ALBI grade) and Fusion Rad-score. Harrell’s C-index was 0.851 and 0.791 respectively (P>0.05) in the training and validation set. In the training set, the nomogram yielded an AUC of 0.894 (95% CI, 0.797–0.991) with a sensitivity of 83.3% and a specificity of 86.4%. In the validation set, the nomogram exhibited an AUC of 0.883 (95% CI, 0.716–0.998) with a sensitivity of 71.4% and a specificity of 81.8% (Figure 7). The nomogram showed better performance than combined model 2 or clinical model in the training set (AUC: 0.894 vs. 0.846 or 0.740, P = 0.1401 and P = 0.037) and validation set (AUC: 0.883 vs. 0.831 or 0.739, P = 0.563 and P = 0.044). Calibration curves (Figure 8) and Hosmer-Lemeshow test indicated good consistency between the nomogram-predicted probability of PD and the actual PD rate in both sets (P = 0.758 and P = 0.537). DCA demonstrated a higher net benefit of the nomogram than combined model 2 and the model based on clinical factors, indicating that treatment strategies based on our nomogram prediction have a better clinical utility (Figure 9).




Figure 6 | Nomogram for predicting probability of PD after PD-1 inhibitor therapy of HCC.






Figure 7 | Receiver operating characteristic (ROC) curves for three models in the training (A) and validation (B) set. Model based on only clinical factors (green line) includes embolus and ALBI grade. Combined model 2 (blue line) contains the above two clinical factors and Tumor Radiomics score based on only tumor area. Nomogram (red line) contains clinical factors and Fusion Radiomics score based on both tumor and peritumoral area.






Figure 8 | Calibration curve of the nomogram in the training (A) and validation (B) cohort. X-axis represents the nomogram predicted probability of PD. Y-axis represents the actual probability of PD, and the diagonal dashed line (represent ideal) indicates the ideal prediction by a perfect model. Results were plotted via bootstrapping with 1000 resamples. The closer the bias-corrected calibration curve (red line) is to the diagonal line, the higher the prediction accuracy of the model.






Figure 9 | Decision curve analysis for three models. Model based on only clinical factors includes embolus and ALBI grade. Combined model 2 contains the above two clinical factors and Tumor Radiomics score based on only tumor area. Nomogram contains clinical factors and Fusion Radiomics score based on both tumor and peritumoral area. Result shows that using the nomogram for PD prediction has more benefit than two extreme condition (the treat-all-patients scheme (gray curve) and the treat-none scheme (horizontal black line)). A larger area under the decision curve suggested a better clinical utility. Nomogram (red line) received a higher net benefit than combined model 2 (blue dashed line) and the model based on clinical factors (green line).






Discussion

In the present study, we have successfully developed and validated a radiomics nomogram for the pretreatment individualized prediction of anti-tumor efficacy in patients with advanced HCC and received PD-1 inhibitor therapy with three domestic drugs: Toripalimab, Camrelizumab, and Sintilimab. The nomogram, including embolus, ALBI grade and fusion radiomics score based on both tumor and peritumoral area, achieved the best performance in predicting the probability of PD after PD-1 inhibitor therapy.

According to the results of two pioneering PD-1 applications in HCC patients, nivolumab and pembrolizumab both showed an unsatisfactory DCR of 64% and 62%, respectively (13, 14), meaning that nearly 30–40% patients failed to respond to anti-tumor therapy (also means progressive disease, PD). Unfortunately, there are currently no reliable predictive biomarker to aid in the precision of PD-1/PD-L1 therapy and excavating a curative effect predictor as useful tool for PD-1/PD-L1 application in HCC patients is urgently needed in the era of precision medicine. Higher PD-L1 expression of tumor cells have been showed to be associated with a better objective response to pembrolizumab, while good anti-tumor response to nivolumab occurred in patients regardless of PD-L1 expression (18, 19). Additionally, patients with high level of TMB prior to starting therapy may respond to immune checkpoint inhibition (20). Nevertheless, the percentage of patients with high TMB was low in HCC, and its application as a predictive marker for PD-1 therapy is not recommended in our current clinical practice (20, 21). Therefore, more studies are needed to identify robust predictors as useful tools to allow clinicians to tailor therapy for patients who may fail to respond to PD-1/PDL1 inhibition.

In recent years, advances in machine learning have changed the traditional way of cancer research and thinking. In the era of numerous data, how to use these data effectively, especially information that cannot be directly recognized by the human brain, is the hotspot of research. Radiomics was first proposed by Lambin in 2012 (41), which enables quantification of diseases by extracting massive features from images (including CT, MRI, PET-CT, and so on) and ultimately assists the physician in making the most accurate diagnosis. Since then, more and more studies have applied it in the field of cancer research, especially in diagnosis and efficacy prediction. Zhang Z et al. established a radiomics nomogram based on gadoxetic acid-enhanced MRI showed an AUC of 0.844 in the preoperative prediction of early HCC recurrence after surgery (42). In another study, based on another way of model construction, Ji GW et al. found a radiomics approach demonstrated a better performance in predicting lymph node metastasis in intrahepatic cholangiocarcinoma, especially in CT-reported LN-negative subgroup with an AUC of 0.922 (43). In the field of HCC, most research relative with radiomics are applied for predicting outcome or treatment response after surgery (44–46). PD-1 immunotherapy is being used more and more widely in patients with advanced liver cancer who have lost the opportunity for surgery. In our study, we develop a radiomics nomogram constructed by incorporating Fusion Rad-score from radiomics method and two clinical features including ALBI grade and tumor embolus to predict tumor response after PD-1 inhibitor treatment. Comparing with the existing radiomics nomogram in HCC, our current study has several benefits: 1. To our knowledge, this is the first tool to predict tumor response after PD-1 inhibitor treatment in HCC patients. 2. It provided user-friendly scoring system which could help physicians to select patients who might benefit from PD-1 inhibitor treatment. 3. The tumor area and peritumoral area were both selected to cover the heterogeneous cells and their surrounding microenvironment in our study. As previous imaging studies were mostly based on the shape, density and enhancement of tumors, which did not quantify the information of the images and were easily affected by the subjectivity of the radiologists.

In the variables included by the nomogram, tumor thrombus has been widely recognized as a significant poor prognostic factor for HCC (47). According to the BCLC Staging system, HCC patients with portal vein tumor thrombus are classified as stage C and sorafenib is the only recommended treatment. Tumor thrombus may be seen as areas of solid or streaky arterial phase enhancement within the portal vein and its branches after contrast administration on CT. As another independent risk factor, the ALBI grade, which based Alb and Tbil levels, has been widely recognized as a good indicator for assessing liver function and predicting the prognosis of HCC (33). Ding M et al. found that ALBI grade is an independent risk factor for overall survival in patients with HCC after thermal ablation (48). Fan R et al. built a prediction model which incorporates ALBI score to predicts HCC development in patients with chronic hepatitis (49). This model was developed based on more than 17,000 patients from 11 global prospective studies and yielded a C-index of 0.82–0.87.

Many of the recent radiomics studies only focus on the feature extraction of primary foci and ignore the peritumor microenvironment. In our study, we both extracted features from the tumor area and peritumoral area. And the Fusion Rad-score which consisted features from the peritumoral area exhibited better performance than the Tumor Rad-score. In line with the study by Rui Z et al. (50), this result indicated that the combination of peritumoral features provide more information of the tumor microenvironment, which can reflect the biological behavior of the tumor better.

It is worth noting that 88.9% (eight of nine) of the features consisted of the Fusion Rad-score were wavelet features. The wavelet transformation is a mathematical technique which can decompose special patterns hidden in mass of data. Our finding was consistent with previous studies, which indicated the important role of wavelet transformation in mining the hidden patterns from various data (51). A recent radiomics study employed the support vector machine methods to predict preoperative lymph node status in intrahepatic cholangiocarcinoma, and the five image features selected were all wavelet features (52). With the wavelet transformation, it makes quantification of intratumoral heterogeneity at different scales become possible, which are often invisible to the naked eye.

There are several limitations to our study. First, another important imaging modality, MRI, was not included in the current study according to the shortages we had mentioned in the Introduction section of this paper. Further studies are needed to determine whether the developed model is suitable for MRI in PD-1/PD-L1 treatment efficacy prediction. Second, this study was retrospectively designed, although objective endpoints (especially imaging data for tumor responses assessment) were carefully and integrally recorded. Third, the sample size was relatively small and the survival data was not included in the present study, as the three domestic anti-PD-1 antibodies have only been applied in our clinical practice for just over a year. Our future study will expand the sample size and focus on the subgroup analysis of survival.

The findings in our study are important as we firstly demonstrate that radiomics signatures of CECT in cooperation with clinical characteristics are useful in predicting the efficacy of the three domestically developed PD-1 antibodies in treating Chinese HCC patients. However, these data should not be taken as non-biased or used to inform clinical decision-making without further evidence-based confirmation. Therefore, better controlled, prospective and larger sample size cohorts to assess the clinical utility of this new radiomic tool for HCC patients would be needed. In conclusion, this study has developed and validated a radiomics nomogram by incorporating the pretreatment CECT images and clinical factors to predict the anti-PD-1 treatment efficacy in patients with advanced HCC.
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Background

Immune checkpoint inhibitors (ICI) have shown durable and long-term benefits in a subset of head and neck squamous cell carcinoma (HNSCC) patients. To identify patient-responders from non-responders, biomarkers are needed which are predictive of outcome to ICI therapy. Cues in the tumor microenvironment (TME) have been informative in understanding the tumor-immune contexture.



Methods

In this preliminary study, the NanoString GeoMx™ Digital Spatial Profiling (DSP) technology was used to determine the immune marker and compartment specific measurements in a cohort of HNSCC tumors from patients receiving ICI therapy.



Results

Our data revealed that markers involved with immune cell infiltration (CD8 T-cells) were not predictive of outcome to ICI therapy. Rather, a number of immune cell types and protein markers (CD4, CD68, CD45, CD44, CD66b) were found to correlate with progressive disease. Cross platform comparison with the Opal Vectra (Perkin Elmer) for a number of markers across similar regions of interest demonstrated concordance for pan-cytokeratin, CD8, and PD-L1.



Conclusion

This study, to our knowledge, represents the first digital spatial analysis of HNSCC tumors. A larger cohort of HNSCC will be required to orthogonally validate the findings.
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Introduction

Head and neck cancers account for 700,000 new cases a year, resulting in 380,000 deaths worldwide. Recently, recurrent or metastatic squamous cell carcinomas of the head and neck (HNSCC) had FDA approval for anti PD-1 immune checkpoint inhibitors (ICI) Nivolumab and Pembrolizumab for patients that were refractory to platinum agents. In 2019, approval was also granted for Pembrolizumab as a first line treatment for patients with metastatic or unresectable, recurrent HNSCC whose tumors expressed PD-L1 combined positive score ≥1 (1–4). ICI treatment is cost intensive and associated with potential immune-related adverse effects, therefore identifying patients likely to respond is paramount. There remains a need for biomarkers which are able to select the most suitable patient for ICI therapy in HNSCC (5–8).

A number of factors dictate how well a HNSCC tumor may respond to ICI therapy: (i) the immune contexture of the tumor microenvironment (TME) which includes the type, density, location, phenotypic, and functional profile of immune cells (9–11) and; (ii) the extent of mutations in the tumor cells (tumor mutation burden – TMB) (12–14). Studies have demonstrated that the immune contexture and spatial profiles can impact directly on the clinical response to ICI therapy. When a tumor has a high degree of T-cell infiltration, it is generally termed a “hot tumor”, where the immune system has recognised the tumor cells which in turn may be easier to target and treat with ICI. In comparison, “cold”, or cold-acting tumors tend to be harder to treat as they have fewer mutations and checkpoint proteins that do not engage with the immune system to attack the cancer cells (15). Numerous studies have shown that tumor PD-1/PD-L1 status varies significantly and is often non-predictive (1). In addition, PD-L1 expression and TMB have non-overlapping effects on the response to PD-1/PD-L1 inhibitors and were found to be independent of TMB (16). These studies highlight how each biomarker may point to differing mechanisms informative of response to ICI therapy (17).

Interrogation of the tumor microenvironment has become a powerful tool in understanding cellular interactions which are key for ICI to be effective in tumor types such as HNSCC, non-small cell lung cancer and melanoma. Recently, multiplex immunofluorescence (mIF) has come to the fore to spatially discern the tumor microenvironment from formalin-fixed paraffin-embedded (FFPE) tumor tissue. To this end, digital spatial profiling has been developed by Nanostring Technologies which uses DNA oligo tags that are covalently linked to primary antibodies via a UV photocleavable linked to identify targets in situ and enable quantitation via nCounter technology ex situ. For this proof-of-principle study in HNSCC, we analyzed a number of HNSCC patient tumors using the NanoString GeoMx DSP technology using the Immuno-oncology profiling core which covers protein targets across Immuno-oncology (IO) drug targets, immune activation status, immune cell typing, and pan-tumor modules. Our data shows that multidimensional spatial analysis of HNSCC tumors reveals a number of cell types (CD4, CD68, CD45, CD44, CD66b) which were found to associate with progressive disease to ICI therapy.



Materials and Methods


Patient Recruitment

This study was conducted at the Royal Brisbane and Women’s Hospital (RBWH) in Queensland, Australia. Ethical approval was obtained from the Metro South Health District Human Research Ethics Committee in accordance with the National Health and Medical Research Councils guidelines (Ethics Approval HREC/12/QPAH/381) and a site specific agreement with RBWH. The study has institutional approval from the Human Ethics Committee (1400000617). Following written informed consent, tumor tissue (FFPE sections) were collected from n=7 HNC patients receiving ICI therapy (Nivolumab or Pembrolizumab) for metastatic disease. The clinical outcomes following ICI therapy was reported as non-progressors (NP) or progressive disease (PD).



Tissue Preparation

FFPE tissue (8 unstained x 5 µm) were prepared onto charged slides by Queensland pathology and one slide was H&E stained. The H&E slide was scanned at 20x and 40x magnification on the 3D Histech slide scanner and sent for demarcation of tumor and normal regions by a qualified pathologist. Four unstained slides were used for the Opal Multiplex IF staining (PerkinElmer) and two unstained slides were transported to Nanostring Technologies (Seattle) for DSP profiling.



Multispectral Immunofluorescence

Multispectral immunofluorescence staining was performed using the Opal four-color IHC Kit (NEL794001KT; Perkin Elmer, Waltham, MA) as per manufacturer’s instructions. The Opal kit uses tyramide signal amplification (TSA) conjugated fluorophores to detect targets within an immunofluorescence assay. Briefly, the slides were deparaffinised with Xylene, rehydrated with a series of graded ethanol (100%, 95%, 70% for 2 min) and washed in Tris buffered saline with 0.1% Tween 20 (Merck). Slides were then heated using microwave treatment (MWT) for 45 seconds at 100% power followed by 15 min at 20% power in AR Buffer. Slides were blocked using the blocking diluent (Perkin Elmer) for 10 min at room temperature (RT). The primary antibody was incubated for 37°C for 32 min in the Dako Slide Hybridiser (Agilent, Ca, USA). The primary antibodies used in the study were from Cell Signalling Technology: pan keratin (C11, cat #4545) Mouse mAb (1:750 dilution), CD8 (C8/144B, cat #70306) Mouse mAb (1:1,000 dilution), PD-L1 (E1L3N XP, cat #13684) Rabbit mAb (1:500 dilution). Slides were then washed in TBST with agitation and incubated with Opal Polymer HRP MS+Rb (Perkin Elmer) for 10 min at RT. Opal signal was generated by incubating the slides in the Opal working solution (Opal 520, Opal 570, Opal 670; 1:50 dilution) for 10 min. Slides were washed in TBST and underwent MWT in AR buffer prior to probing with the next antibody. Slides were then counterstained with DAPI for 5 min and mounted with Prolong Gold (Invitrogen) and coverslipped prior to imaging. Slides were imaged using the Vectra 3.0 spectral imaging system (PerkinElmer) and image analysis performed using the InForm image analysis software (PerkinElmer). Low magnification scanning at 10x was initially performed to get an overview of the slide and to compare to pathologist-demarcated H&E sections, next 10 regions of interest across the fields were chosen across tumor, immune, infiltrating edges, and the stroma to get representative images of the tissue section.



Protein Digital Spatial Profiling

The DSP workflow was carried out by Nanostring Technologies as per Merritt et al., BioRxiv 2019 (Figure 1). In brief, the protocol has five steps: standard FFPE tissue preparation; tissue incubation with a mixture of visualization markers (VMs) and DSP probes; imaging and region of interest (ROI) selection; ultraviolet (UV) exposure; and oligo collection step. This is then quantified using the Nanostring nCounter® system. Once the VM step have been completed to visualize the tissue morphology based on four-color fluorescence imaging of epithelial cells (PanCK), T cell (CD3), cytotoxic T cells (CD8), and nuclear stain (DAPI), twelve regions of interest (ROI) at 200µm circular diameter were selected in consultation with a pathologist. After UV illumination of the ROIs, the eluent was collected via microcapillary aspiration and transferred into individual wells of a microtiter plate. Once the 12 ROIs were processed, indexing oligos were hybrisised to NanoString optical barcodes for digital counting on the nCouter®. Digital counts from barcodes corresponding to protein probes were then normalized to ERCC and housekeeping counts.




Figure 1 | Overview of the Digital Spatial Profiling (DSP) platform (Nanostring Technologies, Seattle). Antibodies are covalently bonded to a DNA indexing oligo with a UV photo-cleavable linker. These reagents are used to stain HNSCC tumor tissue sections and focused UV light can liberate the indexing oligos from the regions of interest (ROI). The oligos can be collected and digitally counted. Image obtained with permission from Merritt et al., bioRxiv 2019.





Whole Exome Sequencing

tumor tissue slides were profiled using whole exome sequencing (xGEn, Cat#1506114) at the Australian Translational Genomics Centre (ATGC) with a mean depth of 61x for the exome and a xGen Pan-Cancer Panel v2.4 (Integrated DNA Technologies, US) covering 523 clinically relevant gene with a mean coverage of 202x. The tumor mutation burden (TMB) was calculated using variants in the high coverage panel including only variants generating protein coding alterations. To calculate the TMB, the total number of somatic nonsynonymous mutations was normalized to the total number of megabases sequenced.



Statistical Analysis

Statistical anaylsis was performed using GraphPad Prism (version 8.2.1). All statistical tests used a cut-off P-value of 0.05 for significance and were two sided. Unpaired t-test was used to compare the ROI findings to the clinical outcome data.




Results


Patient Characteristics

The patient clinicopathological findings are presented in Table 1 (staged according to the 8th TMN edition). FFPE slides were collected from n=7 metastatic HNSCC patients prior to commencement of therapy. The HNSCC anatomical features were three oral cavity cancer (OC) and four oropharyngeal cancers (OPC) (three human papillomavirus HPV positive). Patients were treated with a combination of surgery, radio, and chemotherapy prior to ICI treatment (Nivolumab/Pembrolizumab) in the metastatic setting. The treatment response data following ICI treatment was stable disease in two patients, progressive disease in three patients and death in two patients.


Table 1 | HNSCC clinicopathological features.





Multiplex-IF Characterization (Opal PerkinElmer and Nanostring GeoMX™ DSP)

Four color tumor tissue profiling and whole slide scanning was performed on a subset of serial sections of HNSCC tissue to compare the protein expression profiles between the Opal PerkinElmer kit (Cytokeratin, CD8, PD-L1, and DAPI) and Nanostring GeoMX DSP (Cytokeratin, CD8, CD3, and DAPI) (Figure 2). Similar staining patterns were found between the cytokeratin and CD8 markers across both platforms, consistent with the tumor/normal demarcation by the pathologist. While the exact/matched ROIs could not be assessed using the two technologies, upon ROI selection and analysis, similar marker expressions were found for cytokeratin, CD8, and PD-L1.




Figure 2 | Comparative staining across two multiplex technologies. (A) H&E stain of head and neck squamous cell carcinoma (HNSCC) tumor tissue; (B) highlighting the tumor region; (C) Opal four-color IHC staining (PerkinElmer) of the HNSCC tissue section for cytokeratin (green), CD8 (yellow), PD-L1 (red), DAPI (blue); (D) a tumor ROI imaged at 20x; (E) indicative brown stains of the individual channels for CK, CD8, and PD-L1; (F) whole slide imaged with visualization markers for ROI selection on the Nanostring GeoMx DSP 12 regions of interest (ROI) selection in multiple tumor regions; (G) barcode counts per ROI across the visualization markers CD8, CD3, and pan-cytokeratin.





Multiplex-IHC Characterization (Nanostring GeoMx™ DSP)

The four color tumor tissue profiling to demarcate tumor, stroma and immune regions is shown in Figure 3. The four color visualization markers for tumor (panCK), immune (CD3, CD8), and nuclear (DAPI) is shown per tumor section alongside the 12 ROIs. The bar graph shows the “counts” per ROI (1–12/tumor slide) for the visualization markers and these appear to have good concordance based on region selection (e.g., tumor rich areas present with high panCK counts while immune rich areas have low/no panCK counts and higher CD3/CD8 counts). Each tumor section has an unsupervised hierarchically clustered heatmap, which shows that tumor (green), immune (red), and infiltrating edge containing a mixed cell population (yellow). The tumor ROIs are enriched for pan-cytokeratin, STAT3, CD44, STING TMEM173, AKT, and CD68. The immune ROIs are enriched for CD34, BCL-2, CD45, CD11C, CD4, CD3, CD45RO, CD8, HLA-DR, B7-H3, AKT, STAT3, CD68, CD44, VISTA, and STING TMEM173. ROIs which contain mixed phenotypes such as tumor infiltrating edges are enriched for cells expressing B7-H3, CD34, CD4, CD45RO, CD3, CD8, CD68, pan-cytokeratin, AKT, CD44, HLA-DR, STAT3, and STING TMEM173. The global heatmap of the seven HNSCC tumors is shown in Supplementary Figure 1. Pearson’s correlation matrix of all the target pairs analyzed across the HNSCC tumors in shown in Figure 4. We found that pan-cytokeratin correlated strongly with PD-L1, pSTAT3, STAT3, PTEN, and STING TMEM173 and weakly with PD-1 and VISTA and immune cell types (CD8, CD68, CD4, CD3). CD8 was found to correlate strongly with PD-1, OX40L, IDO-1, ICOS CD278, HLA-DR, GZMB. Of note, the CD68, CD66B, CD45RO, and CD4 immune cell types correlated strongly with VISTA.




Figure 3 | Tissue morphology (NanoString GeoMX DSP) for HNSCC tumors with 12 regions of interests (ROIs) per section, visualization markers and heatmap per tissue section. HNSCC tissue was profiled using four-color fluorescence of CD8 (red), CD3 (yellow), PanCK (green), and DNA (blue). Twelve 200 µm diameter circular regions of interest (ROIs) were selected and further profiled with a 40-plex oligo-antibody cocktail (individual ROIs below the tumor staining and counts for CD3, CD8, and PanCK cells per ROI). Unsupervised hierarchical clustering heatmaps of region-specific (tumor – green, Immune- red, Infiltrating edge with a mixed cell population – yellow) nCounter digital counts across all protein targets.






Figure 4 | Pearson’s Correlation matrix of all target pairs analyzed across the head and neck squamous cell carcinoma (HNSCC) tumors. Red indicates a positive correlation, the blue indicates a negative correlation.





Comparison of Regions of Interest

In Figure 5A, a representative comparison between a tumor ROI and immune ROI is shown, whereas in Figure 5B, the tumor infiltrating edge is compared to an exclusive immune cell only region in close proximity to the tumor. While the tumor regions appear enriched for pan-cytokeratin cells, the immune regions have comparatively high counts of CD68 positive cells, including increased counts for VISTA, CD44, STAT3, and STING. In the tumor infiltrating edge, an increase of AKT and CD45RO is present.




Figure 5 | Region of interest comparison (ROI vs ROI). Tumor regions of interest plotted against (A) immune regions and (B) Tumor infiltrating edge regions. The Nanostring barcoded “oligo-counts” per marker are measured on both axes.





Measurement of Markers Against Clinical Outcome

The clinical outcome (NP or PD) of the patients was measured against the individual targets in the Nanostring GeoMX DSP panel as shown in Figure 6. CD8, pan-cytokeratin, CD3, CD11C, CD34, CD56, FOXP3, ICOS CD278, and HLA-DR were found not to be significantly associated with disease outcome. The following were found to be significantly associated with progressive disease CD4, CD45RO, CD68, IDO-1, pERK, and Ki67 (p ≤0.05); PD-L1, PD-1, GZMB (p ≤ 0.01), CD45, OX40, pSTAT3 (p ≤ 0.001); STAT3, CD44, STING, CD66b, pAKT, PTEN (p ≤ 0.0001).




Figure 6 | The clinical outcome following immune checkpoint therapy in the head and neck squamous cell carcinoma (HNSCC) patient cohort. [non-progressors (NP) or progressive disease (PD)] was measured per antibody target. ns=not significant p>0.05, *indicates statistical significance p ≤0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.





Whole Exome Sequencing of Tumors

Sufficient slides (6–8 slides/patient) were available from 3/7 HNSCC tumor samples. DNA was isolated from all three HNSCC FFPE sections for WES. Two of the three tissue sections did not progress beyond the Quality Control (QC) criteria and one sample continued to library preparation (mctc-001). The TMB of sample mctc-001 was estimated to be 5.7 mutations/Mb.




Discussion

Identifying biomarkers predictive of response to ICI therapy has been an unmet clinical need and an area where data is emerging at a rapid pace across solid tumor biopsy and liquid biopsy in HNSCC (4, 7, 8, 18–20). Approaches using TMB and TME assessments have been used to predict outcome to ICI therapy (21). To better understand the TME, multispectral-IHC has been developed using whole slide imaging (Opal PerkinElmer and the Vectra) and higher-plex technologies such as the NanoString GeoMX DSP, which allow for 44-plex with ROI selections. There have been a few early reports using the Nanostring GeoMX DSP technology to identify markers of response to ICI therapy in melanoma (22–24), and this manuscript represents first pilot study in a small cohort of HNSCC receiving ICI.

In this preliminary study, we employed a novel digital spatial profiling methodology (NanoString GeoMX DSP) with an established multispectral IHC technique (Opal PerkinElmer) to identify predictive biomarkers of response to ICI therapy in a cohort of HNSCC patients. Across the two platforms, there was concordance between the staining patterns for a number of common markers (pan-cytokeratin, CD8, PD-L1, and DAPI) which were measured across tumor and stromal compartments. While exact ROIs were not assessable across the two methodologies, ROIs of close proximity were selected for comparative staining. The NanoString GeoMX DSP technology allows for a greater interrogation of markers compared to the Opal PerkinElmer system (44-plex vs 4-plex respectively). Therefore, to utilize the higher-plex capability of the NanoString GeoMX DSP technology, we spatially profiled seven HNSCC patient tumor biopsy FFPE samples (from patients enrolled onto ICI trials) to determine the clinical significance of a panel of 44-markers targeting immune cell profiling, immune cell activation and immuno-oncology drug target modules. The molecular compartments in the TME were defined by the detection of fluorescently labelled primary antibodies targeting pan-cytokeratin, CD8, and CD3 and DAPI.

PD-L1 was found to be highly expressed in two HNSCC tumor ROIs (mCTC-005, mCTC-006). In the same patients, across the immune cell regions, PD-1 was found to have low protein expression but higher PD-L1. Both patients received ICI (Nivolumab and Pembrolizumab) in the metastatic setting and had progressive disease at 2 years follow up. PD-L1 was found to be weakly expressed across the five other HNSCC tumor ROIs; PD-1 showed low/no expression in the tumor ROIs. Across the immune ROIs, PD-1 showed increased expression in one patient (mCTC-001) with metastatic disease to the lungs, that died 3 months after starting Pembrolizumab. This patient had low PD-L1 expression in the tumor regions. The patient was also found to have a low-intermediate TMB (5.7 muts/Mb) (13). For HNSCC, recent studies have shown that patients with a high TMB (above 10.3 muts/Mb) have associated with a higher neoantigen load on major histocompatibility complex (MHC) molecules for immune recognition and the development of an antitumor immune response (13). The comprehensive assessment of spatial PD-1/PD-L1 and TMB for this patient predicts for a poor outcome to ICI therapy. While FFPE tissue slides were collected for all patients enrolled into this study, sufficient material was available for TME assessments on all cases but limited numbers for TMB. This highlighted the importance of being able to make TME assessments from a single slide.

V-domain Ig suppressor of T cell activation (VISTA) is a novel inhibitory immune checkpoint protein that was found to strongly correlate across a number of immune cell regions in the tumor periphery of the HNSCC tumors (25) while weakly correlative within the tumor regions. VISTA functions as an immunosuppressive receptor and ligand on T-cells by decreasing IFN-γ and TNFα to block T-cell proliferation and increase the conversion of naïve to regulatory T cells. Studies have shown that combining anti-PDL1 and anti-VISTA therapies decrease tumor size and prolong survival. In addition, the study demonstrated that blockage of VISTA changes the suppressive features of the TME by decreasing the myeloid derived suppressor cells and increasing the presence of activated dendritic cells. Treatment with VISTA monoclonal antibody increased the number of tumor specific T cells in the periphery, enhanced the proliferation and infiltration into the tumor and the effector function of the tumor reactive T-cells (26).

Stimulator of interferon genes (STING) is a signaling molecule that is found in the endoplasmic reticulum, which leads to the transcription of many immune genes. STING links upstream DNA sensors to downstream IRF-3 and NF-κB pathway activation (27). It promotes an immune response against tumor cells by starting an interferon (IFN) type I over expression and is widely expressed in various cell types including T-cells, dendritic cells, and epithelial cells. In our study, STING appears to be ubiquitously expressed across tumor and immune ROIs. Emerging studies are targeting the STING pathway by utilizing STING agonists to produce IFNs to enhance the antitumor immune response (28). However, a few studies have reported on the activation of the cGAS-STING pathway which can lead to tolerogenic responses that promote tumor cell proliferation with low antigenicity through the induction of indolamine 2,3-dioxygenase (IDO) (29). In our study, IDO-1 was found to be weakly expressed across most of the tumors except for one HNSCC sample.

From the survival analysis, a number of markers were found to correlate with progressive disease (CD4, CD45RO, CD68, IDO-1, pERK, Ki67, PD-L1, PD-1, GZMB, CD45, OX40, STAT3, pSTAT3, CD44, STING, CD66b, pAKT, and PTEN). Notably, markers involved with immune cell infiltration (e.g., CD8 T-cells) were not found to be predictive of outcome to ICI therapy. However, the activity of the T-cells was not assessed at the time of sampling. While preliminary, and in a small cohort of HNSCC patients, this study provides a frame of reference for larger spatial proteomic analysis studies in HNSCC. A limitation of the study was the lack of repeat tissue biopsy to understand changes in the TME under the stressors of ICI therapy. The authors envisage a larger study of HNSCC undergoing ICI therapy where repeat tissue biopsy and metastatic tissue is available to understand the changes in the primary tissue as well as distant metastatic disease.



Conclusion

This study demonstrates the use a novel spatial profiling methodology (NanoString GeoMX DSP) for highly-multiplexed analysis of HNSCC tumors to determine markers involved with benefit to immunotherapy. We found that the platform provided robust and reproducible data geared toward translational oncology studies where a greater depth of multi-plexing is desirable beyond conventional IHC. 
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Targeted antibody therapies improve outcomes for chronic lymphocytic leukemia (CLL) patients. However, resistance often develops. We have previously shown that resistance to therapeutic antibodies, by monocyte derived macrophages (referred to as nurse like cells, NLCs), from CLL patients is characterized by suppression of antibody dependent phagocytosis (ADP). The mechanism(s) contributing to the muted ADP responses remain unresolved. In this regard, an innate immune checkpoint was recently described that uses the CD47:SIRPα axis to suppress phagocytic responses by macrophages. In this study we examine whether the SIRPα axis regulates ADP responses to the anti-CD20 antibody, obinutuzumab, by NLCs. Using siRNA depletion strategies we show that SIRPα is a suppressor of ADP responses. Moreover, we show that this innate immune checkpoint contributes to the resistance phenotype in NLCs derived from CLL patients. Finally, we show that SIRPα suppression is mediated via the phosphatase, Shp1, which in turn suppresses SYK-dependent activation of ADP. Thus, we identify a druggable pathway that could be exploited to enhance sensitivity to existing therapeutic antibodies used in CLL. This is the first study to show that activation of the CD47:SIRPα innate immune checkpoint contributes to ADP resistance in NLCs from CLL patients.
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Introduction

Macrophages are a cellular effector of antibody-dependent phagocytosis (ADP) (1–4). Indeed, reports suggest that macrophages may be the major immune effector to clear tumor cells in response to therapeutic antibodies such as obinutuzumab (3, 5–7). Therapeutic antibodies targeting CD20, such as obinutuzumab and rituximab, are used in first- and second-line treatments for CLL (8–12). Although of proven clinical value in CLL treatment, acquired resistance to antibody therapies remains a serious issue and contributes to relapse and treatment failure (13).

Culture of peripheral blood monocytes from chronic lymphocytic leukemia (CLL) patients gives rise to macrophage-like cells referred to as nurse like cells (NLCs). NLCs display profound ADP activity against CLL cells incubated with obinutuzumab or rituximab (4, 14). In this regard, NLCs provide a clinically relevant ex vivo model of ADP responses and mechanisms of resistance in CLL (1, 2, 4, 14, 15). For example, NLCs derived from patients with stable/early disease mount a robust ADP response in which 30–60% of the NLCs participate in ADP against obinutuzumab or rituximab-opsonised CLL cells (1, 14). We refer to these NLCs as “sensitive” (1, 14). In contrast, NLCs derived from patients with progressive/relapsed/refractory disease requiring treatment display a muted ADP response to obinutuzumab or rituximab (1, 14). Typically, less than 10% of NLCs participate in ADP responses to antibody-opsonized CLL cells (1, 14). We refer to these NLCs as “resistant.” This resistance to therapeutic antibodies is reversible and actionable (1, 14). For example, the use of FcγRIIB blocking antibodies, HDAC7-selective inhibitors, and SHIP1 inhibitors have all been shown to enhance ADP responses in phenotypically resistant NLCs (1, 16, 17).

ADP responses are initiated when opsonized targets bind an Fcγ Receptor (FcγR) complex on immune effectors such as NLCs (15). FcγRs are a family of receptors comprising activating FcγRs (e.g. FcγR1,2A,3 and 4 in humans) and an inhibitory FcγR2B (15). Once ligated, in the context of CLL, FcγR induce ADP via activation of either a SYK/BTK dependent signaling pathway or a PI3K/p110δ signaling pathway (1, 2). The SYK/BTK pathway is muted in phenotypically resistant NLCs whereas the PI3K/p110δ/AKT pathway is unaltered between phenotypically sensitive or resistant NLCs (2). The SYK/BTK mediated resistance can be reversed with Ship1 inhibitors (1). We recently discovered that histone deacetylase 7 (HDAC7) directly suppresses BTK activation in phenotypically resistant NLCs which can be reversed by treatment with HDAC7-selective inhibitors (17). Thus, ADP resistance is actionable and appears to be mediated exclusively by SYK and BTK signaling. Moreover, it is able to be modified with clinically available agents.

Recent evidence suggests that phagocytosis of opsonized or non-opsonized targets occur in the context of an immune synapse-like structure involving the clustering of activating and inhibitory immune receptors (18). Within the FcγR family, there are activating and inhibitory FcγRs which cluster prior to phagocytosis (19–22). Moreover, external to the FcγRs are coregulatory receptors such as SIRPα which are expressed on macrophages and activated by ligation with ligands such as CD47 expressed on a target cell (18, 23). There is growing evidence that the CD47/SIRPα axis may inhibit phagocytosis of tumor cells (7, 23–25). A typical scenario would see CD47 (“don’t eat me” signal) expressed on a cancer cell bind to SIRPα on an immune effector (e.g. macrophage) causing an inhibitory signal in the effector cell which dampens phagocytosis (7, 23). Thus, the CD47:SIRPα axis is referred to as an innate immune checkpoint (23) and is being targeted in a number of clinical trials in various cancer types including AML, breast cancer, CLL, lymphoma and head neck skin cancer (26, 27). Early data emerging from these trials suggests that blood cancers are more sensitive than solid tumors to anti-CD47:SIRPα therapies (15). However, it has also emerged that targeting ubiquitously expressed CD47 has the potential for inducing unwanted side effects such as anaemia (23). Since SIRPα is selectively expressed on myeloid cells (28) targeting this component of the innate immune checkpoint may offer an opportunity to produce good clinical efficacy with fewer side effects. Indeed, therapeutic antibodies have already been developed to target SIRPα (23, 25). Understanding downstream events controlling SIRPα signaling offers the potential to identify new actionable targets that could be used to antagonize the CD47;SIRPα immune checkpoint and improve the specificity and extent of responses to existing therapeutic antibodies.

In this study we explore the possibility that the CD47:SIRPα immune checkpoint may be a negative regulator of ADP responses in NLCs derived from CLL patients. We report, for the first time, that the CD47:SIRPα axis negatively regulates ADP responses in NLCs from CLL patients. We also show that SIRPα-mediated suppression of ADP responses is mediated via Shp1/SYK dependent signaling. Thus, we identify new components of the innate immune checkpoint, in NLCs from CLL patients, that could be targeted to enhance responses to therapeutic antibodies in current use in CLL patients.



Materials and Methods


CLL Samples and Cultures

Peripheral blood was collected from CLL patients following informed consent according to protocols approved by the Princess Alexandra Hospital (PAH) Human Research Ethics Committee. Diagnosis of CLL was made according to iwCLL criteria (29). Peripheral blood mononuclear cells (PBMCs) were isolated using density gradient centrifugation and cultured as described previously (1). Briefly, CLL PBMCs were cultured at high density (5 × 106 cells/ml) in RPMI-1640 medium, supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 U/ml penicillin G, 100 ug/ml streptomycin, and 2.92 mg/ml glutamine (all from Thermo Fisher Scientific). Cells were cultured for 7 days to allow maturation of monocytes into NLCs as described previously (1). Cultures were incubated with obinutuzumab (10 µg/ml; GA101; Roche) and/or, anti-human CD47 functional grade antibody (2.5 µg/ml; clone B6H12 from Thermo Fisher Scientific as indicated).



Reagents

Syk inhibitor (R406; 3 µM) and PI3Kδ inhibitor (Idelalisib CAL-101; 3 µM) were from Selleckchem. SHP-1 inhibitor (TPI-1; 3 µM) and SHP-2 inhibitor (SHP099; 10 µM) were from MedChem Express. Fc-block reagent was purchased from Miltenyi Biotech.



Antibody-Dependent Phagocytosis Assay

FcγR mediated phagocytosis was examined on CLL PBMC cultures in Nunc Lab-TekII chamber slides (Thermo Fisher Scientific). Following 7 days in culture, cultures were treated with indicated inhibitors or CD47 blockade before the addition of obinutuzumab for an additional 2 h. Non-adherent cells were removed by gentle agitation and washing before being fixed in 4% paraformaldehyde for 10 min. Slides were then stained with May-Grunwald-Giemsa as described previously (1). Slides were analyzed by light microscopy using a DS Fil color camera fitted to a Nikon brightfield microscope (Nikon). Phagocytosis was estimated by counting the number of NLCs that contained phagocytosed CLL cells. A minimum of 200 NLCs per sample were counted and all quantification was performed using ImageJ software.



Flow Cytometry

To determine the expression of CD47 on CLL cells, PBMCs from CLL patients were stained with APC-CD19 (Clone HIB19), FITC-CD5 (Clone UCHT2), and PE-CD47 (Clone C2CC6; all from Biolegend). CLL cells were gated on CD19+/CD5+ and the percentage of CD47 positivity determined. All samples were analyzed on a BD FACSCanto flow cytometer (BD Biosciences) and data were analyzed using BD FACSDiVa software (BD Biosciences).



Immunofluorescent Staining

Immunofluorescent staining was performed as described previously (1). CLL PBMCs were cultured for 7 days in 8-well Nunc Lab-Tek II Chamber Slides, and where indicated, were treated with 10 µg/ml obinutuzumab for 30 min. CLL cells were removed by gentle agitation and washing before being fixed in 4% paraformaldehyde. Primary antibodies include mouse monoclonal anti-human CD47 (Clone B6H12.2; Thermo Fisher Scientific) and rabbit monoclonal anti-human SIRPα (Clone EPR16264; Abcam). Secondary antibodies include Alexa Fluor® 555 donkey-anti-rabbit and Alexa Fluor® 488 goat-anti-mouse (both from Thermo Fischer Scientific). Sections were counterstained with DAPI for nuclear staining before being mounted with ProLong Gold (Cell Signaling Technology). Immunofluorescent signals were viewed through an Olympus FV1200 Laser Scanning Confocal Microscope system (Olympus) and analyzed using Olympus FV-10-ASW imaging software. Where indicated, z-stack images were analyzed using ImageJ software.



Western Blot

Immunoblotting has been described previously (1). Primary antibodies used include: SIRPα (1:1,000; #13379; Cell Signaling), phospho-Shp1 (1:1,000; Tyr564; #8849; Cell Signaling), total Shp1 (1:1,000; #3759; Cell Signaling), phospho-Shp2 (1:1,000; Tyr580; #3703; Cell Signaling), total Shp2 (1:1,000; #3397; Cell Signaling), phospho-Lck (1:1,000; Y394; #ab201567; Abcam), total Lck (1:1,000; #2752; Cell Signaling), phospho-SYK (1:1,000; Tyr525/526; #2710; Cell Signaling), total SYK (1:1,000; #13198; Cell Signaling), phospho-AKT (1:1,000; Ser473, #5082; Cell Signaling), total AKT (1:1,000; #9272; Cell Signaling), GAPDH (1:5,000; #5174; Cell Signaling), and β-actin (1:5,000; sc47778; Santa Cruz Biotechnology). Horseradish peroxidase-conjugated goat anti-rabbit (1:5,000; Cell Signaling) and goat anti-mouse secondary antibodies (1:5,000; Sigma-Aldrich) were used for detection. SignalFire™ Plus ECL reagent (#12630S, Cell Signaling) was used for protein expression detection as per the manufactures protocol. Fusion SL (Analis Instruments) was used as per manufacturer instructions and chemiluminescent captured using Fusion SL (Analis Instruments). Where protein expression has been quantitated, results represent relative protein levels normalized to corresponding total protein levels or β-actin or GAPDH using Image J software.



siRNA Knockdown

Predesigned stealth small interfering RNAs (siRNAs) were used to silence protein expression of SIRPα (27mer Human siRNA duplexes; SR315411; OriGene) and Shp1 (27mer Human siRNA duplexes; SR321517; OriGene). Non-targeting scrambled siRNA (Trilencer-27 Universal Scrambled Negative Control siRNA Duplex; SR30004; OriGene) was used as a control. On day 7 of culture, non-adherent cells were removed by gentle agitation before NLCs were transfected for 4 h with 50 nM siRNA using Lipofectamine RNAiMAX (LMRNA015; Thermo Fisher Scientific) according to the manufacturers’ instructions. CLL cells were co-cultured with NLCs following transfection protocol. Cells were harvested 48 h post transfection for western blotting or used in functional ADP assays.



Statistical Analysis

A minimum of triplicate determinations from five biological replicates per treatment group was used, unless otherwise indicated. Statistical differences were calculated using a Mann Whitney U Test or one-way ANOVA followed by Dunnett’s test to account for P values <0.05 using GraphPad Prism 8.4.1.




Results


SIRPα and CD47 Expression Are Similar in Cultures of PBMCs From Phenotypically Sensitive and Resistant CLL Patients

We have previously shown that NLCs derived from patients with early/stable disease can be typically classified as phenotypically sensitive in ex vivo ADP assays (1). Conversely, NLCs derived from patients with CLL requiring treatment can be typically classified as phenotypically resistant in ex vivo ADP assays (1). We now confirm that NLCs become phenotypically “resistant” to ADP during CLL disease progression from stable to progressive disease (1) (Figures 1A, B). To confirm our ADP assay only measures phagocytosis we provide a z stack series of IF images with phenotypically sensitive or resistant NLCs showing it discriminates phagocytosis from cell surface binding (Supplementary Figures 1A, B). In addition, we confirm that ADP responses are mediated via both a SYK/BTK-dependent pathway and a PI3K/p110δ-dependent pathway as characterized by sensitivity to R406 and idelalisib respectively (1, 2) (Supplementary Figures 2A, B). To examine whether the CD47:SIRPα immune checkpoint is a negative regulator of ADP in NLCs from CLL patients we initially quantitated leukemic cell surface expression of CD47 by flow cytometry (Figure 2A) and NLC SIRPα expression by western blot (Figure 2B). CD47 expression was expressed on virtually all CLL cells and was similar in level of expression between CLL cells from phenotypically sensitive or resistant patient samples (Figure 2A). Total SIRPα expression was also similar between phenotypically sensitive and resistant NLCs (Figure 2B). Immuno-fluorescence analysis (Figure 2C) showed that virtually all NLCs expressed SIRPα (Figure 2C). Therefore, increases in the expression of CD47 or SIRPα does not account for the emergence of ADP-resistance. Overall, these data indicate that i) CD47 and SIRPα are expressed on leukemic CLL cells and NLCs respectively and ii) that differences in their expression profiles do not explain the ADP resistance phenotype.




Figure 1 | ADP response of stable and progressive CLL derived NLCs. PBMC cultures from stable and progressive disease CLL patients were cultured for 7 days to generate NLCs before stimulated with or without obinutuzumab (10 µg/ml) for 2 h. NLCs were stained with May-Grunwald-Giemsa stain and phagocytosis was quantitated as described in Materials and Methods. (A) Quantified data presented as the percent NLCs engulfing CLL cells as a fraction of the total pool of NLCs in the culture or the number of engulfed cells per phagocytosing NLC. Data presented as mean value ± SEM from five patients in each group and analyzed by a Mann Whitney U Test. ****p < 0.0001. (B) Representative images of May-Grunwald-Giemsa stained stable and active CLL patients’ PBMCs derived NLCs after obinutuzumab treatment. Scale bar = 25μm. ns, not significant.






Figure 2 | CD47 and SIRPα expression on CLL and NLCs respectively. PBMCs from CLL patients were cultured for 7 days. (A) CLL cells were analyzed for CD47 expression by flow cytometry. CLL cells were gated on CD19 and CD5 positivity and data presented as mean fluorescent intensity (MFI) or percentage of CLL cells expressing CD47. CLL cultures have been classified as phenotypically sensitive or antibody resistant as described in Introduction. Each point represents an individual patient. The mean value ± SEM is presented. (B) NLCs generated on day 7 of CLL PBMC culture were harvested for protein expression of SIRPα by western blot. Western blots are shown for six sensitive and six resistant NLCs, THP-1 is shown as a positive control. Quantified data is shown graphically (right panel). The mean value ± SEM is presented. (C) Immunofluorescent staining of SIRPα on NLCs. Cells staining positive for SIRPα appear red and nuclear staining appears blue (DAPI). Representative images from a single patient are shown; ×20 and ×63 magnification. Scale bar = 50 and 100 μm.





SIRP α Suppresses ADP in NLCs

We examined whether a CD47 blocking antibody could derepress ADP responses in NLCs (Figures 3A–C). A 2 h pretreatment with CD47 blocking antibody (2.5 μg/ml) followed by addition of obinutuzumab (10 μg/ml) significantly increased the percentage of phenotypically sensitive NLCs that participated in ADP from 32 to 45% (P < 0.05; Figure 3A; Supplementary Figure 3). However, CD47 blocking antibody did not significantly enhance the number of phagocytic events/NLC beyond those seen with obinutuzumab alone in phenotypically sensitive NLCs (Figure 3B; Supplementary Figure 3). In contrast, a 2 h pretreatment with CD47 blocking antibody followed by obinutuzumab significantly increased the percentage of phagocytosing NLCs and significantly increased the number of phagocytic events/NLC in phenotypically resistant NLCs compared to obinutuzumab alone (P < 0.05; Figure 3B; Supplementary Figure 3). Thus, the phenotypically resistant NLCs appeared more responsive to CD47 blocking than were phenotypically sensitive NLCs. However, we noted that treatment with the murine IgG1 CD47 blocking antibody treatment alone (without obinutuzumab) significantly increased (P < 0.05) both the phagocytic events/NLC as well as the percent NLCs participating in ADP (Figures 3A, B; Supplementary Figure 3) compared to the untreated cohorts. This again, was more evident in the phenotypically resistant NLCs (Figures 3A, B; Supplementary Figure 3).




Figure 3 | CD47 blockade enhances ADP response in NLCs. Phenotypically sensitive and resistant CLL PBMC cultures were treated anti-CD47 blockade (2.5 μg/ml) for 2 h before incubation with obinutuzumab (10 μg/ml) for an additional 2 h. Phagocytosis was quantitated as described in Materials and Methods. Data presented as the percent NLCs engulfing CLL cells as a fraction of the total pool of NLCs (A) or the number of engulfed CLL cells per phagocytosing NLC (B). Data presented as mean value ± SEM from eight sensitive and nine resistant CLL patients. (C) CLL PBMCs were treated with Fc-block reagent and/or CD47 blocking antibody for 2 h before addition of obinutuzumab for an additional 2 h. ADP response was examined as outlined above. Data presented as mean value +/− SEM from six patients. Statistical analysis used a Mann Whitney U Test. **p < 0.01 and ****p < 0.0001. ns, not significant.



These results prompted us to examine whether the CD47 antibody was able to induce an FcγR-dependent ADP in NLCs derived from CLL patients. The CD47 induced phagocytosis by NLCs was significantly reduced by treatment with an Fc blocking antibody (Figure 3C, Supplementary Figure 4) indicating that the IgG1 CD47 antibody is able to induce to an FcγR-dependent ADP response. This latter observation indicated we could not use the CD47 blocking antibody to interrogate the SIRPα pathway. However, it should be noted that there was a significantly lower ADP response to CD47 blocking antibody alone than to obinutuzumab in phenotypically sensitive NLCs compared with resistant NLCs. This suggests CD47-mediated suppression of ADP may be more prominent in phenotypically resistant NLCs. Specifically, the CD47 Ab contributes to ADP responses both directly and indirectly. In the first instance the IgG1 component can directly activate ADP. This would be more noticeable in phenotypically sensitive NLCs than in phenotypically resistant NLCs. In the second instance, CD47 Ab can indirectly enhance ADP responses by derepressing the SIRPα-mediated suppression. This would be more noticeable in phenotypically resistant NLCs.

To determine whether the SIRPα/CD47 checkpoint is a negative regulator of ADP we transfected NLCs with siRNA targeting SIRPα. Initial screening of a suite of siRNAs identified a target sequence that reduced SIRPα protein expression by more than 60% compared to scrambled control (Figure 4A). We transfected phenotypically resistant NLCs with the targeting siRNA-C or a scrambled control and then treated the cultures with obinutuzumab (Figure 4B). The obinutuzumab-induced ADP response by NLCs is significantly enhanced (P < 0.5) following SIRPα knockdown compared to a scrambled siRNA control (Figure 4B; Supplementary Figure 5). Both the percent NLCs participating in ADP as well as the ADP events/NLC were increased following SIRPα knockdown (Figure 4B; Supplementary Figure 5). This established that SIRPα negatively regulates ADP responses in NLCs derived from CLL patients and suggests that SIRPα could potentially be targeted to reinstate sensitivity to obinutuzumab.




Figure 4 | SIRPα knockdown enhances ADP response in NLCs. CLL derived NLCs were transfected on day 7 with 50 nM scrambled siRNA control or three different SIPRα selective siRNAs (siRNA A–C). (A) Protein was harvested 48 h post transfection and SIRPα and β-actin expression visualized and quantitated by western blot to examine knockdown efficiency. Data presented as mean value ± SEM and normalized to scrambled siRNA control. Each point represents an individual NLC donor. (B) NLCs were co-cultured with autologous CLL cells for 48 h after SIRPα siRNA C or scrambled siRNA transfection. Cultures were then treated with or without obinutuzumab (10 μg/ml) stimulation for 2 h before ADP responses were estimated. Data presented as the percent NLCs engulfing CLL cells as a fraction of the total pool of NLCs or the number of engulfed CLL cells per phagocytosing NLC. Data presented as mean value +/− SEM from nine patients. Statistical analysis used a Mann Whitney U Test. ***p < 0.001 and ****p < 0.0001. ns, not significant.





SIRPα–Dependent Inhibition of ADP Response Is Mediated via Shp1

Shp1 and Shp2 are phosphatases implicated in multiple SH2-dependent signaling events, including SIRPα immune checkpoint signaling in macrophages (30–34). We examined the expression levels of Shp1, phospho-Shp1, Shp2, and phospho-Shp2 in NLCs by western blot and found them to be similar between phenotypically sensitive and resistant NLCs (Figure 5A; Supplementary Figure 6). Similarly, phospho-Shp1/Shp1 or phospho-Shp2/Shp2 ratios were similar between phenotypically sensitive and resistant NLCs (Figure 5A). Knockdown of SIRPα expression (Figure 5B) significantly reduced the phospho-Shp1/Shp1 ratio but not the phopsho-Shp2/Shp2 ratio compared to a scrambled siRNA control (Figure 5C). We next examined the effect of SIRPα depletion on phosphorylation of Lck at tyrosine 394, a Shp1-selective target (35, 36). SIRPα depletion significantly increased the level of phospho-Lck-Y394 (Figure 6A). Together, these data suggest that SIRPα modulates the Shp1 axis in NLCs, without engaging Shp2.




Figure 5 | SHP1 but not SHP2 is downstream of SIRPα. (A) Total and phosphorylated SHP1 and SHP2 expression were examined in phenotypically sensitive and resistant NLCs by western blotting. Representative blots and quantified data are shown. Each point represents a single patient. (B) NLCs were transfected with SIRPα siRNA C or scrambled control siRNA. SIRPα protein expression, as well as (C) total and phosphorylated SHP1 (pSHP1) or SHP2 (pSHP2) expression was estimated in transfected NLCs. Representative blots are shown and quantified data shown graphically. Data presented as mean value ± SEM and normalized to scrambled siRNA control. Each point represents an individual patient. Statistical differences were calculated by a Mann Whitney U Test. ***p < 001 and ****p < 0.0001. ns, not significant.






Figure 6 | SYK but not AKT is associated with SIRPα-dependent repression of ADP in NLCs. (A, B) NLCs were transfected with 50 nM SIRPα specific siRNA C or scrambled control before the expression levels of phosphorylated LckY394, SYK, and AKT were examined by western blot. Representative blots are shown and quantified data shown graphically. Data presented as mean value ± SEM and has been normalized to scrambled siRNA control. Each point represents an individual patient. Statistical analysis used a Mann Whitney U Test. **p < 0.01 and ***p < 0.001. ns, not significant.



FcγR-dependent ADP occurs via two independent post-receptor signaling pathways (1, 2) i) SYK and BTK dependent (1) and ii) PI3K/p110δ/AKT dependent (2). To determine whether SIRPα-suppression engages these pathways we examined the effect of depletion of SIRPα on intracellular signaling via the SYK/BTK or PI3K/p110δ/AKT pathways. SIRPα depletion significantly enhanced activity of the SYK pathway as evidenced by the 1.8-fold increase in the phospho-SYK/SYK ratio compared with scrambled siRNA control (Figure 6B). In contrast, activity of the PI3K/p110δ/AKT pathway, as characterized by phospho-AKT/AKT level, was unchanged by SIRPα depletion compared to the scrambled siRNA control (Figure 6B). As these pathways have previously been shown to be independent post-receptor events, our results suggest that SIRPα suppresses ADP via a SYK dependent signaling pathway.

Finally, to confirm the involvement of Shp1 in the SIRPα/SYK pathway we employed targeted depletion of Shp1 with siRNA (Figure 7). Initial screening of a suite of Shp1 siRNAs demonstrated we could significantly reduce Shp1 protein expression by 50% (Figure 7A) resulting in a significant increase of 50% in phospho-Shp1/Shp1 ratio (Supplementary Figure 7) compared to cells treated with a scrambled siRNA control. Shp1 siRNA treatment of NLCs significantly enhanced obinutuzumab-induced ADP compared with scrambled siRNA control (Figure 7B; Supplementary Figure 8). Moreover, Shp1 depletion significantly increased phospho-SYK/SYKtotal 1.4-fold compared with scrambled siRNA control (Figure 7C). In contrast, Shp1 depletion did not alter phospho-AKT/AKTtotal (Figure 7C). Finally, we incubated NLCs with the SYK-selective inhibitor, R406 (1) (Supplementary Figure 9). R406 reduced the phospho-SYK/SYK ratio but did not alter phopsho-Shp1/Shp1 (Supplementary Figure 9). Combined, these data demonstrate that Shp1 is a downstream effector of SIRPα and is an upstream negative regulator of SYK-mediated ADP activity in NLCs.




Figure 7 | SHP1-dependent ADP repression is SYK-dependent. NLCs were transfected with 50 nM scrambled siRNA control or three different SHP1-siRNAs (siRNA A–C). (A) Protein was harvested after 48 h and SHP1 and GAPDH expression visualized and quantitated by western blot to examine knockdown efficiency. (B) NLCs were co-cultured with autologous CLL cells for 48 h after SHP1 siRNA C or scrambled siRNA transfection. Cultures were then treated with or without obinutuzumab (10 µg/ml) for 2 h before ADP responses examined. Data presented as mean value ± SEM from five CLL patients. (C) Western blot data analysis of SYK (pSYKY525/526) and AKT phosphorylation (pAKTS473) in NLCs following SHP1 siRNA transfection. Representative blots and quantified data are shown. Data presented as mean value +/− SEM. Each point represents an individual patient. Statistical analysis used a Mann Whitney U Test. *p < 0.05, ***p, 0.001, and ****p < 0.0001.






Discussion

CD47 is a transmembrane protein which has recently been characteried as having anti-phagocytic properties which reduce tumor cell immunogenicity. The CD47:SIRPα immune checkpoint is thus a promising translational target for blood and solid tumours (37, 38). At present there are at least 13 phase 1 or 2 trials of CD47/SIRPα targeting agents (18). Early clinical trials with CD47 blocking antibodies have shown therapeutic promise but have also been associated with off target toxicities (23, 27). To circumvent the off-target effects of CD47 blocking agents there has been increasing interest in the CD47 receptor, SIRPα (25). SIRPα, is selectively expressed on myeloid cells (including macrophages such as NLCs). Thus, identifying the effectors of SIRPα-dependent repression of ADP responses may identify actionable intracellular targets that antagonize the SIRPα axis. In this study we show that i) the SIRPα checkpoint suppresses ADP responses to obinutuzumab by NLCs from CLL patients, ii) SIRPα signaling operates via a Shp1/SYK axis, and, iii) SIRPα-mediated suppression does not affect PI3K/p110δ/AKT–dependent ADP.

NLCs are specialized macrophages derived from circulating monocytes from CLL patients (39–41). Using NLCs from CLL patients we show that SIRPα-driven suppression is mediated via downstream activation of Shp1 which in turn dephosphorylates SYK to dampen the ADP response. The most obvious proof of this is reflected by the enhancement of ADP responses and hyper-phosphorylation of SYK following SIRPα or Shp1 knockdown in NLCs. In addition, inhibition of SYK results in suppressed ADP responses but did not alter Shp1 phosphorylation indicating Shp1 is upstream of SYK. This is consistent with a previous study showing that Shp1 was a negative regulator of SYK in macrophage cell lines (42). The Shp1 selectivity, identified in this study, may represent a point of difference between NLCs and other myeloid cell systems. For instance, SIRPα has been shown to signal through both Shp1 and Shp2 (18, 43, 44). In our study, Shp2 phosphorylation was unaltered by SIRPα depletion and SIRPα depletion induced phosphorylation of the Shp1-selective target LckY394 suggesting that SIRPα-dependent ADP suppression, in NLCs, is predominantly, if not exclusively, Shp1-dependent. Thus, exploiting the Shp1-dependence of SIRPα signaling in NLCs may add an extra level of selectivity when targeting the defective ADP response in CLL patients.

FcγR-dependent ADP responses to therapeutic antibodies have been shown to be mediated via two independent signaling pathways (1, 2) (Figure 8). One pathway is mediated via SYK/BTK which becomes increasingly repressed during disease progression (1). The SYK/BTK pathway is subject to multiple suppressive effectors such as Ship1, HDAC7, SIRPα, or Shp1 (1, 17) (this study; Figure 8). The second pathway is mediated via PI3K/p110δ/AKT (2) and does not appear to be subject to any known negative regulators in NLCs (2). This has implications for our understanding of the molecular events regulating FcγR-dependent ADP. Specifically, the divergence of the two pathways indicates that separate signaling and suppressive events are instigated in the immediate post-receptor environment. In this regard, little is known about the immediate post-receptor events that transduce the FcγR signal in macrophages. It is known that FcγR ligation induces phosphorylation of SH2 domains within the ITAM regions resulting in recognition by adaptor proteins and subsequent signal transduction (45, 46). Of potential relevance here is the recent report by Chen et al. showing that SIRPα-dependent suppression of phagocytosis acts via a negative acting interaction of SLAMF7 with Mac1 (24). How this relates to the pathways described in this study remains to be elucidated but does identify a potential effector that may operate in the immediate post-receptor environment in NLCs (24).




Figure 8 | Overview of FcγR signaling pathway in antibody resistant NLC. Therapeutic antibody binding to cell-surface receptor, FcγR independently activates SYK/BTK and p110δ/AKT pathways. Activation of SIRPα by tumor cell CD47 (not shown) activates SHP1 phosphatase that suppresses SYK activity.



It is interesting to note that dampening of the ADP response, that occurs during CLL disease progression, is attributable exclusively to selective disruption of the negative regulatory pathways (e.g. SIRPα, HDAC7, ship1) rather than the activating pathways (e.g. SYK, BTK, PI3K, SLAMF7). The etiological basis for this imbalance is unclear but not unprecedented since a similar situation exists for the “classical” immune checkpoint of T cells in which the suppressive arm becomes prominent in cancers (47). Whilst classical blocking strategies such as antibodies and soluble ligands have been the main focus of clinical trials our study and others highlight the potential value of small molecular weight targeted agents. For example, RRx-001 is a small molecular weight drug showing promise in recent clinical trials in various cancer types (48). RRx-001 switches the macrophage phenotype from M2 to M1 and causes a decrease in expression of SIRPα and enhanced tumor clearance by macrophage phagocytosis in vivo (48). This provides strong evidence that the CD47:SIRPα axis can be targeted using small molecular weight drugs. Another strategy has reported the efficacy of small molecular weight agents targeting the synthesis and trafficking of CD47 in cancer cells (49). We now report an additional strategy to combine traditional antibody therapies with agents targeting suppressors of the innate immune checkpoint such as SIRPα, and Shp1 or the previously identified suppressors such as, Ship1 (1) or HDAC7 (17). Such strategies have the advantage of being selective for myeloid cells, in which the innate immune checkpoint is suppressed, and avoids the expense incurred with antibody therapies.

In contrast to the potential intracellular targets, identified in our study, strategies targeting the extracellular components of the CD47:SIRPα immune checkpoint are already in clinical trial for blood and solid tumors. The clinical development and early trials were driven by encouraging results in preclinical models of breast cancer, melanoma, lung cancer, and multiple blood cancer types (18). At least seven phase 1/2 trials of CD47 (e.g. Hu5F9-G4 or TTI-662)/SIRPα (e.g. CC-95251) targeting agents, as monotherapies, and six Phase 1/2 trials of combination therapies are underway (18). The results of our study suggest that combinations of traditional antibody therapies, such as rituximab or obinutuzumab, plus a CD47:SIRPα blocking agent may be efficacious in CLL. In this regard there are several early phase clinical trials currently recruiting for combinations of CD47:SIRPα blockers + therapeutic antibodies for solid tumors and blood cancers (Feng et al., 2019). Moreover, a recent phase 1b clinical trial combining rituximab with an anti-CD47 therapeutic antibody (Hu5F9-G4) showed promising results in lymphoma patients (27). Overall, these early phase safety/toxicity studies have shown that blocking the innate immune checkpoint is a promising new therapeutic strategy for blood cancers (18).

In conclusion, we have identified the SIRPα:Shp1 axis as a selective actionable target that could be exploited using intracellularly and extracellularly directed strategies to enhance ADP responses, by NLCs, to existing therapeutic antibodies in CLL patients.



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 metro south Health Human Research Ethics Committee. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

Y-CC: performed experiments, contributed to design of studies, contributed to data analysis and interpretation, contributed to writing manuscript. MB: performed experiments and provided technical advice, contributed to data analysis and interpretation. SM: coordinated sample collection, contributed to study design, contributed to data analysis and interpretation, contributed to writing manuscript. PM: Coordinated sample collection, contributed to study design, contributed to data analysis and interpretation, contributed to writing manuscript. DG: coordinated sample collection, contributed to study design. AB: provided technical advice and guidance as well as co-writing the manuscript, contributed to data analysis and interpretation. NS: directed design of the study, contributed to data analysis and interpretation, contributed to manuscript writing. All authors contributed to the article and approved the submitted version.



Acknowledgments

The authors acknowledge the generosity of the patients who donated their time and blood for this study.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.610523/full#supplementary-material



References

1. Burgess, M, Mapp, S, Mazzieri, R, Cheung, C, Chambers, L, Mattarollo, SR, et al. Increased Fc gamma RIIB dominance contributes to the emergence of resistance to therapeutic antibodies in chronic lymphocytic leukaemia patients. Oncogene (2017) 36(17):2366–76. doi: 10.1038/onc.2016.387

2. Chen, YCE, Burgess, M, Mapp, S, Mollee, P, Gill, D, Blumenthal, A, et al. PI3K-p110 delta contributes to antibody responses by macrophages in chronic lymphocytic leukemia. Leukemia (2020) 34(2):451–61. doi: 10.1038/s41375-019-0556-z

3. Church, AK, VanDerMeid, KR, Baig, NA, Baran, AM, Witzig, TE, Nowakowski, GS, et al. Anti-CD20 monoclonal antibody-dependent phagocytosis of chronic lymphocytic leukaemia cells by autologous macrophages. Clin Exp Immunol (2016) 183(1):90–101. doi: 10.1111/cei.12697

4. VanDerMeid, KR, Elliott, MR, Baran, AM, Barr, PM, Chu, CC, and Zent, CS. Cellular Cytotoxicity of Next-Generation CD20 Monoclonal Antibodies. Cancer Immunol Res (2018) 6(10):1150–60. doi: 10.1158/2326-6066.CIR-18-0319

5. Gul, N, Babes, L, Siegmund, K, Korthouwer, R, Bogels, M, Braster, R, et al. Macrophages eliminate circulating tumor cells after monoclonal antibody therapy. J Clin Invest (2014) 124(2):812–23. doi: 10.1172/JCI66776

6. Lefebvre, ML, Krause, SW, Salcedo, M, and Nardin, A. Ex vivo-activated human macrophages kill chronic lymphocytic leukemia cells in the presence of rituximab: Mechanism of anti body-dependent cellular cytotoxicity and impact of human serum. J Immunother (2006) 29:388–97. doi: 10.1097/01.cji.0000203081.43235.d7

7. Weiskopf, K, and Weissman, IL. Macrophages are critical effectors of antibody therapies for cancer. Mabs-Austin (2015) 7:303–10. doi: 10.1080/19420862.2015.1011450

8. Wierda, WG, Byrd, JC, Abramson, JS, Bilgrami, SF, Bociek, G, Brander, D, et al. NCCN Guidelines Insights: Chronic Lymphocytic Leukemia/Small Lymphocytic Lymphoma, Version 2.2019. J Natl Compr Canc Netw (2019) 17(1):12–20. doi: 10.6004/jnccn.2019.0002

9. Bosch, F, Cantin, G, Cortelezzi, A, Knauf, W, Tiab, M, Turgut, M, et al. Obinutuzumab plus fludarabine and cyclophosphamide in previously untreated, fit patients with chronic lymphocytic leukemia: a subgroup analysis of the GREEN study. Leukemia (2020) 34(2):441–50. doi: 10.1038/s41375-019-0554-1

10. Woyach, JA. Treatment-naive CLL: lessons from phase 2 and phase 3 clinical trials. Blood (2019) 134:1796–801. doi: 10.1182/blood.2019001321

11. Pirich, T, Zwickl-Traxler, E, Pecherstorfer, M, and Singer, J. Tolerability of obinutuzumab therapy in patients with rituximab-relapsed/refractory B-cell malignancies - a retrospective single center cohort study. Oncotarget (2018) 9:29944–56. doi: 10.18632/oncotarget.25714

12. Goede, V, Fischer, K, Busch, R, Jaeger, U, Dilhuydy, MS, Wickham, M, et al. Chemoimmunotherapy with GA101 plus chlorambucil in patients with chronic lymphocytic leukemia and comorbidity: results of the CLL11 (BO21004) safety run-in. Leukemia (2013) 27(5):1172–4. doi: 10.1038/leu.2012.252

13. Goede, V, and Hallek, M. Pharmacotherapeutic Management of Chronic Lymphocytic Leukaemia in Patients with Comorbidities: New Agents, New Hope. Drug Aging (2015) 32:877–86. doi: 10.1007/s40266-015-0308-3

14. Burgess M, CY, Mapp, S, Mollee, P, Gill, D, and Saunders, NA. Identifying an obinutuzumab resistant subpopulation of monocyte-derived-macrophages from patients with CLL. Leuk Lymphoma (2020) 60(11):2738–42. doi: 10.1080/10428194.2020.1775211

15. Chen, YCE, Mapp, S, Blumenthal, A, Burgess, ML, Mazzieri, R, Mattarollo, SR, et al. The duality of macrophage function in chronic lymphocytic leukaemia. Bba-Rev Cancer (2017) 1868(1):176–82. doi: 10.1016/j.bbcan.2017.03.006

16. Roghanian, A, Teige, I, Martensson, L, Cox, KL, Kovacek, M, Ljungars, A, et al. Antagonistic human FcgammaRIIB (CD32B) antibodies have anti-tumor activity and overcome resistance to antibody therapy in vivo. Cancer Cell (2015) 27:473–88. doi: 10.1016/j.ccell.2015.03.005

17. Burgess M, CY, Mapp, S, Blumenthal, A, Mollee, P, Gill, D, and Saunders, NA. HDAC7 is an actionable driver of therapeutic antibody resistance by macrophages from CLL patients. Oncogene (2020) 39(35):5756–67. doi: 10.1038/s41388-020-01619-y

18. Feng, MY, Jiang, W, Kim, BYS, Zhang, CC, Fu, YX, and Weissman, IL. Phagocytosis checkpoints as new targets for cancer immunotherapy. Nat Rev Cancer (2019) 19(10):568–86. doi: 10.1038/s41568-019-0183-z

19. Sobota, A, Strzelecka-Kiliszek, A, Gladkowska, E, Yoshida, K, Mrozinska, K, and Kwiatkowska, K. Binding of IgG-opsonized particles to Fc gamma R is an active stage of phagocytosis that involves receptor clustering and phosphorylation. J Immunol (2005) 175(7):4450–7. doi: 10.4049/jimmunol.175.7.4450

20. Hogarth, PM, and Pietersz, GA. Fc receptor-targeted therapies for the treatment of inflammation, cancer and beyond. Nat Rev Drug Discov (2012) 11:311–U387. doi: 10.1038/nrd2909

21. van Mirre, E, Teeling, JL, van der Meer, JW, Bleeker, WK, and Hack, CE. Monomeric IgG in intravenous Ig preparations is a functional antagonist of FcgammaRII and FcgammaRIIIb. J Immunol (2004) 173:332–9. doi: 10.4049/jimmunol.173.1.332

22. Kelton, JG, Singer, J, Rodger, C, Gauldie, J, Horsewood, P, and Dent, P. The concentration of IgG in the serum is a major determinant of Fc-dependent reticuloendothelial function. Blood (1985) 66(3):490–5. doi: 10.1182/blood.V66.3.490.bloodjournal663490

23. Zhang, WT, Huang, Q, Xiao, W, Zhao, Y, Pi, J, Xu, H, et al. Advances in Anti-Tumor Treatments Targeting the CD47/SIRP alpha Axis. Front Immunol (2020) 11:18. doi: 10.3389/fimmu.2020.00018

24. Chen, J, Zhong, MC, Guo, H, Davidson, D, Mishel, S, Lu, Y, et al. SLAMF7 is critical for phagocytosis of haematopoietic tumour cells via Mac-1 integrin. Nature (2017) 544(7651):493–. doi: 10.1038/nature22076

25. Piccione, EC, Juarez, S, Tseng, S, Liu, J, Stafford, M, Narayanan, C, et al. SIRPα-Antibody Fusion Proteins Selectively Bind and Eliminate Dual Antigen-Expressing Tumor Cells. Clin Cancer Res (2016) 22(20):5109–19. doi: 10.1158/1078-0432.CCR-15-2503

26. Li, Y, Zhang, M, Wang, X, Liu, W, Wang, H, and Yang, YG. Vaccination with CD47 deficient tumor cells elicits an antitumor immune response in mice. Nat Commun (2020) 11(1):581. doi: 10.1038/s41467-019-14102-4

27. Advani, R, Flinn, I, Popplewell, L, Forero, A, Bartlett, NL, Ghosh, N, et al. CD47 Blockade by Hu5F9-G4 and Rituximab in Non-Hodgkin’s Lymphoma. N Engl J Med (2018) 379(18):1711–21. doi: 10.1056/NEJMoa1807315

28. Barclay, AN, and Brown, MH. The SIRP family of receptors and immune regulation. Nat Rev Immunol (2006) 6:457–64. doi: 10.1038/nri1859

29. Hallek, M, Cheson, BD, Catovsky, D, Caligaris-Cappio, F, Dighiero, G, Dohner, H, et al. iwCLL guidelines for diagnosis, indications for treatment, response assessment, and supportive management of CLL. Blood (2018) 131(25):2745–60. doi: 10.1182/blood-2017-09-806398

30. Fujioka, Y, Matozaki, T, Noguchi, T, Iwamatsu, A, Yamao, T, Takahashi, N, et al. A novel membrane glycoprotein, SHPS-1, that binds the SH2-domain-containing protein tyrosine phosphatase SHP-2 in response to mitogens and cell adhesion. Mol Cell Biol (1996) 16(12):6887–99. doi: 10.1128/MCB.16.12.6887

31. Okazawa, H, Motegi, S, Ohyama, N, Ohnishi, H, Tomizawa, T, Kaneko, Y, et al. Negative regulation of phagocytosis in macrophages by the CD47-SHPS-1 system. J Immunol (2005) 174(4):2004–11. doi: 10.4049/jimmunol.174.4.2004

32. Oldenborg, PA, Gresham, HD, and Lindberg, FP. CD47-signal regulatory protein alpha (SIRPalpha) regulates Fcgamma and complement receptor-mediated phagocytosis. J Exp Med (2001) 193:855–62. doi: 10.1084/jem.193.7.855

33. Veillette, A, Thibaudeau, E, and Latour, S. High expression of inhibitory receptor SHPS-1 and its association with protein-tyrosine phosphatase SHP-1 in macrophages. J Biol Chem (1998) 273:22719–28. doi: 10.1074/jbc.273.35.22719

34. Takada, T, Matozaki, T, Takeda, H, Fukunaga, K, Noguchi, T, Fujioka, Y, et al. Roles of the complex formation of SHPS-1 with SHP-2 in insulin-stimulated mitogen-activated protein kinase activation. J Biol Chem (1998) 273(15):9234–42. doi: 10.1074/jbc.273.15.9234

35. Moogk, D, Zhong, S, Yu, Z, Liadi, I, Rittase, W, Fang, V, et al. Constitutive Lck Activity Drives Sensitivity Differences between CD8(+) Memory T Cell Subsets. J Immunol (2016) 197(2):644–54. doi: 10.4049/jimmunol.1600178

36. Kundu, S, Fan, K, Cao, ML, Lindner, DJ, Zhao, ZZJ, Borden, E, et al. Novel SHP-1 Inhibitors Tyrosine Phosphatase Inhibitor-1 and Analogs with Preclinical Anti-Tumor Activities as Tolerated Oral Agents. J Immunol (2010) 184(11):6529–36. doi: 10.4049/jimmunol.0903562

37. Chao, MP, Alizadeh, AA, Tang, C, Jam, M, Weissman-Tsukamoto, R, Zhao, FF, et al. Therapeutic Antibody Targeting of CD47 Eliminates Human Acute Lymphoblastic Leukemia. Cancer Res (2011) 71:1374–84. doi: 10.1158/0008-5472.CAN-10-2238

38. Chao, MP, Alizadeh, AA, Tang, C, Myklebust, JH, Varghese, B, Gill, S, et al. Anti-CD47 Antibody Synergizes with Rituximab to Promote Phagocytosis and Eradicate Non-Hodgkin Lymphoma. Cell (2010) 142:699–713. doi: 10.1016/j.cell.2010.07.044

39. Ysebaert, L, and Fournie, JJ. Genomic and phenotypic characterization of nurse-like cells that promote drug resistance in chronic lymphocytic leukemia. Leuk Lymphoma (2011) 52:1404–6. doi: 10.3109/10428194.2011.568078

40. Tsukada, N, Burger, JA, Zvaifler, NJ, and Kipps, TJ. Distinctive features of “nurselike” cells that differentiate in the context of chronic lymphocytic leukemia. Blood (2002) 99:1030–7. doi: 10.1182/blood.V99.3.1030

41. Burger, JA, Tsukada, N, Burger, M, Zvaifler, NJ, Dell'Aquila, M, and Kipps, TJ. Blood-derived nurse-like cells protect chronic lymphocytic leukemia B cells from spontaneous apoptosis through stromal cell-derived factor-1. Blood (2000) 96:2655–63. doi: 10.1182/blood.V96.8.2655.h8002655_2655_2663

42. Kant, AM, De, P, Peng, X, Yi, T, Rawlings, DJ, Kim, JS, et al. SHP-1 regulates Fcgamma receptor-mediated phagocytosis and the activation of RAC. Blood (2002) 100:1852–9. doi: 10.1182/blood.V100.5.1852.h81702001852_1852_1859

43. Kharitonenkov, A, Chen, Z, Sures, I, Wang, H, Schilling, J, and Ullrich, A. A family of proteins that inhibit signalling through tyrosine kinase receptors. Nature (1997) 386:181–6. doi: 10.1038/386181a0

44. Neel, BG, Gu, H, and Pao, L. The ‘Shp’ing news: SH2 domain-containing tyrosine phosphatases in cell signaling. Trends Biochem Sci (2003) 28:284–93. doi: 10.1016/S0968-0004(03)00091-4

45. Kiefer, F, Brumell, J, Al-Alawi, N, Latour, S, Cheng, A, Veillette, A, et al. The Syk protein tyrosine kinase is essential for Fcgamma receptor signaling in macrophages and neutrophils. Mol Cell Biol (1998) 18:4209–20. doi: 10.1128/MCB.18.7.4209

46. Bewarder, N, Weinrich, V, Budde, P, Hartmann, D, Flaswinkel, H, Reth, M, et al. In vivo and in vitro specificity of protein tyrosine kinases for immunoglobulin G receptor (FcgammaRII) phosphorylation. Mol Cell Biol (1996) 16:4735–43. doi: 10.1128/MCB.16.9.4735

47. Ribas, A. Adaptive Immune Resistance: How Cancer Protects from Immune Attack. Cancer Discov (2015) 5:915–9. doi: 10.1158/2159-8290.CD-15-0563

48. Cabrales, P. RRx-001 Acts as a Dual Small Molecule Checkpoint Inhibitor by Downregulating CD47 on Cancer Cells and SIRP-α on Monocytes/Macrophages. Transl Oncol (2019) 12:626–32. doi: 10.1016/j.tranon.2018.12.001

49. Betancur, PA, Abraham, BJ, Yiu, YY, Willingham, SB, Khameneh, F, Zarnegar, M, et al. A CD47-associated super-enhancer links pro-inflammatory signalling to CD47 upregulation in breast cancer. Nat Commun (2017) 8:14802. doi: 10.1038/ncomms14802



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

Copyright © 2021 Chen, Burgess, Mapp, Mollee, Gill, Blumenthal and Saunders. 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: 29 January 2021

doi: 10.3389/fimmu.2020.615091

[image: image2]


Immunological Hallmarks for Clinical Response to BCG in Bladder Cancer


Chun Jye Lim 1, Phuong Hoang Diem Nguyen 1, Martin Wasser 1, Pavanish Kumar 1, Yun Hua Lee 1, Nurul Jannah Mohamed Nasir 1,2, Camillus Chua 1, Liyun Lai 1, Sharifah Nur Hazirah 1, Josh Jie Hua Loh 3, Li Yan Khor 2,3, Joe Yeong 3,4, Tony Kiat Hon Lim 2,3, Alvin Wei Xiang Low 5, Salvatore Albani 1, Tsung Wen Chong 2,5 and Valerie Chew 1*


1 Translational Immunology Institute (TII), SingHealth-DukeNUS Academic Medical Centre, Singapore, Singapore, 2 Duke-NUS Medical School, Singapore, Singapore, 3 Division of Pathology, Singapore General Hospital, Singapore, Singapore, 4 Institute of Molecular Cell Biology (IMCB), Agency of Science, Technology and Research (ASTAR), Singapore, Singapore, 5 Department of Urology, Singapore General Hospital, Singapore, Singapore




Edited by: 
Ilaria Marigo, Veneto Institute of Oncology (IRCCS), Italy

Reviewed by: 
Antonella Sistigu, Catholic University of the Sacred Heart, Italy

María Marcela Barrio, Fundación Cáncer, Argentina

Sergei Kusmartsev, University of Florida, United States

*Correspondence: 
Valerie Chew
 valerie.chew.s.p@singhealth.com.sg

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


Received: 08 October 2020

Accepted: 10 December 2020

Published: 29 January 2021

Citation:
Lim CJ, Nguyen PHD, Wasser M, Kumar P, Lee YH, Nasir NJM, Chua C, Lai L, Hazirah SN, Loh JJH, Khor LY, Yeong J, Lim TKH, Low AWX, Albani S, Chong TW and Chew V (2021) Immunological Hallmarks for Clinical Response to BCG in Bladder Cancer. Front. Immunol. 11:615091. doi: 10.3389/fimmu.2020.615091



Intravesical Bacillus Calmette-Guerin (BCG) is an effective immunotherapy for non-muscle invasive bladder cancer (NMIBC). However, recurrence and progression remain frequent warranting deeper insights into its mechanism. We herein comprehensively profiled blood and tissues obtained from NMIBC patients before, during and after BCG treatment using cytometry by time-of-flight (CyTOF) and RNA sequencing to identify the key immune subsets crucial for anti-tumor activity. We observed the temporal changes of peripheral immune subsets including NKT cells, central memory CD4+ T cells, CD8+ T cells and regulatory T cells (Treg) during the course of BCG. Gene expression analysis revealed enriched immune pathways involving in T cell activation and chemotaxis, as well as a more diversified T cell receptor repertoire in post-BCG tissues. Moreover, tissue multiplexed-immunofluorescence (mIF) showed baseline densities of non-Treg and CD8+PD-1+ T cells were predictive of response and better recurrence-free survival after BCG. Remarkably, post-BCG tissues from responders were found to be infiltrated with more active CD8+PD-1- T cells and non-Treg CD4+FOXP3- T cells; but increased exhausted CD8+PD-1+ T cells were found in non-responders. Taken together, we identified predictive biomarkers for response and uncovered the post-treatment expansion of exhausted PD-1+CD8+ T cells as key to BCG resistance, which could potentially be restored by combining with anti-PD-1 immunotherapy.
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Introduction

Urothelial carcinoma (UC) is the major type of bladder cancer, which can be subdivided into non-muscle invasive (NMIBC) or muscle invasive (MIBC) bladder cancer. At diagnosis, 75% of patients have NMIBC and 25% have MIBC (1). The majority of disease-related mortality is due to the more aggressive MIBC, in which the tumors invade the detrusor muscle (2). Depending on the stage and grade of the NMIBC, adjuvant therapy such as Bacillus Calmette-Guerin (BCG) immunotherapy is recommended as a strategy to prevent recurrence and reduce risk of progression to MIBC after transurethral resection of bladder tumor (TURBT) (3). BCG therapy, which involves instilling an attenuated strain of Mycobacterium bovis intravesically to the bladder a few weeks after TURBT, was one of the earliest forms of cancer immunotherapies (4). Despite treatment, 30-50% of patients receiving BCG fail to respond and 10-15% experience progression to MIBC (5). Therefore, predicting high-risk patients who might not benefit from BCG treatment is critical. Failure to detect recurrence and the resulting delay of radical surgery for these patients could worsen their survival outcome (6).

Better understanding of the mechanism of BCG treatment related to response would be critical for novel therapeutic design. Thus far, both CD4 and CD8 T cells have been shown critical for BCG-mediated anti-tumor activity and response in mouse models (7, 8). In humans, the role of TILs, particularly the predisposition of Th2 CD4 T cells in tumor have been implicated in response to BCG treatment (9–11). There were also reports showing that the post-BCG tissues were infiltrated with increased numbers of both CD4+ and CD8+ T cells (12–14). Despite widespread infiltration of these cells, tumor recurrence after BCG failure remains frequent. This warrants a deeper interrogation of the underlying immune and transcriptomic landscape associated with BCG treatment, which may provide clues on the mechanism of BCG as well as the identification of patients who may best benefit from this immunotherapy.

In this study, we aim to study the immunome changes in peripheral blood which we believe could reflect the immune response in the tumor microenvironment induced by BCG treatment. By employing the high-dimensional single cell analysis via cytometry by time-of-flight (CyTOF), we examined the temporal changes of immune cells in peripheral blood before and at different time points after BCG treatment. Indeed, we discovered the changes in both frequencies and phenotypes of various immune subsets such as CD4 and CD8 T cells in the peripheral blood after BCG treatment, indicating a systemic immune response. Transcriptome analysis of pre and post-BCG tissues revealed gene signature involved in T cell activation and recruitment as well as increased diversity of TCR repertoire in urothelial microenvironment following BCG treatment. Our analysis from multiplexed immunofluorescence (mIF) data from an independent cohort revealed that densities of baseline CD4+FOXP3- non-Treg cells and CD8+PD-1+ were higher in responders and predicts for better recurrence free survival (RFS) in NMIBC patients after BCG treatment. Finally, we validated that post-BCG tissues were presented with higher densities of CD4+FOXP3- non-Treg cells and PD-1- non-exhausted or active CD8+ T cells in responders; whereas BCG-induced expansion of PD1+CD8+ T cells was linked to non-responsiveness to therapy.



Materials and Methods


Study Approval and Specimens

Five patients with NMIBC who underwent transurethral resection to remove all endoscopically visible tumors followed by BCG instillations in Singapore General Hospital (SGH) were recruited upon informed consent according to guidelines from institutional review board (IRB). The patients’ baseline clinicopathological parameters were analyzed (Supplementary Table S1). After two-four weeks, the patients received weekly intravesical BCG (12.5mg of Tice BCG strains) instillations for six times as standard protocol (3). Upon completion of the 6 doses instillations, surgical specimens were obtained to confirm that no neoplastic pathology of the mucosa by the pathologists. Tissue specimens were obtained from: pre-BCG resected tumor (T), pre-BCG adjacent non-tumor tissue (NT) and post-BCG NT urothelial tissue. Blood specimens were obtained before (pre) and two time points after BCG instillations at 1 month (1M) and 3 months (3M). Two patients (BCGx09 and BCGx15) withdrew from the study and stopped BCG treatment before the last time point due to BCG toxicities/intolerance.

A small piece of pre- and post-BCG tissues were subjected to RNA sequencing analysis. Tissue-infiltrating leukocytes (TILs) were isolated from pre- and post-BCG tissues with enzymatic digestion: 100μg/ml Collagenase IV (ThermoFisher Scientific, USA) and 100μg/ml DNase1 (Sigma-Aldrich) and peripheral blood mononuclear cells (PBMCs) from blood using Ficoll-Paque layering, both as previously described (15). TILs were analyzed using flow cytometry and PBMCs were stored with 10% DMSO in liquid nitrogen until later analysis with CyTOF.

From another independent cohort of 29 NMIBC patients, a total of 45 archival formalin-fixed, paraffin-embedded (FFPE) tissue specimens before (n= 29) and after (n=16) BCG induction, were obtained and analyzed from the Department of Anatomical Pathology of SGH. Their clinicopathological parameters were reviewed (Supplementary Table S2).

For both cohorts, we defined responders as patients who did not show recurrence: demonstrated an absence of disease on cytology, cystoscopy, or random biopsies at 24 months since the last BCG exposure. As per IBCG (International Bladder Cancer Group (16) guidelines, we defined BCG maintenance as at least two or three courses of BCG at first maintenance.



Cytometry by Time-of-Flight Staining and Analysis

PBMCs were stained with 37 metal-conjugated antibodies (Lymphoid panel, Supplementary Table S3) as previously described (15, 17). After staining, data acquisition was done on the Helios CyTOF mass cytometer (Fluidigm). The generated files were analyzed using FlowJo v10.5.1 (FlowJo, USA) and down-sampled to equal number of live immune cell events of 12906 (smallest possible events of the 13 files) for comparison. To identify cell populations, we clustered the merged data containing 167778 single cell events using the FlowSOM (18) method. Clusters showing significant temporal frequency changes were detected using repeated measures ANOVA, where linear mixed models were used to account for missing data (19). Clusters were assigned to 7 major cell lineages and visualized with t-stochastic neighbor embedding (t-SNE) (20). Clustering results were validated by manual gating using FlowJo v10.5.1. Statistical analysis and data visualization were performed with R packages (21). In another CyTOF experiment to investigate MDSC, PBMC were stained with metal-conjugated antibodies (Myeloid panel, Supplementary Table S3) as described above. The CyTOF data were manually gated to check for the frequencies of MDSC using FlowJo.



Next-Generation Sequencing

Tissue samples (n=8) from three pairs matched of pre- and post-BCG samples and another two unmatched pre-BCG samples, were stored in RNAlater (Thermo Fisher Scientific, USA) at -80°C until further processing. RNA was isolated using the mirVana miRNA Isolation kit (Thermo Fisher Scientific, USA) and cDNA was generated with the SMART-Seq v4 Ultra Low Input RNA kit for Sequencing (Clontech, USA), according to manufacturer’s instructions. Illumina-ready libraries were generated using the Nextera XT DNA Library Prep Kit (Illumina, USA), multiplexed for 2x 101 bp-sequencing and sequenced on a HiSeq High-throughput platform at the Genome Institute of Singapore. Raw reads obtained from sequencing were mapped via Hierarchical Indexing for Spliced Alignment of Transcripts taking Genome Reference Consortium Human Build 38 patch release 7 as a reference. Reads were then sorted with SAMtools and high-throughput sequencing data was used to obtain the gene counts (22) which were then analyzed for differential gene expression (DEG) between the matched pre and 3M post BCG groups using the R package EdgeR tool. Paired analysis was done by using the empirical Bayes quasi-likelihood F-test in the Generalized Linear Model pipeline for testing of differential expressed genes (DEGs, p-value < 0.05) on samples with available matched pre- and post-BCG tissues (23). Analysis of biological function was performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID) V.6.8 Functional Annotation Tool. Only non-redundant biological processes with a Benjamini-Hochberg adjusted p-value < 0.05 were reported. Sequence data used in the study has been deposited at the European Genome–phenome Archive (EGA) under the accession codes: EGAS00001004764.



TCR Repertoire Analysis

Raw reads from RNA-sequencing were aligned and sequences of TCR clones sequence were extracted using the MiXCR software (24). Clonal homeostasis, top clonal proportions, Shannon index and Chao1 index were performed using methods from tcR R package (25). TCR raw reads from one pre-BCG tumor tissue of a patient were extremely low and not reliable, and hence, were excluded from analysis. A total of seven samples: two pairs of matched pre and post-BCG samples, two unmatched pre-BCG and one-unmatched post-BCG sample were included in analysis. Unpaired Student’s t-test was performed on the remaining dataset.



Flow Cytometry

Due to the limited size of the fresh tissues, immune cells isolated from tumor or non-tumor tissues were analyzed with flow cytometry instead of CyTOF. The cells were rested for 30mins at 37°C and then labeled with antibodies against surface markers: CD45, CD3, CD4, CD8, CD56, CD16, gdTCR, CD27, PD-1, and CD69 (see Supplementary Table 4 for antibody panel). Stained samples were then analyzed using LSRFortessa™ flow cytometer (BD Bioscience) and data analysis was performed using FlowJo v10.5.1.



Multiplexed Tissue Immunofluorescence

Multiplexed IF was performed on a total of 45 FFPE samples (29 pre-BCG tumor and 16 post-BCG specimens) with the Opal system and images were acquired using the Vectra 3.0 Automated Quantitative Pathology Imaging System (Perkin Elmer) with 4′,6-diamidino-2-phenylindole (DAPI) as the nuclear marker as previously described (26). The antibodies used are anti-Human CD4 (clone EPR6855; Abcam), anti-Human CD8 (clone C8/144B; DAKO), anti-Human FOXP3 (clone 236A/E7; Abcam), and anti-Human PD-1 (clone NAT105; Abcam). From these 45 FFPE samples, another single-plexed staining of PD-L1, anti-human PD-L1 antibody (clone 22C3; DAKO), was separately performed on consecutive slide of 12 samples (six pairs of matched pre- and post-BCG tumor from non-responders). Full tissue sections were used for all samples. For specimens smaller than 1cmx0.5cm, whole tissue was imaged and quantified; whereas for specimens larger than 1cmx0.5cm, at least 10 areas of 2 mm x 3 mm with high infiltration of immune cells were imaged and quantified. Quantification was done by ImageJ and the mean was calculated as the cell density (number/mm2) for each patient sample, while area with PD-L1 positive staining was quantified and the mean was reported as PD-L1+area/mm2. The median value of density for each immune subsets was used as the cutoff point to dichotomize the patients into two groups (low versus high).



Statistics

For FlowSOM Clusters, the significant changes were detected using repeated measures ANOVA (19). Univariate analysis was performed using the cox proportional hazards model. All the statistical analyses listed below were performed in GraphPad Prism v7.0d. For manually gated CyTOF data with the matched time points (pre, 1M and 3M for BCGx02, BCGx10, BCGx16), non-parametric One-way ANOVA by Friedman’s test followed by Dunn’s post-test was used. RNA sequencing data from eight tissue samples were analyzed for CXCL9 gene expression and TCR clonality analysis by Mann-Whitney U test. For mIF tissue data analysis, two-tailed Wilcoxon matched-pairs signed rank test was used for matched pre vs post tissues while Mann-Whitney U test was used for responders versus non-responders. Spearman correlation was used for correlation of PD-L1 expression and CD8+PD-1+ density in pre- and post-BCG tumor tissues from non-responders. Kaplan Meier analysis for recurrence free survival (RFS) was performed with the log-rank (Mantel-Cox) test.




Results


Single-Cell Mass Cytometry Analysis on Temporal Changes of Peripheral Immune Subsets Upon Bacillus Calmette–Guerin Treatment

We hypothesized that the BCG treatment could induce immunome changes in the tumor microenvironment that would be reflected in peripheral blood. In order to screen the systemic changes of the immune landscape induced by intravesical immunotherapy with BCG in NMIBC patients, we performed an in-depth high-dimensional single cell analysis via CyTOF on PBMC collected from NMIBC patients (Clinical info summarized in Supplementary Table S1) across three time-points: before undergoing Transurethral Resection of the bladder tumor (TURBT) and receiving BCG (Pre), at 1M post-BCG after receiving three doses of BCG (1M Post), and at 3M upon completion of six doses of BCG (3M Post) (Figure 1A). The PBMCs were stained with an antibody panel of 37 leukocyte specific markers covering major immune lineages and markers related to immune cell functions (Supplementary Table S3). After selecting live cells and sample debarcoding as previously described (15), we merged the CyTOF data (five patients in three time points, see Methods) and performed clustering using the FlowSOM algorithm (18). Heatmaps reveal the differential expression of all 37 markers in 49 clusters (Figure 1B), which were also visualized by t-stochastic neighbor embedding (t-SNE) map (20) (Figure 1C). The same t-SNE map, was also used to show the relative expression of all 37 markers individually (Supplementary Figure S1).




Figure 1 | Immune profiles of peripheral blood mononuclear cells (PBMCs) before and after BCG treatment. (A) Schematic diagram of the experimental design and analysis workflow. (B) Heatmap depiction of 49 FlowSOM clusters with normalized protein expression (arcsine scaled) of all 37 markers from 13 PBMC samples. *denotes the four clusters significantly different among three time points by repeated measure ANOVA statistical test. (C) Visualization of 49 FlowSOM clusters in a t-SNE map, each clusters represented by different colors. (D) t-SNE maps showing major immune lineages, each indicated by one color, at Pre, 1M Post-BCG and 3M Post-BCG time points. (E) Bar charts for manually gated proportions of major immune lineages from PBMCs of five patients at Pre, 1M and 3M Post-BCG time points. (F) Line plot showing the frequencies of NKT cells over total immune cells at three time points from all patients. Connected line specifies samples from same patient at different time points. *adjusted p<0.05 with non-parametric One-way ANOVA by Friedman’s test followed by multiple pairwise comparison using Dunn’s test for matched data points with complete set of three time points. BCG, Bacillus Calmette-Guerin; TURBT, transurethral resection of bladder tumor; NMIBC, non muscle-invasive bladder carcinoma; NGS, next generation sequencing; FC, flow cytometry; mIF, multiplexed immunofluorescence imaging; R, Responders; NR, non-responders.



We first annotated the clusters based on the differential expression of six lineage markers (CD3, CD4, CD8, CD56, CD19, and CD14) to define the six major immune lineages: CD4+ T cells, CD8+ T cells, CD56+ NK cells, CD3+CD56+ NKT cells, CD19+ B cells, CD14+ cells and others. The abundance of each immune lineage at each time point is shown by the t-SNE maps (Figure 1D). To validate this result, we also manually gated out all immune lineages using FlowJo (Figure 1E and Supplementary Figure S2A). We observed significant decrease in frequency of NKT cells comparing PBMCs from pre to 3M post-BCG (Figure 1F). Other immune lineages including HLA-DR+ antigen presenting cells did not appear to show any difference (Supplementary Figure S2B). As myeloid-derived suppressor cells (MDSC) has been implicated in bladder cancer (27), we then performed an additional MDSC profiling using CyTOF. However, both polymorphonuclear- and monocytic-MDSC (PMN-MDSC and M-MDSC) showed no signficant difference in frequencies after BCG treatment, despite a trend of post-treatment downregulation (Supplementary Figures S2C, D).



Bacillus Calmette–Guerin Treatment Alters the Frequencies of T and NKT Subsets in Peripheral Blood

To identify the specific immune subsets that showed significant temporal changes among the 49 immune clusters, we applied repeated measures analysis of variation (ANOVA) to compare the frequencies of each cluster across the three time points. Four immune clusters were identified to be significantly different in frequency among the three time points (Supplementary Table S5). Based on the immune markers expression levels by each cluster (marked with red asterisks in Figure 1B), we manually annotated these four clusters as: GB-expressing CD3+CD56+ NKT cells (Cluster 24); GB-expressing PD-1-Tim3+CD8+ T cells (Cluster 36); central memory CD4+ T cell expressing CD3+CD4+ CCR7+CD45RO+ (Cluster 13); and regulatory CD4+ T cell (Treg) expressing CD3+CD4+CD25+FOXP3+ (Cluster 7); (Figure 2A). In general, we observed a decreasing trend for these clusters post-BCG (Figure 2A). To further identify the time point at which the difference in frequency occurred for these four immune subsets, we then performed manual gating with FlowJo and used the multiple pairwise comparison with Dunn’s test on all the available matched data. The frequency of GB+ NKT cells was shown to be decreased from pre compared to 3M post-BCG blood (Figure 2B). Furthermore, the frequency of GB-expressing PD-1-Tim3+, potentially active and cytotoxic CD8 T cells were also significantly reduced at peripheral blood at 3M post-BCG compared to Pre-BCG (Figure 2C and Supplementary Figure S3A). Finally, circulating central memory CD4 T cells were decreased at 3M post-BCG compared to pre-BCG (Figure 2D and Supplementary Figure S3B). Interestingly, a distinct reduction in frequency of Treg cells was observed at 3M post-BCG as compared to pre-BCG (Figure 2E). In summary, here we described four functionally important subsets which have been altered in frequency, mainly reduced, in the peripheral blood of NMIBC patients, which suggest tissue recruitment upon BCG treatment.




Figure 2 | Altered frequencies in immune subsets in peripheral blood mononuclear cells (PBMCs) after Bacillus Calmette-Guerin (BCG) treatment. (A) t-SNE maps showing four clusters significantly different at three time points using repeated measure ANOVA test. (B) Left, representative dot plots for NKT cells (red boxed) colored by intensity of Granzyme B (GB) expression (cluster 24) from patient 10. Right, line plot showing the frequencies of GB+NKT cells over total immune cells at three time points from all patients. (C) Left, representative dot plots for GB expressing PD-1-TIM3+CD8+ T cells (cluster 36) from patient 16. Right, line plot showing the frequencies of GB+PD-1-TIM3+CD8+ T cells over total immune cells at three time points from all patients. (D) Left, representative dot plots for central memory CD4+ T cells from patient 16. Right, line plot showing the frequencies of CD4+CCR7+CD45RO+ T cells (cluster 13) over CD4+ T cells at three time points from all patients. (E) Left, representative dot plots for Treg cells (cluster 7) from patient 02. Right, line plot showing the frequencies of Treg cells over total immune cells at three time points from all patients. B–E, connected line specifies samples from same patient at different time points. *adjusted p<0.05 or not significant (n.s.) by non-parametric One-way ANOVA by Friedman’s test followed by Dunn’s post-test for matched data points with complete set of three time points.





Transcriptomic Signature of Post Bacillus Calmette–Guerin-Treated Tissues Is Indicative of T Cell Activation, Immune Costimulation, and Chemotaxis Pathways

To investigate the transcriptomic changes in the local tissue microenvironment after intravesical BCG instillation, we next performed RNA sequencing on tissues (both tumor and normal) at pre and 3M post-BCG. We examined the differential expressed genes (DEGs) profiles, comparing matched tissues from 3M post-BCG to those from pre-BCG (Figure 3A). All DEGs were also subjected to DAVID pathway analysis (Supplementary Table S6 and Figure 3B). Pre-BCG tissues were enriched with genes related to bladder cancer progression, such as CRTAC1 (28), ERBB4 (29), KRT20 (28, 30), OTX-AS1 (31), SCNN1G (30); and ion transport related molecules, such as ANO1 (32), GRIK3 (33), which have been shown to associate with poor prognosis in other cancers (Figures 3B, C). Conversely, genes enriched in post-BCG tissues were mostly involved in immune response related pathways, indicating that BCG treatment could induce an active immune response (Figures 3B, C). Specifically, post-BCG tissues were enriched with the genes involved in chemotaxis and chemokine-mediated signaling pathways such as CXCL9, CCL18, CCL20, CXCR3, and CXCR4 (Figures 3B, C), indicative of the recruitment of immune cells such as CD4 and CD8 T cells (34). Besides, T cell costimulation genes like ICOS and CD28 as well as genes involved in T cell inhibitory function such as CTLA4, and HAVCR2(TIM3), CD274(PD-L1), PDCD1LG2 (PD-L2) were upregulated in post-BCG tissues (Figure 3C). Genes that are associated with antigen presentation like HLA-DQA1 and HLA-DQB2 were identified to be enriched in post BCG tissues, indicating the activation of T cells (Figure 3C). This antigen presentation-related genes together with the T cell costimulation pathway, implied that T cells are one of the critical immune cells possibly recruited to the local tissues after BCG treatment. IFN-γ induced small GTPase families such as GBP5, which was previously reported to be upregulated after repeated intravesical BCG treatment in mouse bladder (35) was also among the upregulated genes after BCG treatment (Figure 3C). One of the top listed genes by fold change, CHI3L1 (Figure 3C), was described to interact with a carbohydrate polymer (chitin) and involved in the exacerbation of intestinal inflammation by enhancing bacterial/colonic epithelial cells interaction (36). This could be one of the mechanisms for BCG-induced pro-inflammatory microenvironment. Furthermore, pathways like cellular response to IFN-γ and TNF-α also suggested that the local microenvironment is highly pro-inflammation after BCG treatment. Taken together, the current data suggested BCG treatment induced a pro-inflammatory urothelial microenvironment with T cells tissue recruitment and activation. To validate this, we performed flow cytometry on tissues-infiltrating leukocytes from tissues taken at 3M post-BCG and indeed frequencies of CD27 expressing CD8 T cells correlated to the expression level of CXCL9 gene, a chemokine responsible for attracting CD8+ T cells to inflamed tissue (Figures 3D, E). This suggests that our earlier CyTOF data showing the reduction of a number of T cell subsets from the peripheral blood, could correspond to immune cell tissue recruitment after BCG treatment.




Figure 3 | Post-Bacillus Calmette-Guerin (BCG) treated tissues show upregulation in genes involved in multiple immune activation pathways. (A) Heatmap showing all differentially expressed genes (DEGs) from matched tissues between Pre and 3M Post-BCG time points (n=3 from each group). (B) Functional pathways annotated by DAVID pathway enrichment analysis of the genes enriched in Pre (red bar) or 3M Post-BCG time points (blue bar). (C) Volcano plot showing DEGs in the Pre and 3M Post-BCG tissues. Genes enriched in Post-BCG time point are colored in blue while genes enriched in Pre time point are colored in red. Selected genes are highlighted. The orange line denotes the p value of 0.05. (D) Representative dot plots showing CD8+CD27+ cells gated from CD3+CD56- T cells of isolated cells from tissues with low (patient 16 pre-NT) and high (patient 2 post-NT) CXCL9 genes, respectively. Median value for CXCL9 genes was used as the cutoff point for dichotomisation into two groups. (E) Proportion of CD27 expressing CD8 T cells from tissues with low CXCL9 group (n=4), and high CXCL9 group (n=4), respectively. Graph shows mean with standard deviation. *p<0.05 by Mann-Whitney U test.





Increased Diversity of TCR Repertoire After Bacillus Calmette–Guerin Treatment

Antigens released from tumor cell killing upon BCG treatment could expand and recruit effector and memory T cells leading to an overall increase in the diversity of TCR in the tissue microenvironment. TCR clonal proportion and clonal space homeostasis at pre and 3M post-BCG were then analyzed to further decipher the impact of BCG treatment on the diversity of TCR in the tumor microenvironment.

Firstly, we analyzed the proportion of top 10 most abundant clonotypes of the total repertoire before and after BCG treatment. The top 10 most abundant clonotypes representing the majority of the repertoire was significantly lower in the post BCG tissues (mean = 0.2 or 20%) than the pre-BCG tissues (mean = 0.5 or 50%) (Figures 4A, B). This contraction of top 10 clonotypes, indicating that the repertoire has more newly expanded T cell clones potentially arising from BCG induced tumor reactive T cells after BCG treatment. To confirm this, we next analyzed the clonal space homeostasis by classifying clonotypes according to the TCR proportion taken up by clone size measured as rare (0–0.001%), small (0.001–0.01%), medium (0.01–0.1%), large (0.1–1%), or hyperexpanded (1-100%). In general, the post-BCG samples contained rarer, small or medium TCR clones, suggesting a higher diversity of TCR repertoire following BCG treatment (Figure 4C). Indeed, post-BCG T cell showed an expansion of clones classified as rare (respective mean of 0 versus 0.011, p=0.029), small (respective mean of 0.007 versus 0.055, p=0.057) and medium (respective mean of 0.073 versus 0.221, p=0.029) as compared to samples before treatment (Figure 4D). On the other hand, post-BCG T cell displayed contraction of clones classified as hyperexpanded (respective mean of 0.61 versus 0.32, p=0.057) (Figure 4D). In addition, we also examined the diversity indexes such as Shannon and Chao1 indices and indeed found a trend toward increased TCR diversity in post-BCG T cells (p= 0.057 for Chao1 index) (Supplementary Figure S4A). It should be noted that due to limited availability of tissue biopsies, the above comparisons were done using unmatched samples. However, we do observe a strong trend for the two matched samples (Figures 4B, D, and Supplementary Figure S4A) supporting our main claims above.




Figure 4 | Enhanced TCR repertoire diversity after Bacillus Calmette-Guerin (BCG) treatment. (A) Clonal proportion of the top n clonotypes. Red bar represents the clonal proportion taken by the 10 most abundant clones. (B) Clonal proportion taken by top 10 most abundant clone at Pre (n=4, in red) and 3M post-BCG time point (n=3, in blue). 1 on Y-axis represents 100% of the total TCR repertoire. (C) Proportion of homeostasis space occupied by clonotypes classified as rare (0–0.00001), small (0.00001–0.0001), medium (0.0001–0.001), large (0.001–0.01), and hyperexpanded (0.01–1); 1 on Y-axis represents the 100% of the total TCR repertoire. (D) Proportion of occupied homeostatic space for pre (n=4, in red for each clone size) versus 3M post-BCG time points (n=3, in blue for each clone size) as classified by rare, small, medium, large, and hyperexpanded clone size, respectively. (B, D) Graphs show mean with standard deviation. *p<0.05 by Mann-Whitney U test. (A–D) Connecting lines showed two pairs of matched pre- and post-BCG samples.



Taken together, the above data showed significant increase in smaller TCR clones suggesting the expansion of newly induced and potentially tumor-reactive T cells post-BCG.



Baseline Densities of CD4+FOXP3- and CD8+PD-1+ T Cells Are Predictive of Response to Bacillus Calmette–Guerin Treatment

To further characterize the urothelial microenvironment before and after BCG treatment, we performed mIF staining on another larger independent FFPE validation cohort of 29 NMIBC patients (21 responders and eight non-responders; Supplementary Table S2) using multiplexed imaging platform as previously described (26). Given the upregulation of genes involved in T cell inhibitory function in post-BCG tissue transcriptome, we hence focused our mIF on CD4, FOXP3, CD8, and PD-1. We first examined the microenvironment of pre-BCG tumor tissues from 21 responders and 8 non-responders, in order to identify baseline biomarkers which could help us to predict for response to BCG treatment. We focused on the four major T cell subsets: CD4+FOXP3+ Treg, CD4+FOXP3- non-Treg, CD8+PD-1+ and CD8+PD-1- T cells (Figures 5A, B). We observed higher baseline densities of CD4+FOXP3- non-Treg cells (p=0.024; Figure 5C) and CD8+PD-1+ T cells (p=0.001; Figure 5D) in responders versus non-responders. We then performed RFS analysis by log-rank (Mantel-Cox) test using the baseline densities of these two immune subsets. Indeed, we confirmed that patients who presented higher densities of baseline CD4+FOXP3- T cells (Hazard ratio of 9.54, p=0.0095; Figure 5E) and CD8+PD-1+ T cells (Hazard ratio of 9.96, p=0.0076; Figure 5F) had a longer RFS compared to those who had lower baseline densities of these cells. This highlights that non-Treg, hence potentially active CD4+ T cells; and PD-1+, most likely pre-existing tumor reactive CD8 T cells, are important immune subsets contributing to subsequent response to BCG treatment. Of note, we confirmed that none of the baseline clinical characteristics such as gender, age, stage, grade, nor the BCG maintenance significantly impact on post-BCG recurrence free survival (RFS) by univariate analysis cox proportional hazards regression model (Supplementary Table S7).




Figure 5 | Higher baseline CD4+FOXP3- and CD8+PD-1+ T cells is predictive of response to Bacillus Calmette-Guerin (BCG) treatment. (A, B) Representative multiplexed immunofluorescence image of tissue area (2 mm x 1.5 mm) with an enlarged image for Pre-BCG tissues, showing staining of (A) CD4 (green) and FOXP3 (red), (B) CD8 (green) and PD-1 (red), for both responders (R) and non-responders (NR), respectively. Scale bar equals to 100 um. (C, D) Quantification of baseline densities of (C) total CD4+FOXP3+, CD4+FOXP3-; (D) CD8+PD-1+, and CD8+PD-1- T cells in R versus NR, respectively. ***p<0.001, *p<0.05 or not significant (n.s.) by two-tailed Mann-Whitney U test. (E, F) RFS for patients with low (red line) versus high (black line) baseline densities of (E) total CD4+FOXP3- and (F) CD8+PD-1+ T cell. (G) RFS for patients with baseline densities of low CD8+PD-1+ and low CD4+FOXP3- (red line); low CD8+PD-1+ and high CD4+FOXP3- (orange line); high CD8+PD-1+ and low CD4+FOXP3- (blue line); and high CD8+PD-1+ and high CD4+FOXP3- (black line); respectively. (E–G) Low and high cell densities were < median versus > median. **p < 0.01 by Mantel-Cox log-rank test; HR, Hazard Ratio. RFS represents recurrence-free survival (months).



More importantly, when we combined these two subsets in analysis, we observed that patients showing higher baseline densities of both CD8+PD-1+ and CD4+FOXP3- T cell subsets had the most superior survival profile; whereas patients with low baseline densities of both of these cells had the worst recurrence-free survival profile (Figure 5G). Interestingly, comparing patients who had either high CD8+PD-1+ or high CD4+FOXP3- alone, even though both showed improved RFS individually, we did not observe a vast difference in terms of their RFS profiles (Figure 5G). This indicates that both T cell subsets are important factors determining RFS after BCG treatment.



Bacillus Calmette–Guerin-Induced Changes in Tissue Densities of CD4 and CD8 T Cells Is Linked to Response Status

Lastly, to validate our findings from CyTOF and flow cytometry, that CD4 and CD8 T cells were reduced in peripheral blood post BCG treatment indicative of tissue recruitment, we then investigated the changes of the above mentioned four immune subsets comparing before and post BCG therapy, focusing on patients with available matched pre- and 3M post-BCG tissues (10 responders and 6 non-responders; Supplementary Table S2). Comparing pre and 3M post-BCG samples (Figure 6A), we observed significant higher densities of CD4+FOXP3+ Treg (p=0.044; Figure 6B), CD4+FOXP3- non-Treg (p=0.001; Figure 6B) CD4 T cell subsets and CD8+PD-1- T cells (p=0.0027; Figure 6C) in 3M post-BCG compared to pre-BCG. Whereas no difference was observed for CD8+PD-1+ T cells (median=68.2 cells/mm2 versus median=23.6 cells/mm2, p=0.189; Figure 6C). This shows a general increase in both CD4 and CD8 T cell subsets upon BCG induction.




Figure 6 | Distinct T cell subsets enriched in Post-Bacillus Calmette-Guerin (BCG) tissues according to response status. (A) Representative multiplexed immunofluorescence image of tissue area (2mm x 1.5mm) with an enlarged image for Pre- and Post-BCG tissues, with staining of CD8 (green), PD-1 (white), CD4 (red), and FOXP3 (yellow) shown. Scale bar equals to 100 um. (B, C) Quantification of densities of (B) total CD4+FOXP3+, CD4+FOXP3-; (C) CD8+PD-1+, and CD8+PD-1- T cells, for Pre- and Post-BCG tissues. (D, E) Quantification of densities of (D) total CD4+FOXP3+, CD4+FOXP3-; (E) CD8+PD-1+, CD8+PD-1- T cells, for Pre- and Post-BCG tissues, analyzed separately in Responders (R) versus Non-Responders (NR). Connected line specifies samples from same patient at different time points. **p < 0.01, *p < 0.05 or not significant (n.s.) by Wilcoxon matched-pairs signed rank test for pre and post analysis from the matched sample.



The above data prompted us to further examine if these changes that are specifically linked to response status. Indeed, we found that the non-Treg CD4+FOXP3- T cells were significantly increased after BCG therapy in responders (p=0.0098) but not in non-responders (p=0.094), whereas CD4+FOXP3+ Treg cells did not show any significant difference after BCG therapy in both responders (p=0.084) and non-responders (p=0.156) (Figure 6D). The post-treatment expansion of non-Treg cells indicates potential anti-tumor activity and response to BCG. Conversely, the non-exhausted or active CD8+PD-1- T cells were significantly enriched in responders after BCG treatment (p=0.009) while CD8+PD-1+ T cells were significantly higher in non-responders (p=0.031) (Figure 6E). Interestingly, we found that the density of CD8+PD-1+ T cells were positively correlated with the PD-L1-expressing area in post- but not pre-BCG tumor tissues in non-responders (Supplementary Figure S5). This suggests that PD-1/PD-L1 exhaustion as a potential resistance pathway in patients non-responsive to BCG.

Taken together, we observed higher densities of non-Treg CD4+FOXP3- T cells and active CD8+PD-1- T cells in responders but a higher density of CD8+PD-1+ T cells in non-responders from post-BCG treated tissues. This data supports the rationale of combining anti-PD-1 treatment to overcome the resistance to BCG in NMIBC patients.




Discussion

As the 5 years’ recurrence rate remains high for NMIBC patients treated with BCG, novel therapy design to improve BCG treatment is urgently needed. Understanding the mechanism especially the anti-tumor activity is key to unlock the hidden potential of BCG immunotherapy. In our current study, by combining high dimensional analyses, we uncovered immune activation upon BCG treatment in NMIBC patients which was reflected in the peripheral blood and local tissues. We identified a number of key immune subsets, particularly the CD4+ and CD8+ T cells where its reduction in frequency from the peripheral blood potentially indicated its tissue recruitment. From the transcriptomic analysis, flow cytometry assay and mIF on the tissues, we validated the tissues enrichment of key T cells subsets, upon BCG treatment. Importantly, we identified that baseline densities of non-Treg CD4+FOXP3- and CD8+PD-1+ T cells as potential biomarkers to predict for response to BCG treatment in NMIBC patients. Finally, we found that response to BCG was associated with post-treatment increase of non-Treg CD4+FOXP3- T cells and non-exhausted or active CD8+PD-1- T cells in urothelial microenvironment; whereas failure of BCG treatment was related to higher densities of CD8+PD-1+ T cells in post-BCG tissues.

CD4 and CD8 T cells have been previously shown to play critical role in BCG-mediated anti tumor activity, mostly in animal models or inferred from markers related to T cell activities (7–11, 13). In our current study, we uncovered that the pre-BCG tumor tissues of responders were presented with higher densities of CD8+PD-1+ as well as non-Treg CD4+FOXP3- T cells comparing with those of the non-responders (Figures 5C, D). More importantly, these high baseline densities of CD8+PD-1+ T cells and non-Treg CD4+FOXP3- cells are associated with prolonged RFS upon BCG treatment (Figures 5E, F, Supplementary Table S7). Baseline Treg at cancer tissues prior to BCG treatment has been previously shown to correlate to BCG failure (9). However, our results of baseline FOXP3+CD4+ Treg cells did not show any significant difference in density between responders versus non-responders (Figure 5C). Instead, we observed a significant higher density of the non-Treg CD4+FOXP3- cells at baseline (Figure 5C) that was further enhanced in post-BCG tissues from responders (Figure 6D), suggesting a more important role of the non-Treg cells in BCG response.

Previous evidence suggested that PD-1+CD8+ T cells could represent patient-specific tumor-reactive CD8 T cells infiltrating human tumors (37, 38). Remarkably, our present study showed that there were more baseline tissue CD8+PD-1+ T cells in responders compared to non-responders (Figure 5D), suggesting the presence of previously activated and potentially tumor reactive CD8 T cells in responders to BCG immunotherapy. In addition, densities of active CD8+PD-1- T cells were increased in responders after BCG treatment (Figure 6E). We hypothesize that BCG treatment could reinvigorate the previously activated CD8 T cells which then leads to their expansion giving rise to new clonotypes. In this regard, we observed an increased clonal space occupied by rare clonotypes after BCG therapy (Figures 4C, D), inclining to support this hypothesis. Importantly, following the inflammation induced by BCG treatment, the CD8 T cells eventually became dysfunctional and the expression of co-inhibitory/exhaustion markers such as PD-1 were upregulated in tumor, especially in non-responders (Figure 6E). From our transcriptomic data, CTLA4, TIM3 and PD-L1 genes were enriched in post-BCG tissues (Figure 3C), indicating exhaustion state of post-BCG immune microenvironment.

As shown by our current findings, tumor escape with multiple coinhibitory or exhaustion molecules expressed by post-BCG tissues and infiltrating CD8 T cells, which could eventually lead to the resistance to BCG treatment. Here we described the increase of PD-1+ exhausted CD8 T cells post BCG therapy, were linked to non-responders of BCG treatment (Figure 6E). Therefore, it would be interesting to see if a sequential PD-1/PD-L1 blockade will improve the anti-tumor activity in BCG treatment, in these non-responding patients. Indeed, earlier this year, FDA approved Pembrolizumab (anti-PD-1) for treatment of patients with BCG-unresponsive, high risk NMIBC with CIS, who are ineligible for or have elected not to undergo cystectomy, based on its encouraging clinical trial result (KEYNOTE-057 study-NCT02625961) (39). Additionally, a number of ongoing clinical trials are currently investigating the efficacy of Pembrolizumab (NCT03711032) (40) and Nivolumab (another anti-PD-1 immunotherapy) (NCT03519256) (41) in neoadjuvant setting in combination of BCG, as compared to BCG alone, for patients with high risk NMIBC.

In conclusion, the current multidimensional immunoprofiling deciphered immune mechanisms upon BCG treatment in NMIBC patients. This study offers pre-treatment biomarkers capable of predicting response to BCG treatment and therefore preventing any delay in preventive treatment for high risk patients. It also supports the rationale of giving sequential PD-1/PD-L1 immunotherapy for high risk NMIBC patients who failed after adequate BCG therapy.
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Introduction

As of 22nd December 2020, the United Kingdom (UK) reported 2,110,314 cases of coronavirus disease (COVID-19) with 79,349 deaths (1). There have been subsequent critical changes in cancer services, under the presumption that these patients are at higher risk. Data supporting this is predominantly from the initial peak of the outbreak and limited to small retrospective studies from China, the United States and Italy. The UK coronavirus cancer monitoring project (CCMP), launched in March, is the largest prospective database of COVID-19 infections in oncology patients. Despite reporting a 28% mortality rate, the CCMP largely attributes this to advancing age, male gender, and non-cancer comorbidities (2). A recent meta-analysis of 15 studies by Zhang et al. echoed these findings and prognostic indicators, noting an overall cancer fatality rate of 22.4% and fatality rate of 24.3% in patients specifically undergoing immunotherapy (3). As COVID-19 cases rise exponentially once more, we brace another wave of a disease that is both highly virulent and highly unpredictable. Even with lessons learned from recent months and novel effective treatments, we still face unmeasurable challenges associated with protecting vulnerable groups. During this first wave, ‘shielding’ in the UK enabled us to minimize exposure to cancer patients undergoing systemic anti-cancer treatments (SACTs). Focusing resources on the current pandemic comes at the cost of ethical rationing, diagnostic delays, treatment delays and suspension of most clinical trials. The full fallout of which will show itself with time.



The Role of T-Cells in Vaccination, Immunotherapy, and COVID-19

The global research shift toward COVID-19 means that at present there are over 100 COVID-19 vaccines in development, with over 50 of these undergoing clinical trials (4). Over eight different vaccination approaches are under investigation including weakened or inactivated forms, viral vector, nucleic acid and protein-based types. Certainly, large multi-center trials have already reported encouraging results, as discussed below. T-cells play a vital role in the recognition of foreign antigens and development of such immunity. Importantly, T-cells also play a key role in immunosurveillance of cancer cells, and their manipulation forms the fundamental bases of anti-cancer-targeted immunotherapy.

In recent years, immune checkpoint inhibitors (ICIs) have revolutionized the management of solid tumors. ICIs augment T-cell mediated anti-tumor responses, most commonly via programmed cell death 1 (PD-1) and cytotoxic T-lymphocyte-associated antigen-4 (CTLA-4) pathways (5). By facilitating host immune clearance of malignant cells, ICIs provide effective treatment options in the absence of harmful myelosuppression. However, with their increasing use comes growing evidence of immune related adverse events (irAEs). Gambichler et al. (6) comprehensively summarized available information relating to the controversial use of ICIs in cancer patients with viral infections, including COVID-19. Evidence shows ICIs should not be considered highly immunosuppressive and their use is not an independent risk factor for COVID-19 susceptibility. In fact, just as there are known similarities between immune responses to cancer and other viral infections, similarities have also been drawn between immune checkpoint pathways and COVID-19 immunogenicity. COVID-19 cases show lymphopenia is a predictor of mortality and T lymphocyte exhaustion is a distinctive feature, likely influenced by the high levels of PD-1 expression observed. Gambichler et al. (6) go on to hypothesize that ICIs may even benefit cancer patients who acquire COVID-19 during treatment, though this has not been observed or shown in case reports. The potential benefits or detriments of ICI use in this context are further complicated by the clinical and pathological similarities between irAEs and COVID-19 autoreactivity. COVID-induced cytokine storms, myocarditis and pneumonitis are all reported, adding further diagnostic uncertainties.



Immunotherapy Use During the COVID-19 Pandemic

With much still to learn about the pathogenicity of the novel COVID-19 infection and its complex relationship with ICIs, we must continue to cautiously balance the risk-benefit of ICI use in vulnerable cancer patients. Currently, the European Society for Medical Oncology (ESMO) consensus is to continue ICI use, even in COVID-19 positive patients, if there is survival benefit (7). However, an international survey of oncologists identified a lack of consensus, and evidence of caution and reserve when dealing with initiating and maintaining such treatment in these current circumstances (8).



The COVID-19 Vaccination

In late 2020, the UK government secured a supply of vaccines from Pfizer–BioNTech (nucleoside-modified RNA vaccine), Oxford/AstraZeneca (inactivated virus vaccine) and 6 other manufacturers. To date, only the Pfizer–BioNTech immunization has been approved for use in the UK, and the vaccination program has already begun through hospital hubs in specific geographical areas which are not yet nationwide (9–11). Phase 3 trials of the Pfizer–BioNTech and Oxford/AstraZeneca vaccines have reported both these immunizations to be well tolerated and effective in healthy individuals (12, 13). However, exclusion criteria resulted in patients with a diagnosis of malignancy and patients undergoing cytotoxic/immunosuppressive treatments for cancer, being excluded from both trials. As an exception, the Oxford/AstraZeneca vaccine trial accepted patients with skin basal cell carcinoma and cervical carcinoma in situ only (12, 13). Trials for other vaccines in development, such as the Moderna vaccine, also do not include cancer patients undergoing treatment (14). To our knowledge, there are currently no trials investigating coronavirus vaccine use specifically in immunosuppressed patients, though there are ongoing studies investigating the efficacy of long-acting monoclonal antibody infusions as a vaccination alternative (NCT04625972). Due to worldwide demand and expedited vaccine production processes, the longevity of immunity and long-term safety profile of all vaccines under development remains to be established.

Although vaccination programs are underway, significant demand worldwide for such a vaccine has resulted in the need for prioritization criteria by the UK Joint Committee on Vaccination and Immunization (JCVI) (9). This criteria is primarily based on age being the single most important risk factor for COVID-19 mortality, and healthcare workers being at the highest risk of acquiring the infection and transmitting it to vulnerable others. Resultantly, the presence of cancer or other vulnerable co-morbidities does not carry a high priority (Table 1) (9). Though countries such as France have adopted similar prioritization criteria to the UK, various other European countries and Australia have considered immunosuppressed and cancer patients as equal priority to those of older age (15–17).


Table 1 | UK Joint Committee on Vaccination and Immunization COVID-19 Vaccination Priority List (9).



Though these trial results are encouraging, they are representative of a healthy and ideal cohort. Questions remain to be answered regarding vaccine safety and efficacy for cancer patients and those on immunotherapies; this is especially relevant in patients undergoing T-cell mediated SACTs. Furthermore, the recent discovery of a new coronavirus variant, identified by the UK COVID-19 Genomics Consortium, brings further uncertainty. Of the 17 changes and mutations the new variant harbors, one particular mutation in the virus’ spike protein conveys augmented virulence and increased risk of transmission. Though it is suspected that this mutated spike protein will not alter vaccine efficacy, work is still underway to definitively conclude this (18).



The Relationship Between ICI Use and Other Viral Infections

Although there are uncertainties regarding COVID vaccination in cancer patients, it is also vital to highlight that little is known about the efficacy of other existing and commonly used vaccinations in those with malignancy. Current UK guidance strongly advises against live vaccinations for all patients undergoing SACTs (19). Such strong recommendations on vaccination (live or inactivated) in patients with cancer are supported by low-quality evidence, and data is certainly lacking regarding their efficacy and interaction with ICIs. Administration of the inactivated influenza vaccine in patients treated with ICIs is the most researched example. Studies show sustained protective titres in these patients, compared to the diminished responses observed in those treated with cytotoxic chemotherapy (20). Reassuringly, this response was paired with no significant increase in irAEs, therefore routine influenza vaccination is encouraged.

As widespread ICI use occurred after the 2012 Middle East respiratory syndrome coronavirus (MERS-CoV) and 2003 severe acute respiratory syndrome (SARS-CoV) outbreaks, studies investigating the interaction between immunotherapy and these coronaviruses are not available. In addition, as neither viruses have effective vaccinations against them, it is not known what effects immunization may have had on cancer patients and service delivery. Although we have high hopes for the COVID-19 vaccine, we must consider the possibility that it may be poorly tolerated and/or accepted by the general public once widely available, and may display altered or inadequate responses specifically in cancer patients on ICIs.



Looking Ahead

Regardless of if vaccination is effective or not, cancer services must continue. Even prior to the worst winter the NHS will face in all of its 72 years, there was already concerning evidence of the consequences of diagnostic and treatment delays, cancer screening suspensions, and a decline in ‘two-week wait’ referrals (21). While we wait for the vaccine program to fully roll out and prove effective, cancer services must adapt in the best way they can, balancing exposure risk with continued service delivery. They must continue to develop effective targeted strategies including changes seen so far with home treatment options, virtual/remote assessments and COVID-19-secure hospital zones.

COVID-19 has already caused extensive disruption to cancer patients throughout 2020. Despite the lack of objective evidence regarding the vaccine’s efficacy in ICI patients, oncologists must encourage this cohort to take part in the vaccination program, trusting the positive data reported in COVID-19 vaccine trials, drawing on their previous experiences, and extrapolating previous data published concerning existing vaccination programs. Mindful of the high risk of severe COVID-19 infection and death in cancer patients, a consensus statement by ESMO also actively encourages vaccination. Having considered the risks and benefits, they recommend that those with cancer should be prioritized for vaccination regardless of comorbidity and age, stressing that those currently in clinical trials should not be exempt (17).

A forward plan of action, at both a national policy and local service level, is imperative. Throughout, centers must prepare to analyze prospective data, share knowledge and co-operate to ensure timely responses to any beneficial or detrimental observations. We must collaborate to obtain key data on COVID infections in cancer patients, interactions between COVID and treatments (including ICIs), vaccine efficacy in the context of cancer- or treatment-mediated immunosuppression, and vaccine safety in this specific cohort. As the UK vaccination program uses non-live immunizations and only excludes those who are pregnant and those less than 16 years of age, cancer patients are not, and should not be exempt (9). If the COVID-19 vaccine proves to be everything we hope it to be, there is light at the end of the tunnel.



Data Availability Statement

Data sharing is not applicable to this article as no new data were created or analyzed in this study.



Author Contributions

All contributors meet authorship criteria and have contributed to the manuscript equally. All authors contributed to the article and approved the submitted version.



Abbreviations

ICIs, Immune checkpoint inhibitors; UK, United Kingdom; COVID-19, Coronavirus disease; CCMP, UK coronavirus cancer monitoring project; SACTs, Systemic anti-cancer treatments; PD-1, Programmed cell death 1; CTLA-4, Cytotoxic T-lymphocyte-associated antigen-4 pathways; irAEs, Immune related adverse events; ESMO, European Society for Medical Oncology; JCVI, UK Joint Committee on Vaccination and Immunization; MERS-CoV, 2012 Middle East respiratory syndrome coronavirus; SARS-CoV, 2003 severe acute respiratory syndrome.



References

1. Public Health England, NHSX. Coronavirus (COVID-19) cases in the UK. Public Health England (2020). coronavirus.data.gov.uk [Accessed 22nd December 2020].

2. Lee, LY, Cazier, JB, Angelis, V, Arnold, R, Bisht, V, Campton, NA, et al. COVID-19 mortality in patients with cancer on chemotherapy or other anticancer treatments: A prospective cohort study. Lancet (2020) 395(10241):1919–26. doi: 10.1016/S0140-6736(20)31173-9

3. Zhang, H, Han, H, He, T, Labbe, KE, Hernandez, AV, Chen, H, et al. Clinical Characteristics and Outcomes of COVID-19-Infected Cancer Patients: A Systematic Review and Meta-Analysis. J Natl Cancer Inst (2020) djaa168. doi: 10.1093/jnci/djaa168

4. World Health Organisation. COVID-19 vaccines. WHO Worldwide (2020). Available at: https://www.who.int/emergencies/diseases/novel-coronavirus-2019/covid-19-vaccines.

5. Wang, DY, Johnson, DB, and Davis, EJ. Toxicities associated with PD-1/PD-L1 blockade. Cancer J (2018) 24(1):36–40. doi: 10.1097/PPO.0000000000000296

6. Gambichler, T, Reuther, J, Scheel, CH, and Becker, JC. On the use of immune checkpoint inhibitors in patients with viral infections including COVID-19. J Immunother Cancer (2020) 8(2):e001145. doi: 10.1136/jitc-001145

7. Curigliano, G, Banerjee, S, Cervantes, A, Garassino, MC, Garrido, P, Girard, N, et al. Managing cancer patients during the COVID-19 pandemic: An ESMO multidisciplinary expert consensus. Ann Oncol (2020) 31(10):1320–35. doi: 10.1016/j.annonc.2020.07.010

8. Ürün, Y, Hussain, SA, Bakouny, Z, Castellano, D, Kılıçkap, S, Morgan, G, et al. Survey of the impact of COVID-19 on oncologists’ decision making in cancer. JCO Glob Oncol (2020) 6:1248–57. doi: 10.1200/GO.20.00300

9. Joint Committee on Vaccination and Immunisation. Priority groups for coronavirus (COVID-19) vaccination: advice from the JCVI (2020). Available at: https://www.gov.uk/government/publications/priority-groups-for-coronavirus-covid-19-vaccination-advice-from-the-jcvi-2-december-2020/priority-groups-for-coronavirus-covid-19-vaccination-advice-from-the-jcvi-2-december-2020 (Accessed 23rd December 2020).

10. NHS England. List of hospital hubs and local vaccination services (2020). Available at: https://www.england.nhs.uk/coronavirus/hospital-hubs-and-local-vaccination-services/ (Accessed 23rd December 2020).

11. Cancer Research UK. COVID-19 vaccine and cancer – latest updates (2020). Available at: https://scienceblog.cancerresearchuk.org/2020/12/15/covid-19-vaccine-and-cancer-latest-updates (Accessed 23rd December 2020).

12. Voysey, M, Clemens, SAC, Madhi, SA, Weckx, LY, Folegatti, PM, Aley, PK, et al. Safety and efficacy of the ChAdOx1 nCoV-19 vaccine (AZD1222) against SARS-CoV-2: an interim analysis of four randomised controlled trials in Brazil, South Africa, and the UK. Lancet (2020) 397:S0140–6736(20)32661-1. doi: 10.1016/S0140-6736(20)32661-1

13. Polack, FP, Thomas, SJ, Kitchin, N, Absalon, J, Gurtman, A, Lockhart, S, et al. Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N Engl J Med (2020) 387(27):NEJMoa2034577. doi: 10.1056/NEJMoa2034577

14. Moderna, Inc. Study Protocol - A Phase 3, Randomized, Stratified, Observer-Blind, Placebo-Controlled Study to Evaluate the Efficacy, Safety, and Immunogenicity of mRNA-1273 SARS-CoV-2 Vaccine in Adults Aged 18 Years and Older (2020). Available at: https://www.modernatx.com/sites/default/files/mRNA-1273-P301-Protocol.pdf (Accessed 23rd December 2020).

15. Haute Autorité de Santé. Sars-Cov-2 vaccination strategy - Preliminary recommendations on the strategy for prioritizing populations to be vaccinated (2020). Available at: https://www.has-sante.fr/jcms/p_3221338/fr/strategie-de-vaccination-contre-le-sars-cov-2-recommandations-preliminaires-sur-la-strategie-de-priorisation-des-populations-a-vacciner (Accessed 23rd December 2020).

16. Australian Technical Advisory Group on Immunisation. Preliminary advice on general principles to guide the prioritisation of target populations in a COVID-19 vaccination program in Australia (2020). Available at: https://www.health.gov.au/sites/default/files/documents/2020/11/atagi-preliminary-advice-on-general-principles-to-guide-the-prioritisation-of-target-populations-in-a-covid-19-vaccination-program-in-australia_0.pdf (Accessed 23rd December 2020).

17. European Society of Medical Oncology. ESMO Statements For Vaccination Against COVID-19 In Patients With Cancer (2020). Available at: https://www.esmo.org/covid-19-and-cancer/covid-19-vaccination (Accessed 23rd December 2020).

18. Wise, J. Covid-19: New coronavirus variant is identified in UK. BMJ (2020) 371:m4857. doi: 10.1136/bmj.m4857

19. Rubin, LG, Levin, MJ, Ljungman, P, Davies, EG, Avery, R, Tomblyn, M, et al. IDSA clinical practice guideline for vaccination of the immunocompromised host. Clin Infect Dis (2014) 58(3):44. doi: 10.1093/cid/cit684

20. Chong, CR, Park, VJ, Cohen, B, Postow, MA, Wolchok, JD, and Kamboj, M. Safety of inactivated influenza vaccine in cancer patients receiving immune checkpoint inhibitors. Clin Infect Dis (2020) 70(2):193–9. doi: 10.1093/cid/ciz202

21. Maringe, C, Spicer, J, Morris, M, Purushotham, A, Nolte, E, Sullivan, R, et al. The impact of the COVID-19 pandemic on cancer deaths due to delays in diagnosis in England, UK: A national, population-based, modelling study. Lancet Oncol (2020) 21(8):1023–1034s. doi: 10.1016/S1470-2045(20)30388-0



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

Copyright © 2021 El-Shakankery, Kefas and Miller. 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.











	
	CASE REPORT
published: 22 February 2021
doi: 10.3389/fimmu.2021.610149






[image: image2]
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Breast cancer is one of the most commonly diagnosed malignancies. Although endocrine therapy improves the survival of patients with hormone receptor (HR)-positive breast cancer, the post-endocrine therapy strategy for metastatic breast cancer remains challenging. Herein, we report two patients who benefited from antiestrogen agents combined with an immunotherapy regimen to support the notion that an immunotherapy combination regimen may be a potential treatment for patients with HR-positive metastatic breast cancer post-endocrine therapy. Case 1 involved a patient with relapsed breast cancer with ovarian and brain metastases after endocrine therapy. After undergoing surgery for the ovarian lesions, she received three cycles of chemotherapy. Given that the lesions in the brain did not change, chemotherapy was discontinued. A high T cell receptor (TCR) repertoire (high Shannon index and clonality) was observed in the tumor. Considering the patient's preference and safety, and the efficacy of immunotherapy, she was administered with letrozole combined with pembrolizumab. The patient achieved a partial response, and the progression-free survival (PFS) was more than 21 months. Case 2 involved a patient with breast cancer with multiple bone metastases. After failure of combined radiotherapy and chemotherapy, the patient received tamoxifen combined with pembrolizumab based on the patient's preference and clinical biomarkers of a positive differentiation cluster of eight tumor-infiltrating lymphocytes and a high TCR repertoire (high Shannon index and clonality) in the tumor. The patient's bone pain and biomarkers were relieved after the treatment. The patients completed six cycles of pembrolizumab, and the PFS was more than 21 months. In conclusion, our study confirmed that antiestrogen agents combined with an immunotherapy regimen is a promising treatment for patients with HR-positive metastatic breast cancer.

Keywords: breast cancer, immunotherapy, endocrinotherapy, HR positive, T cell receptor repertoire


INTRODUCTION

Breast cancer (BC) is the most commonly diagnosed cancer in women worldwide and is also a leading cause of cancer-related death. BC treatment consists of locoregional treatment (i.e., surgery) and systemic therapy (i.e., endocrine therapy). In patients with hormone receptor (HR)-positive BC, prognosis has substantially improved after the introduction of endocrine therapy (1). Even so, ~20% of patients continue to experience disease recurrence (2). Moreover, endocrine resistance inevitably occurs in estrogen receptor (ER)+ metastatic BC (MBC). Endocrine resistance is commonly driven by ligand-independent ER reactivation (3) which can occur through gain-of-function mutations in ERs; altered interactions of ERs with coactivators/corepressors; or via engagement of compensatory crosstalk among ERs, growth factor receptors, and oncogenic signaling pathways (4). Therefore, treatment options become more complex after endocrine therapy.

Several studies have indicated that endocrine therapy combined with cyclin-dependent kinase 4/6 (CDK4/6) inhibitors (palbociclib, ribociclib, and abemaciclib) significantly improves survival in patients who are resistant to endocrine therapy (5, 6). The median progression-free survival (PFS) is more than 9 months (7). Recently, phosphatidylinositol 3-kinase (PI3K) inhibitors (alpelisib) combined with endocrine therapy have also been shown to be an alternative treatment (8). However, alpelisib was not available in China in 2018.

Recently, preclinical and clinical data have supported the key role of immunotherapy for BC (9). Although <10% of patients with metastatic disease will respond to monotherapy (10), immunotherapy combinations have shown potential benefits in triple-negative BC (TNBC) and human epidermal growth factor receptor 2 (HER2)-positive BC (11, 12); for example, atezolizumab plus nab-paclitaxel in untreated metastatic TNBC showed an objective response rate (ORR) of 56% in the IMpassion130 study (11). These studies have demonstrated the clinical benefits and acceptable safety of immunotherapy for BC, even in heavily pretreated patients with metastatic BC and patients with HR-positive BC.

Here, we propose a new immunotherapy combination regimen for ER+ metastatic BC by presenting two patients who benefited from antiestrogen agents combined with an immunotherapy regimen. Both patients showed benefits lasting longer than 21 months.



CASE PRESENTATION

Case 1: In March 2018, a 48-year-old woman presented to our hospital with bloody urine. She underwent modified radical mastectomy and received adjuvant chemotherapy and tamoxifen for lobular BC (luminal B subtype) 3 years prior (Figure 1A, Table 1). Color Doppler ultrasonography showed a 10.1 cm × 6.2 cm mass in the left ovary and a 4.3 cm × 3.1 cm mass in the right ovary. Cytoreductive surgery was performed; however, the postoperative pathological diagnosis revealed metastatic lobular BC. Immunohistochemical (IHC) staining showed ER+, progesterone receptor (PR)+, HER2 (1+, fluorescence in situ hybridization-negative), and a Ki-67 index of 35% (Figure 1B). A 1.1 cm × 0.6 cm metastatic nodule was found in the right temporal lobe on magnetic resonance imaging (MRI) (Figure 2A). Finally, she was diagnosed with metastatic lobular BC (ovarian and brain). The patient was then treated with three cycles of navelbine and gemcitabine combined with recombinant human endostatin from April to June 2018. Considering the lack of improvement in the brain lesion (Figure 2B), we performed next-generation sequencing (NGS) of 1021 cancer-related genes, an evaluation of the T cell receptor (TCR) repertoire, and IHC analysis of programmed death ligand 1 (PD-L1) (Geneplus-Beijing Ltd., Beijing, China) to identify potentially actionable mutations and biomarkers; the tumor-infiltrating lymphocytes (TILs) were also analyzed using IHC methods. Six somatic mutations, including cyclin D1 (CCND1) amplification, were identified (Supplementary Table 1). The results of the TCR repertoire evaluation were 7.47 on the Shannon index of blood and 0.53 for clonality of tissue, both of which were higher than those in 75% of patients with solid tumors in the Geneplus TCR repertoire database (Table 2 and Supplementary Methods); however, PD-L1 (PD-L1 SP263, Ventana) and TILs tested negative (Supplementary Figure 2). Due to difficulties in accessing CDK4/6 inhibitors at that time in China, a combination of CDK4/6 inhibitors and endocrine therapy was not recommended. After comprehensive consideration of the safety and efficacy of immunotherapy, testing results, and patient's preference, a combination of letrozole (2.5 mg, qd) and pembrolizumab (200 mg, q3w) was administered in July 2018. After 3 months of treatment, MRI showed the disappearance of the lesion in the right temporal lobe (Figure 2C). According to the Response Evaluation Criteria in Solid Tumors v1.1, a partial response (PR) was achieved. In October 2018, the patient completed four cycles of pembrolizumab and letrozole. She was then maintained with letrozole. During the course of the treatment, no immune-related adverse events (irAEs) were observed in this patient. The treatment lasted for over 21 months from July 2018, and follow-up is ongoing.


[image: Figure 1]
FIGURE 1. (A) Hematoxylin and eosin-stained section of primary lesion. (B) Hematoxylin and eosin-stained section of metastasis lesion of ovary.



Table 1. The clinical characteristic and treatment of patients.
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FIGURE 2. The outcome of letrozole combined with pembrolizumab. (A) The brain lesion in diagnosis, lesion has been marked with red circle. (B) The brain lesion before treatment with letrozole combined with pembrolizumab. (C) Disappearance of brain lesion after treatment. Permbro, pembrolizumab.



Table 2. The results and range in the Geneplus database of TCR repertoire of the two patients.
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Case 2: A 42-year-old woman presented to our hospital with chest pain. Whole-body bone single-photon emission computed tomography showed multiple lesions with increased radioactivity in the sternum, ribs, centrum, and ospelvicum (Figure 3A). Positron emission tomography/computed tomography (CT) showed a mass in the right breast (Figure 3B). The breast biopsy confirmed adenocarcinoma, and IHC staining showed ER+, PR+, HER2–, and a Ki-67 index of 5% (Figure 3C, Table 1). Therefore, the diagnosis of phase IV, luminal A BC was confirmed. Doxorubicin liposomes, taxol liposomes, and cyclophosphamide were administered as first-line treatment in May 2018. Thoracic radiotherapy was also administered. The patient discontinued chemotherapy due to bone marrow involvement in June 2018. The TCR repertoire and 1,021 cancer-related genes were tested using NGS to identify potentially actionable mutations and biomarkers (Geneplus-Beijing Ltd., Beijing, China), and TILs were also detected using IHC methods. Four somatic mutations including a phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA) p.H1047R were identified (Supplementary Table 1). The results of the TCR repertoire evaluation were 6.5 on the Shannon index of blood and 0.67 for clonality of tissue, which were higher than those in 50 and 75% of patients with solid tumors, respectively (Table 2). Approximately 1% cluster of differentiation (CD)3+ and 1% CD8+ T cells were observed intratumorally and in the stroma, respectively (Figure 3D). Due to the PIK3CA mutation, endocrine monotherapy may have had limited efficacy. However, PI3K inhibitors were difficult to obtain in China at that time. Based on these results, the safety and efficacy of immunotherapy, and the patient's preference, tamoxifen (10 mg, bid) combined with pembrolizumab (200 mg, q3w) was administered in July 2018. In November 2018, six cycles of pembrolizumab plus tamoxifen were completed, and she continued with tamoxifen monotherapy thereafter; there were no irAEs other than mild asthenia. The patient's physical status improved significantly. Her Eastern Cooperative Oncology Group performance status improved from 1 to 0, and the bone pain was relieved from 5 to 0 on the numeric rating scale. Follow-up CT showed that the lesions in the bone were stable; however, no efficacy evaluation was established due to the presence of systemic metastasis (Figure 4). In December 2018, letrozole was administered for menopause. Considering that the systemic lesions were well-controlled, the breast lesion was surgically removed. The treatment lasted for more than 21 months from July 2018, and the patient remains in follow-up.


[image: Figure 3]
FIGURE 3. (A) The image of whole body bone scans. (B) The CT image of breast lesion. (C) Hematoxylin and eosin-stained section of breast lesion. (D) Immunohistochemistry of intratumornal and stromal CD8 and CD3 T cells.
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FIGURE 4. Follow-up imaging of lung lesions at different stages of treatment.




DISCUSSION

Several studies have confirmed the efficacy of immunotherapy combination therapies for TNBC and HER2-positive BC (11, 12). However, effective combination strategies have not been reported for HR+ BC. The two cases reported here demonstrated promising efficacy of the combination of anti-endocrine and immunotherapy regimens in patients with ER+ BC who had been heavily pretreated with chemotherapy and endocrine therapy.

HR+ BC is considered immunologically “cold” due to low numbers of TILs (13). Additionally, the efficacy of single-agent therapy with pembrolizumab has been evaluated in ER+/HER2-advanced BC; only 20% of ER+ BC cells express the PD-L1 immune checkpoint protein, and single-agent immune checkpoint inhibitors have shown limited efficacy (ORR: 12%, 3/25) in patients with ER+ BC (14). Nevertheless, this study confirmed that immunotherapy is safe in patients with ER+ BC. A recent study confirmed that durvalumab plus bevacizumab therapy is effective for ER+ advanced BC; although no patients achieved complete response or PR, the disease control rate was 37.5% (6/16), and the combined regimen was safe (15). Based on the safety of immunotherapy for ER+ BC and results of studies of an immunotherapy combination regimen for TNBC and HER2-positive BC, our patients were administered immunotherapy plus antiestrogen agents. Moreover, both patients showed a higher Shannon index of blood and clonality of tissue with reference to those in the Geneplus database. The Shannon index represents the diversity of TCR clones in blood, with higher diversity values indicating a more diverse distribution of the receptor sequences. Clonality, which ranges from 0 to 1, is a metric of T cell expansion, with values approaching 1 indicating that few clones are present at high frequencies. All indices are positively correlated with the efficacy of immunotherapy (16–18). Studies on lung cancer and melanoma have indicated

that patients in higher Shannon index or clonality groups showed better efficacy of immunotherapy (16–18). Meanwhile, a recent study showed that a significant proportion of T cell clones and neoantigens are shared between primary lesions and metastases (19), indicating that most lesions may be effectively controlled if immunotherapy is effective. Meanwhile, ERα has been shown to negatively regulate PD-L1 expression (20). Antiestrogen treatment may induce PD-L1 expression and synergize with immunotherapy. Therefore, these findings and studies suggest that immunotherapy plus antiestrogen agents may have been an advantageous treatment option for our two patients with multiline treatment failure and multiple metastases. As expected, both patients showed benefits and had a PFS of more than 20 months following immunotherapy.

In addition, each patient had specific molecular and clinical characteristics. The first patient had luminal B subtype BC and experienced endocrine therapy failure. She benefited from immunotherapy despite negative PD-L1 expression and TILs in the primary tumor biopsy. Considering the heterogeneity of the immune microenvironment between lesions (19), the benefit of the brain lesions from immunotherapy did not conflict with the PD-L1 and TIL results. Furthermore, a recent study demonstrated that high expression of the immune checkpoint components indoleamine-pyrrole 2,3-dioxygenase, lymphocyte-activation gene 3, and programmed death 1 may be induced in luminal B BC, especially after aromatase inhibitor (AI) treatment (21). The study indicated that immune checkpoint inhibitors may be effective for luminal B subtype breast tumors that are being treated with or even resistant to AIs. The second patient had luminal A subtype BC with a PIK3CA mutation (p.H1047R). The PIK3CA p.H1047R mutation has been shown to be a gain-of-function mutation in several studies and plays an important role in endocrine therapy resistance (22, 23). It has been reported that CD8+ TILs are significantly more abundant in PIK3CA-mutated ER-positive BC than PIK3CA-wild-type (24). CD8-positive lymphocytes are one of the main components of TILs and are correlated with the efficacy of immunotherapy (25). Meanwhile, CD8+ T cells, although only comprising 1%, were observed in this patient. Sasha et al. reported that only 43% of HR+ tumors have CD8+ T-cell infiltrates (26). The number of CD8+ TILs is a robust predictor of clinical outcomes and treatment response, including immunotherapy in patients with BC (25, 27, 28). The molecular and clinical characteristics of these patients also suggest that they may benefit from immunotherapy regimens. Both of our patients showed a PFS of more than 20 months, which was much longer than the reported median duration of response of approximately 12 months following pembrolizumab monotherapy (14, 19).

Based on these findings, we speculated that a higher TCR repertoire may be related to a better prognosis following immunotherapy in patients with HR+ BC. Our results provide preliminary confirmation of the feasibility and effectiveness of antiestrogen agents combined with an immunotherapy regimen for HR+ BC.



CONCLUSION

This represented the first study reporting radiographic partial response following an antiestrogen combined with immunotherapy regimen in breast cancer patients to the best of our knowledge. Our study provides unequivocal clinical evidence for antiestrogen combined with immunotherapy effectiveness in treating ER+ estrogen-resistance breast cancer patients.
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The use of immune checkpoint blockade, in particular PD-1 and PD-L1 inhibitors, is now commonplace in many clinical settings including the treatment of muscle-invasive bladder cancer (MIBC). Notwithstanding, little information exists regarding the expression of the alternative PD-1 ligand, PD-L2 in urothelial bladder cancer (UBC). We therefore set out to characterise the expression of PD-L2 in comparison to PD-L1. Firstly, we assessed PD-L2 expression by immunohistochemistry and found widespread expression of PD-L2 in UBC, albeit with reduced expression in MIBC. We further investigated these findings using RNA-seq data from a cohort of 575 patients demonstrating that PDCD1LG2 (PD-L2) is widely expressed in UBC and correlated with CD274 (PD-L1). However, in contrast to our immunohistochemistry findings, expression was significantly increased in advanced disease. We have also provided detailed evidence of constitutive PD-L2 expression in normal urothelium and propose a mechanism by which PD-L2 is cleaved from the cell surface in MIBC. These data provide a comprehensive assessment of PD-L2 in UBC, showing PD-L2 is abundant in UBC and, importantly, constitutively present in normal urothelium. These data have implications for future development of immune checkpoint blockade, and also the understanding of the function of the immune system in the normal urinary bladder.




Keywords: bladder cancer, immune checkpoint inhibitors, PD-L1 (B7-H1 CD274), PD-L2: programmed cell death ligand 2, normal urothelium



Introduction

Bladder cancer is the 11th most common cancer and the 9th most common cause of cancer mortality in the UK. The majority of cases derive from the urothelium (urothelial bladder cancer - UBC), a specialised epithelial layer lining the urinary tract. The majority of UBC patients present with non-muscle-invasive (NMIBC) disease, whereas the presence or progression to muscle-invasive (MIBC) disease is associated with significantly increased cancer mortality (1).

Immune checkpoint blockade (ICB) has heralded a new era in cancer therapy. UBC is an ideal setting for ICB as evidenced by landmark trials and FDA licencing of anti-PD-1 and anti-PD-L1 antibodies (2). However, whilst 15%–29% of patients exhibit an objective response to checkpoint inhibitors, the majority of patients fail to respond (3). As such, many questions remain to be answered in order to permit informed clinical decision-making, alongside continued therapeutic development and further advancement of the field.

PD-1 and its ligands, PD-L1 and PD-L2 have a prominent role in maintaining self-tolerance under normal physiological conditions, limiting T cell activation and proliferation in peripheral tissues. The majority of investigation has understandably focussed on PD-L1 expression by tumor cells, given the hitherto-proposed restricted expression pattern of PD-L2: in contrast to the widespread expression of PD-L1, PD-L2 expression was believed to be restricted to macrophage and other professional antigen presenting cell types (4). Recently, however, PD-L2 has been identified as expressed by a range of solid tumors including non-small cell lung carcinoma, head and neck squamous cell carcinoma, gastric, oesophageal, renal cell carcinoma, and hepatocellular carcinoma (5–9). Importantly PD-L2 may be an independent predictor of response to PD-1 blockade (8). Very limited knowledge exists for UBC. A previous case report described amplification of PDCD1LG2 (PD-L2) (10), yet TCGA data indicate that this is a rare event. Published RNA-seq data from 34 UBC samples (of unknown grade and stage) indicated PD-L2 is expressed in addition to PD-L1 (8). While a recent study by Yang et al. indicated increased expression of PD-L2 associated with higher stage (11), a high proportion of (~20%) squamous cell and other variant tumors were investigated and are shown to express higher PD-L2 levels. Given the growing use of ICB in clinic, it is vital to understand the expression of these ligands in target tissues.

We set out to characterise tumoral expression of both PD-1 ligands, PD-L1 and PD-L2, in UBC patients spanning the full range of grades and stages of disease. We show PD-L2 is widely expressed by bladder tumor cells; however, protein expression is inversely associated with disease stage. We go on to show for the first time that PD-L2 is constitutively expressed by normal urothelium, both in healthy individuals and those with UBC. These data highlight a previously unknown role for PD-L2 in the immune privileged site of the urinary bladder, and may further inform the use of PD-1/-L1 immune checkpoint blockade.



Material and Methods


Patient Samples

Tissue microarrays (TMAs) of formalin fixed paraffin embedded (FFPE) tissue sections of newly-diagnosed primary UBCs were obtained from the Bladder Cancer Prognosis Programme (BCPP — clinicaltrials.gov identifier NCT00553345, ethics approval 06/MRE04/65) (12). Tissue collection was performed at initial TURBT as previously described (12). Patients were recruited between 2005 and 2011 from nine hospitals in the West Midlands region of the UK and gave informed consent for enrolment into BCPP on the basis of initial cystoscopic findings suggestive of primary UBC. All patients were newly-diagnosed, had not received UBC treatment prior to biospecimen collection, and were subsequently treated and followed-up according to contemporary guidelines (including re-resection where indicated). Inclusion and exclusion criteria are detailed elsewhere (12).

Tumor grade and stage records were amended according to results of re-resection or cystectomy (where performed). We used the 1973 grade classification (from grade 1, well differentiated, to grade 3, poorly differentiated, defined by cellular appearances) as it was in universal use in the UK at the time of patient recruitment, and is also the basis for the EORTC and EAU NMIBC risk tables (13, 14). Tumor stages range from Ta/T1 through to T4, defined by the level of infiltration from the urothelium (Ta), into the submucosa (T1), the underlying detrusor muscle (T2), perivesical fat (T3), and ultimately into surrounding structures (T4). Diagnostic FFPE tumor samples were retrieved from local histopathology departments, and 10% of all such samples underwent expert pathological review as part of routine quality assurance. All included tumors were purely or predominantly transitional cell carcinomas (TCC). Patient demographic information is presented in Table 1.


Table 1 | Patient demographic – TMA immunohistochemistry cohorts.





Immunohistochemistry

Briefly, FFPE bladder tumor TMAs were de-waxed and rehydrated; after antigen retrieval, slides were blocked with 2% horse serum, then stained with anti-PD-L1 (clone: E1L3N; Cell signalling), anti-PD-L2 (clone: HPA013411; Sigma, UK) or isotype control antibodies overnight at 4°C. Following washing in TBST, slides were treated with HRP secondary reagents (Vector, UK) and developed using TSA reagents (Perkin Elmer) and counterstained with DAPI (Cambridge biosciences, UK).



Analysis of Staining

Stained sections or TMA slides were pictured using a Vectra multi-fluorescent microscope, and images analysed by inform 2.3 software (Perkin Elmer). Software and images were additionally validated by a trained pathologist. All images are at x20 magnification.



RNA Extraction and qPCR

RNA was extracted and converted to cDNA as previously described (15). qPCR was performed using Taqman probes (Thermo Fisher Scientific); PD-L1 (Hs_01125269_m1), PD-L2 (Hs_01057777_m1) and GAPDH (NM_002046.3). Samples were run in triplicate including no reverse transcriptase controls on an ABI Prism 7500 Sequence Detection System (Applied Biosystems). Ct value for each sample were determined using SDS v1.7 software (Applied Biosystems) and expressed relative to the GAPDH.



RNA Sequencing

For our BCPP RNA sequencing (RNAseq), libraries were prepared using TruSeq Stranded Total RNA with Ribo-zero Gold (Illumina) and paired-end sequenced (Illumina HiSeq/NextSeq). After QC, fastq data were aligned to GRCh37 reference annotation and reads counted with STAR aligner (v2.5.2b). Read count data from our cohort was combined with publicly available data from TCGA-BLCA (16) and the Hedegaard et al. cohort (17). Samples were excluded based on histology (to remove variant non-TCC samples) and to exclude samples with low read depth: a) BCPP cohort - 85 RNA-sequencing samples in total, 50 samples retained due to excluding those with low read-depth; b) TCGA cohort - 408 RNA-seq samples, 351 samples retained due to excluding variant histology (no samples excluded due to low read-depth); c) Hedegaard cohort- 460 RNA-seq samples, 206 samples retained due to excluding those with low read-depth. Samples with known tumor stage were then selected, see Table 2. Detailed histopathology for the combined RNA-seq cohorts can be found in their accompanying publications (12, 16, 17). To account for the three different cohorts, the analysis commenced from raw read counts. Normalization was performed on the combined dataset using the voom method implemented in the limma package (v.3.36.2) and batch-effect correction was applied using the ComBat method implemented in the sva package (v.3.28.0) using R (v3.5.1). RNAseq of BCPP samples was carried out by Genomics Birmingham, Department of Experimental Medicine, University of Birmingham, UK.


Table 2 | Patient demographic – RNA-seq cohorts.





PD-L2 Elisa

Mid-stream urine samples were collected from individuals without a history of bladder cancer. Samples were spun at 10,000g for 10 min prior to analysis. A PD-L2 Elisa kit (Cat. BMS2215, Thermo Fisher Scientific) was used following the manufactures instructions.



Statistical Analysis

Data was analysed using GraphPad Prism software version 8.4.2 (GraphPad Software Inc., USA). Statistical tests are as indicated.




Results


PD-L2 Protein Expression

To define whether tumor cells express PD-L2 protein, we employed the use of TMAs comprising a range of bladder cancer stages and grades (Table 1). These were stained for PD-L1 and -L2 by immunohistochemistry and visualised by tyramine signal amplification. Positive tumor cell staining was assessed and scored using inForm automated tissue analysis. We found abundant widespread expression of PD-L2 on tumor cells in most cases, in contrast to the focal expression of PD-L1 (Figure 1A). There was no significant association between PD-L1 expression and grade or stage, whereas there was a significant decrease in PD-L2 expression associated with muscle-invasive disease (pTa vs pT2+, p=0.0296; one-way ANOVA with Tukey’s multiple comparison) (Figures 1B, C).




Figure 1 | PD-L2 may be altered in muscle-invasive disease. PD-L1 and PD-L2 expression on tumor cells was investigated by immunohistochemistry staining of TMA. Staining was visualised by tyramine signal amplification. Data is presented from 123 and 146 patient samples, which were suitable for analysis, respectively. (A) Representative cases with high or low levels of PD-L1 and PD-L2 staining, as indicated. PD-1 ligand (as indicated) staining (brown), with nuclear counter stain (blue). (B, C) Positive immunohistochemical staining was assessed by inForm automated tissue analysis, and is presented as percentage positive tumor cells. Expression of PD-1 ligands is shown in respect of grade (B) and stage (C) One-way ANOVA with Tukey’s multiple comparison test; *p = 0.0296.





PDCD1LG2 (PD-L2) Gene Expression

Regarding PDCD1LG2 (PD-L2) gene expression in UBC, we utilised RNA-seq data from our own analysis of 44 NMIBCs (18). These data confirmed expression of PDCD1LG2 (PD-L2) in addition to CD274 (PD-L1), although no effect of tumor grade was evident on expression of either gene in this small cohort (Figures 2A, B). Since these RNA-seq data were derived from NMIBCs we combined our data with two public datasets to further investigate expression of PD-L1 and PD-L2 in a combined cohort of 575 NMIBC and MIBC patients. Analysis of expression of CD274 (PD-L1) (Figure 2C) and PDCD1LG2 (PD-L2) (Figure 2D) is shown with respect to stage - there was a significant increase in PD-L1 (CD274) expression associated with increased tumor stage (pT1-T2+ p=0.0031, pTa-T2+ p=<0.0001; one-way ANOVA with Tukey’s multiple comparison). There was a similar strong association of PD-L2 (PDCD1LG2) with increased stage (pT1-T2+ p=0.0021, pTa-T2+ p=<0.0001). As expression of both genes increased with increased stage, we questioned whether their expression was correlated and demonstrated this to be the case (R² = 0.5617) (Figure 2E). This correlation was most evident in MIBC (T2+) patients (R² = 0.5828) compared to NMIBC patients (R² = 0.4073), (Figures 2F, G). These data thus indicate that PD-L2 mRNA is expressed at higher levels in more advanced disease, in contrast to the relationship demonstrated for PD-L2 protein expression.




Figure 2 | PD-1 ligands are expressed in urothelial bladder cancer (UBC), and are associated with increasing stage. (A, B) RNA-seq was performed on tumor samples from 44 non-muscle invasive bladder cancer patients (pTa-pT1) and normalised. CD274 (PD-L1) (A) and PDCD1LG2 (PD-L2) (B) gene expression is presented in respect of tumor grade (G1 n=15, G2 n=3, G3 n=26). (C, D) RNA-seq data from two publicly available data sets with tumor stage data were included for further analysis. Data shown for 575 patients (pTa n=170, pT1 n=66, T2+ n=339). CD274 (PD-L1) (C) and PDCD1LG2 (PD-L2) (D) gene expression is shown with respect to tumor stage. One-way ANOVA with Tukey’s multiple comparison test; **p = < 0.01, ****p = < 0.0001. (E–G) Correlation of CD274 and PDCD1LG2 gene expression from combined RNA-seq cohorts. (E) All UBC samples (n = 575), (G) MIBC (n = 339), (F) NMIBC, and (n = 236).





PDCD1LG2 (PD-L2) and PD-L2 are Constitutively Expressed By Normal Urothelium

In individuals diagnosed with benign urothelial lesions we also assessed the expression of PD-L2 by immunohistochemistry and detected PD-L2 expression in all samples tested (Supplementary Figure 1). Furthermore, although access to completely normal urothelium is challenging, two cores from normal human ureter were included on each TMA, and the urothelial component stained strongly for PD-L2 (Figure 3A).




Figure 3 | PD-L2 is constitutively expressed in Normal Bladder tissue. (A) Representative immunohistochemistry staining of either PD-L1 or PD-L2 on normal ureter urothelium from TMAs. (B) PDCD1LG2 (PD-L2) gene expression from TCGA data from normal bladder tissue (n = 19), in comparison to all bladder cancer samples (n = 575). (C) Urinary PD-L2 levels were determined by ELISA in mid-stream urine samples from 8 healthy volunteers.



In the benign urothelial lesions we also detected PDCD1LG2 expression by qPCR in all samples tested (Supplementary Figure 1), and the levels of expression were similar to those found in the NMIBC tumor samples. In support of these findings, PDCD1LG2 (PD-L2) expression was detected in all 19 normal tissues in the TCGA-BLCA RNA-seq cohort (Figure 3B).

As a final orthogonal confirmation of this constitutive expression, we hypothesised that PD-L2 could be shed into the urine from the urothelium. Hence, we assessed its presence in urine samples from eight healthy donors by ELISA; PD-L2 was present in all samples (Figure 3C).

These data show that, in contrast to the previous view of PD-L2 being restricted to specific immune cell lineages, PD-L2 is expressed by normal urothelium and benign urothelial lesions, and urothelial carcinomas.




Discussion

The use of PD-1 and PD-L1 inhibitors is now commonplace in many clinical settings, including the treatment of MIBC, and trials in NMIBC are ongoing (19). Notwithstanding, little information exists regarding the expression of the alternative PD-1 ligand, PD-L2. In this study, we have demonstrated by orthogonal approaches that PD-L2 protein is constitutively expressed by both benign and malignant urothelium.

The data presented by Yang et al (11). appear at odds with the data presented here. However, a number of confounding factors exist; as mentioned, the Yang et al. study comprises a high proportion (~20%) of variant tumors, which are shown to express high PD-L2 levels, whereas our study uses only transitional cell carcinomas. Furthermore, Yang et al. demonstrate a marked variation in the levels of expression across tumor stages [T1; 12/35 (34%), T2; 16/32 (50%), T3 4/16 (25%), T4; 8/9 (89%)]. The data presented by Yang et al, however, are in keeping with the RNAseq data that we present, indicating increased expression with increased stage, in contrast to our own IHC data. A notable difference between our IHC method and Yang et al. is their use of a polyclonal antibody, binding multiple epitopes across PD-L2, whereas we used a monoclonal antibody binding a single epitope. Unlike PD-L1, PD-L2 is highly sensitive to protease-mediated cleavage (20). Using the IProt-Sub algorithm (21) to determine cleavage sites reveals multiple cleavage sites between the transmembrane domain and the antibody binding site for our monoclonal antibody (22). Importantly, this includes cleavage sites for the metalloproteases MMP-2, -3, -12, and -13, with several MMPs elevated in bladder cancer and associated with increased stage (23). Therefore, our data indicate that it is highly likely that PD-L2 is cleaved from the cell surface in more advanced stages of UBC. This highlights an important biological modification that would likely influence PD-L2 function. Such phenomena are well recognised in UBC and other malignancies (24). Further proteomic studies will be required to understand the cleavage and subsequent shedding of PD-L2 from the cell surface in advanced UBC.

PD-L2 was originally identified at mRNA level in murine antigen-presenting cells, and was also documented in some normal tissues; however, neither murine nor human urinary bladder were studied (25). Expression at the protein level, however, did not correlate with the wider mRNA expression pattern in the mouse (26, 27). These early data highlighted that, unlike PD-L1 which is widely inducible on many cell types by inflammatory cytokines, expression of PD-L2 is restricted. High gene expression did not correlate with expression of protein in these earlier studies, and these data are in-keeping with our observation of increased mRNA expression, but reduced or lost protein expression, in advanced disease. These data highlight that caution should be used when studying PD-L2 gene expression data; likewise, to fully contextualise IHC data, it may also be helpful to have accompanying RNA data.

An important question exists as to the role of PD-L2 in normal physiology. PD-L2 binds to PD-1 with higher affinity than PD-L1, inducing qualitatively and quantitatively different signalling. Expression of PD-L1 is thought to be via a mechanism which exists to restrict tissue damage during ongoing inflammatory responses. As PD-L1 is induced by inflammatory cues, this may suggest differing roles. Indeed, the evolutionary divergence of PD-L1 and PD-L2 has been traced to placental mammals, suggesting a critical role in maintaining tolerance out with the context of inflammation (28). The urinary bladder is regarded an immune-privileged site, which is exposed to a diverse array of chemicals, toxins and potential antigens; there is, therefore, a requirement for the maintenance of the integrity of the urothelium and consequently tolerance. The constitutive expression of PD-L2 in the human bladder thus suggests a role in maintaining tolerance.

Soluble PD-L2 (sPD-L2) in plasma has been described in a number of studies. Interestingly, in a number of tumor settings, sPD-L2 is reduced in comparison to heathy controls (29–31). The role and functional consequence of sPD-L2 thus remains unclear and is beyond the scope of this study. Here, we have shown sPD-L2 in urine; as PD-L2 is highly sensitive to protease digestion, whether sPD-L2 in this context is functional is unknown. Likewise, whether sPD-L2 may cross the urothelium rather than being excreted is also unclear. As such the consequence of sPD-L2 requires further investigation.

Interestingly, two recent case reports highlighted non-bacterial cystitis as a potential side effect of PD-1 blockade in bladder cancer patients (32), consistent with reports of non-bacterial cystitis adverse events from other trial data. It is interesting to note that PD-1 knockout is required, but not sufficient alone, to induce a murine model of autoimmune cystitis (33). Redundancy within control of tolerance would be in-keeping with the low rate of bladder-related adverse events in trials of PD-1 blockade. Although rare, these events may provide evidence of the role of PD-L2 in maintenance of tolerance in the urinary bladder.

It should be noted several limitations exist. Firstly, RNAseq data and protein data are derived from different cohorts, and as such are not directly comparable, although both cohorts are relatively large datasets of predominantly or pure TCC, allowing a general comparison. Ideally further investigation of matched samples would be performed in future studies. Secondly, the use of tissue microarray allowed many samples to be tested while limiting technical variation. However, PD-L1 is known to be focal, generally around areas of inflammation such as the tumor margin. Due to the smaller areas used in TMAs, there is an increased risk of overlooking areas of high PD-L1 expression, which may underestimate the expression of PD-L1. However, given the widespread expression of PD-L2 there should not be a significant effect on these data. Lastly, although the TMAs were constructed to represent patients recruited at each hospital site, the TMAs used here contained a lower proportion of female patients than would be expected.

PD-1 blockade inhibits binding of PD-L1 and PD-L2, whereas PD-L1 blockade alone renders PD-L2 signalling intact. Both PD-1 and PD-L1 blockade are licenced for the treatment of MIBC (2), and trials in NMIBC are ongoing (19). Our data have implications for future developments in ICB for UBC, and indicate that greater understanding of PD-L2 signalling during PD-1/L1 blockade is required.
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Supplementary Figure 1 | PD-L2 Gene and protein expression in benign bladder conditions. (A) Samples from two biopsy samples found to be benign were tested by qPCR for PDCD1LG2 expression; shown for comparison are results from G3 pT1 patient samples. (B) A representative example of immunohistochemistry staining of benign bladder tissue samples included in TMA, PD-L2 expression (brown), with nuclear counter stain (blue).
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Suppressive mechanisms operating within T cells are linked to immune dysfunction in the tumor microenvironment. We have previously reported using adoptive T cell immunotherapy models that tumor–bearing mice treated with a regimen of proteasome inhibitor, bortezomib - a dipeptidyl boronate, show increased antitumor lymphocyte effector function and  survival. Here, we identify a mechanism for the improved antitumor CD8+ T cell function following bortezomib treatment. Intravenous administration of bortezomib at a low dose (1 mg/kg body weight) in wild-type or tumor-bearing mice altered the expression of a number of miRNAs in CD8+ T cells. Specifically, the effect of bortezomib was prominent on miR-155 - a key cellular miRNA involved in T cell function. Importantly, bortezomib–induced upregulation of miR-155 was associated with the downregulation of its targets, the suppressor of cytokine signaling 1 (SOCS1) and inositol polyphosphate-5-phosphatase (SHIP1). Genetic and biochemical analysis confirmed a functional link between miR-155 and these targets. Moreover, activated CD8+ T cells treated with bortezomib exhibited a significant reduction in programmed cell death-1 (PD-1) expressing SHIP1+ phenotype. These data underscore a mechanism of action by which bortezomib induces miR-155–dependent downregulation of SOCS1 and SHIP1 negative regulatory proteins, leading to a suppressed PD-1–mediated T cell exhaustion. Collectively, data provide novel molecular insights into bortezomib–mediated lymphocyte–stimulatory effects that could overcome immunosuppressive actions of tumor on antitumor T cell functions. The findings support the approach that bortezomib combined with other immunotherapies would lead to improved therapeutic outcomes by overcoming T cell exhaustion in the tumor microenvironment.
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Introduction

Disruption of immune regulatory networks takes place in the tumor microenvironment. Intrinsic suppressive mechanisms of T cells are linked to immune dysfunction and cancer progression (1). This is evident by the clinical efficacy of immune-based therapies targeting the inhibitory immune checkpoint molecules on T cells (2). However, current immunotherapies are ineffective at inducing durable responses in a majority of patients and cancer types, and we have yet to fully grasp how we can intersect the inhibitory mechanisms during the immune responses to cancer (2, 3). There is, thus, a critical need to identify novel approaches that can abrogate suppressive mechanisms operating within T cells to develop highly effective immunotherapy.

Bortezomib (Velcade™/PS-341) is a synthetic dipeptidyl boronate proteasome inhibitor that has been approved by the U.S. Food and Drug Administration for the treatment of multiple myeloma (4, 5) and mantle cell lymphoma (6, 7). Studies from our laboratory have demonstrated that bortezomib also sensitizes mouse and human solid tumor cells to apoptosis by upregulating caspase-8 activity in the death-inducing signaling complex following death receptor ligation on tumor cells (8, 9). Subsequently, the use of bortezomib was extended to relapsed or refractory myeloma (10) and advanced stage non–small-cell lung cancer (11). Recently, we reported that bortezomib treatment in mice bearing solid tumors influenced tumor microenvironment by increasing the levels of immunostimulatory cytokines IL-2, IL-12 and IL-15 (12). It also enhanced the production of IFNγ and expression of effector molecules perforin, granzyme B, eomesodermin and FasL in CD8+ T cells (13, 14). These bortezomib-mediated immune effects significantly improved adoptive T cell therapy against adenocarcinomas in mice by predominantly enhancing FasL–mediated CD8+ T cell cytotoxicity and tumor-free survival (14). However, the mechanism by which bortezomib modulates these T cell intrinsic effects culminating in an increased antitumor effector function remains unclear.

MicroRNAs (miRNA) are short noncoding RNAs that regulate post-transcriptional expression of proteins involved in various biological processes, including immune function (15). They regulate degradation and/or translational repression of mRNAs, which contain complementary sequences to that of the miRNA (16, 17). Emerging evidence show that miRNAs are involved both in the adaptive and innate immune responses. For example, miR-181 regulates mature B cell differentiation and early B cell development. Similarly, monocyte differentiation is linked to miR-17 through 92 family of miRNA clusters (18–21). Moreover, Toll like receptor (TLR) signaling induces miR-155 expression along with miR-146a and miR-21 (22–28). Additionally, miR-155 is required for effector CD8+ T cell responses against viral infection and cancer (29, 30). For instance, CD8+ T cells from miR-155-/- mice exhibit decreased IFNγ mRNA expression (29). Lower amounts of IFNγ+ T cells are also reported among the tumor-infiltrating lymphocytes (31). This was supported by dysfunctional antitumor immunity in T cell-specific miR-155-/- mice (32). Also, it has been reported that miR-155 augments CD8+ T cell antitumor activity in lymphoreplete hosts by enhancing responsiveness to homeostatic cytokines and by causing epigenetic reprogramming of T cell fate (33, 34). Collectively, there is substantial evidence that miRNAs play critical roles in T cell differentiation and function.

In this study, we examined the effects of bortezomib on alterations in miRNA expression in T cells and determined its impact on T cell effector function and exhaustion in vivo. Using murine experimental set ups from our previous studies (12–14), we investigated how bortezomib administered intravenously at a low dose of 1 mg/kg of body weight affects miRNA expression in CD8+ T cells of mice bearing orthotopic mammary adenocarcinoma that presented a defined low-avidity MHC-I-restricted HA518-526 epitope (IYSTVASSL) derived from hemagglutinin (HA) model antigen (35). Compared with the expression in CD8+ T cells from naïve tumor-free wild-type mice, bortezomib administration in tumor-bearing mice increased CD8+ T cell miR-155 expression concomitant with a decreased expression of downstream immunosuppressive targets, namely, the suppressor of cytokine signaling 1 (SOCS1) and the SH-2 containing inositol 5’-polyphosphatase 1 (SHIP1), inhibitors of JAK/STAT and PI3K/AKT signaling in T cells, respectively. Moreover, activated CD8+ T cells treated with bortezomib exhibited a significant reduction in programmed cell death-1 (PD-1) expressing SHIP1+ subset of cells. These new data support the previously reported anti-tumor effects of bortezomib in adoptive T cell immunotherapy settings. They underscore a mechanism of action by which bortezomib suppresses PD-1–mediated T cell exhaustion by inducing miR-155–dependent downregulation of SOCS1 and SHIP1 negative regulatory proteins. The findings provide the molecular basis underlying bortezomib-mediated stimulatory effects on antitumor CD8+ T cell functions.



Materials and Methods


Mice

BALB/c mice at 6–8 weeks old (25–30 g by body weight) were purchased from Harlan (Indianapolis, IN) and used for experiments. Mice were housed in filter-topped cages under specific pathogen-free conditions in Meharry Medical College (MMC) Animal Care Facility and cared for in accordance with the procedures outlined in the National Institutes of Health Guide for the Care and Use of Laboratory Animals and Institutional Animal Care and Use Committee (IACUC). MMC is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International and follows the Public Health Service Policy for the care and use of laboratory animals.



Tumor and Cell Lines

The murine mammary adenocarcinoma cell line 4T1.2-HA (generated in our laboratory) was maintained in 10% FCS-supplemented standard RPMI-1640 culture medium (Gibco, Invitrogen). The tumor cells were kept at low passage (<5) for experimentation and were regularly authenticated with reference stock to ensure fidelity. Sterility and Mycoplasma testing were also performed regularly. Solid tumors were induced in syngeneic BALB/c wild-type (WT) mice by injecting 2 x 106 4T1.2-HA cells orthotopically under the mammary pads into the right flank. Following the establishment of palpable tumors for about 14 days (approximate size, 120 mm3), mice were injected with therapeutic dose of bortezomib (1 mg/kg body weight) intravenously, as was optimized previously (8). This dose roughly correlates to a transient 15 nM concentration of bortezomib on the basis of the observation that a mouse of 25 g weight has an approximate blood volume of about 1.5 ml. Human lymphoblast T1 cells (174 x CEM.T1) (ATCC® CRL-1991™) were maintained at 37 °C and 5% CO2 in 90% Iscove’s modified Dulbecco’s medium (Gibco, Invitrogen) and 10% fetal bovine serum (Gibco, Invitrogen). Cultures were sustained at 1 x 106 cells/ml with medium replenishment every 2 to 3 days. The human HEK-293T cells were maintained in Dulbecco’s modified Eagle’s Eagle/s medium (DMEM) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS) (Gibco, USA), 2 mM glutamine and 1% antibiotics (penicillin–streptomycin) (Gibco, USA), and were cultured at 37°C in a humidified 5% CO2 atmosphere.



Tissue Harvesting and Cell Preparation

Tissues were harvested from mice upon sedation with 2,2,2-Tribromoethanol (Millipore Sigma) and cervical dislocation. Single cell suspensions were prepared from tissue homogenization on the Falcon 40 µm cell strainers in petri dishes containing complete RPMI media. The media containing the cells were transferred to labeled 20 ml conical tubes, then spun down at 2,000 rpm for 5 min at 4°C. Cells were washed twice by aspirating media after centrifugation, resuspending cell pellets in media and centrifuging again. Splenocytes were suspended in 1 ml of ACK buffer (KD Medical, Columbia, MD) for 1 min at room temperature to lyse erythrocytes followed by washing with complete RPMI media and centrifugation. The pellet was resuspended in complete RPMI media, and assessed for viability with trypan blue and cell counts using the Countess (Invitrogen).



CD8+ T Cell Purification and Activation

Lymphocytes were pooled from the spleen and lymph nodes and purified by incubating cells with rat anti-mouse CD8 mAb, followed by positive selection of CD8+ T cells with anti-rat IgG microbeads (Miltenyi Biotec). Purity of CD8+ T cells was more than 95% as confirmed by flow cytometry. In experiments that involved activation, cells were stimulated with soluble anti-mouse CD3 and CD28 antibodies (1 µg/ml each; Biolegend) for 24, 48, or 72 h.



In Silico Analysis

For the identification of hsa-miR-155 binding sites, the miRNA sequence and the 3’UTR sequence of the target genes were queried on two platforms: RNAhybrid 2.1.2 (36, 37) and RNA Structures-BiFold (38). While RNAhybrid predicts secondary structures between the miRNA and the target mRNA through Minimum Free Energy (MFE) calculations, the RNA Structures-BiFold algorithm considers intramolecular base pairings involved in the secondary structure formation between the two RNA molecules. Conservation of the putative miR-155 binding site across mammalian species was further analyzed by Clustal Omega multiple sequence alignment program (39).



Transfection of T1 Cells

T1 cells (2x105 cells) grown in 6-well culture plates were transfected with 100 picomols of miR-155 anti-miR or mimic (Dharmacon) or control siRNA (Santa Cruz) using Neon Transfection System (Thermo-Fisher, USA). T1 cells were electroporated using conditions: Voltage-1200 V; Width-40 ms; Pulses-1 and then cultured for 24-36 h, pelleted by centrifugation at 500 g for 10 min and subsequently aliquoted for RNA and protein extraction.



Immunofluorescence Surface and Intracellular Staining

RBC-depleted splenocytes and/or lymphocytes (1 x 106) were plated in a 96-well U-bottom plate, then spun at 2,000 rpm for 5 min at 4 °C. RPMI medium was flicked off and plate was gently vortexed to break up the pellet. Appropriate dilutions of antibodies were prepared in flow buffer containing 0.5% FBS. 50 µl of a cocktail of fluorochrome-labeled anti-mouse antibodies: CD8-PE, CD8-PerCPCy5.5, CD69-PerCPCy5.5, CD25-PE (BioLegend) were added to the designated wells in a 96-well U-bottom plate following FcγR-blocking and incubated for 30 min in the dark on ice. After incubation, cells were washed twice with flow buffer with centrifugation at 2,000 rpm for 5 min at 4 °C for washing. Cells were resuspended and fixed in 100 µl of Fix/Perm solution and incubated for 20 min at room temperature. The cells were then washed again using 100 µl of 1X perm/wash and resuspended in 150 ul of 1X perm/wash and placed at 4°C in a dark cover until acquisition and analysis. In some cases, following the surface immunofluorescence staining, to measure intracellular protein levels we used the following intracellular antibodies: SOCS1 (ab62584) and SHIP1 (sc-8425) at 1:200 dilution along with DyLight 488 goat anti-mouse IgG-FITC, DyLight 649 donkey anti-rabbit IgG-APC (BioLegend). Intracellular staining was performed by the incubation of cells at appropriate dilutions in perm/wash buffer for 30 mins at 4°C in the dark. After primary antibody staining, cells were washed twice at 2,000 rpm with 1X perm/wash and again after secondary antibody staining with the same wash protocol and then resuspended in 200 µl of 1X perm/wash for acquisition. For PD1 plus SHIP1 and SOCS1 co-staining, samples followed the protocol described above for intracellular staining, using the following antibodies: anti-mouse PE PD1(135206) and anti-mouse APC CD8α (100712) (Biolegend, dilution 1:100) for surface staining followed by intracellular staining with SOCS1, SHIP (1:200 dilution), goat anti-mouse PerCPCy5.5 IgG (405314) and DyLight 649 donkey anti-rabbit IgG (406404-Biolegend, dilution 1:100).



RNA Isolation and Quantitative PCR

miRNA or total RNA was extracted using miRNeasy mini kit or RNeasy mini kit (Qiagen) and quantified by reading the optical density at 260 nm. The cDNA was either synthesized using miScript II RT kit (Qiagen) or iScript cDNA synthesis kit (Bio-Rad). Real-time quantification RT-PCR (qRT-PCR) was performed using CFX-96 Real Time System (Bio-Rad). The miScript SYBR Green PCR kit (Qiagen) or iQ SYBR green supermix (Bio-Rad) and gene-specific PCR primers were used in 20-25 µl reactions following protocols recommended by the manufacturer. The conditions used for the miRNA PCR were as follows: 95°C for 15 min, 94°C for 15 s, 55°C for 30 s, 70°C for 30 s (40 cycles). The conditions used for the total RNA PCR were as follows: 95°C for 3 min (one cycle), 95°C for 15 s, 60°C for 45 s (40 cycles), melt curve 55°C to 95°C for 5 s increments. Fold changes in miRNA and total RNA expression were assessed by the ΔΔCT method. Primer assays and sequences are as follows: Mm_miR-155_1 miScript primer assay (MS00001701), Hs_miR-155_2 miScript Primer Assay (MS00031486), Hs_RNU6-2_11 miScript primer assay (MS00033740).



Western Blot Analysis

Cell pellets from treated T1 cells were lysed in complete lysis buffer including protease inhibitor. A total of 25 µg of each protein sample was electrophoresed on NuPage 4-12% Bis-Tris gel (Invitrogen) and transferred to nitrocellulose membranes using semi-wet transfer system. The membrane was then blocked in 5% nonfat dry milk in 1X tris-buffered saline-Tween-20 (1X TBST) for 1 h at room temperature with gentle agitation. After blocking, the blots were incubated with specific primary antibodies for SOCS1 (ab62584) at a dilution of 2 µg/ul, SHIP1 (sc-8425) at a dilution of 1:200, and β-actin (ProteinTech 66009-1-Ig) at a dilution of 1:60,000 in 5% milk (in 1X TBST) overnight at 4℃ with gentle agitation. After four 15 min washes each in 1X TBST, blots were incubated with either goat anti-rabbit or goat anti-mouse horseradish peroxidase (Bio-Rad) at a dilution of 1:500 (anti-rabbit, SOCS1), 1:1,000 (anti-mouse, SHIP1), and 1:60,000 (anti-mouse, β-actin) for 1 h at room temperature, with agitation. The blots were washed four times for 15 mins in 1X TBST, and developed by using chemiluminescence reagent and ChemiDoc™ Touch Gel Imaging System (Bio-Rad). The density of each protein band was determined by densitometric analysis using the imageJ software (NIH). Levels of β-actin were determined in each well to verify that equal amounts of protein were loaded. In addition, the density of each protein band was normalized to β-actin to determine relative protein expression to the internal control.



Luciferase Assay

To determine if SHIP1 3’UTR activity is regulated by miR-155, we carried out luciferase reporter assays. pmiReport SHIP1 3’ UTR reporter construct was obtained from Addgene (28). All transfections were performed using the polyethyleneimine (PEI) transfection reagent (40). HEK-293T cells were cultured in 24-well plates overnight and then treated with increasing doses of bortezomib, followed by co-transfection with 100 ng of pmiReporter SHIP1 3’ UTR reporter construct and 100 picomols of miR-155 anti-miR. Post-transfection plates were incubated for 24 h. Transfected cells were lysed using 1x GLO lysis buffer (Life Technologies, USA) and luciferase activity was measured using a plate reader (BioTek, USA). Samples were assayed in triplicate and the data are shown as luciferase activity normalized to RFP expression.



Data Acquisition and Statistical Analysis

Flow data on samples were acquired using the guava EasyCyte 6HT-2L instrument (Millipore), where 100–200 x103 cells were acquired for each sample well. Single color controls were used to determine gating as well as isotype controls were used to ascertain whether there was any non-specific antibody binding. FlowJo 10.6 software (TreeStar) was used to analyze all data. In silico analysis for the minimum free energy of the binding between miR-155 and SOCS1/SHIP1 was conducted using RNA Hybrid and Bifold software. Data were combined from each independent experiment and are presented as means ± S.D. or S.E.M. GraphPad Prism 7.0 was used to compare the mean values between groups and statistical significance of differences was determined by using either one-way ANOVA or two-tailed t-test with p ≤ 0.05 considered statistically significant.




Results


Bortezomib Treatment Increases CD8+ T Cell miR-155 Expression in Mice With or Without Mammary Tumors

Gain or loss of function studies have shown that T cells exhibit unique miRNA expression profiles to shape their functions in response to various T cell receptor (TCR) stimuli (20, 41, 42). We have previously reported that bortezomib enhances the antitumor function of T cells in adoptive T cell immunotherapy settings (12–14). Given that miRNAs play key roles in T cell function, we examined whether bortezomib enhances the antitumor function of T cells by regulating cellular miRNAs in T cells. To test this, we administered BALB/c WT mice with bortezomib at 1 mg/kg body weight dose intravenously. This dose mimics the in vivo therapeutic regimen established to show maximal antitumor effects in mammary and renal adenocarcinomas (8, 14). Also, assessment of cytokine protein levels in bortezomib-treated naïve mice at this dose showed that expression of the immunostimulatory cytokines IL-2, IL-12p40, IL-12p70, and IL-15 reached peak levels in splenocytes at 4 h after drug administration (12). Thus, we performed a T/B cell miScript PCR array on CD8+ T cells purified from a pool of spleen and lymph nodes from mice after 4 h of bortezomib treatment. The microarray analysis showed that bortezomib administration altered the expression of a broad range of miRNAs with several miRNAs being downregulated or upregulated (Figure 1). These include the miRNAs such as miR-17b, miR-31a, miR-34a, miR-130, and miR-155 that display a host of functions linked to maintaining T cell activation, proliferation and effector function, and regulating IFNγ signaling, exhaustion and memory T cell differentiation (31, 43–46). Specifically, a significant increase in miR-155 expression by 7-fold was observed in CD8+ T cells of WT mice that were treated with bortezomib at the therapeutic dose of 1 mg/kg body weight (Figures 2A, B). An increase in CD8+ T cell miR-155 expression was also noted in tumor-bearing mice following bortezomib administration, although to a lesser degree by about 4.5-fold when compared with CD8+ T cells from tumor-bearing mice treated with saline (Figure 2B). Bortezomib treatment or tumor growth did not change the expression of CD8+ T cell miR-31a expression (Figure 2C). Compared to naïve mice without tumors, mice with mammary tumors showed a significant increase in CD8+ T cell miR-17b and miR-34a expression, which was further enhanced by bortezomib administration (Figures 2D, E). The expression of miR-17b and miR-34a could possibly be exacerbated by tumor growth as bortezomib treatment in mice without tumors did not influence their expression in CD8+ T cells. Bortezomib administration also increased CD8+ T cell miR-130 expression in tumor-bearing mice (Figure 2F).




Figure 1 | Bortezomib administration in mice affects the expression of miRNAs in T cells. (A) BALB/c wild-type mice were treated with bortezomib intravenously (1 mg/kg body weight, approximately 15 nM dose by blood volume). Mice were euthanized 4 h post injection of bortezomib and CD8+ T cells were purified from a pool of spleen and lymph nodes. The miScript PCR microarray analysis was performed on miRNA isolated from CD8+ T cells. The fold changes of upregulated (B) and downregulated (C) miRNAs upon bortezomib treatment are depicted by heat plots with a color scale indicated on the sides.






Figure 2 | Bortezomib increases CD8+ T cell miR-155 expression in mice with or without mammary tumors. Mammary tumors of at least 120 mm3 in size were established in a cohort of BALB/c wild-type (WT) mice by orthotopic injection of 2 x 106 4T1-HA tumor cells into mammary pads. Mice were treated with bortezomib intravenously (1 mg/kg b.w.) and euthanized 4 h post injection. CD8+ T cells were purified from a pool of spleen and lymph nodes (A). Expression levels of miR-17b, miR-31a, miR-34a, miR-130, and miR-155 were determined in CD8+ T cells by RT-PCR. Values were compared with groups injected with saline (B–F). Data are presented as mean values ± SD from four independent experiments; *p < 0.0066, **p < 0.0021, ***p < 0.0003, ****p < 0.0001 compared to saline; n = 6 per group (ANOVA, one-way).



Taken together, these results suggest that bortezomib administration significantly increased miR-155 expression in CD8+ T cells in naïve WT mice. Intriguingly, increased miR-155 expression paralleled the upregulation of immunostimulatory cytokines and effector molecules in these cells following bortezomib treatments (12, 13), implicating miR-155 as a potential candidate driving bortezomib-mediated effects on T cells.



Suppressor of Cytokine Signaling 1 and SH-2 Containing Inositol Polyphosphate-5-Phosphatase 1 Are Functional Targets of miR-155

To examine whether bortezomib-induced increase in miR-155 expression in CD8+ T cells is functionally linked to its antitumor functions, we performed molecular target identification studies. First, we employed in silico analysis using two independent algorithms, RNAhybrid 2.1.2 (36, 37) and biFold : RNA Structures (38) to enhance prediction accuracy. Both the platforms predicted a miR-155 binding site within the SOCS1 3′UTR (Figure 3A). Prediction of structural interaction between miR-155 and SOCS1 target sequence showed the formation of a hairpin-loop structure between the two RNA molecules. The negative minimum free energy calculations suggested a medium to strong genetic interaction between miR-155 and SOCS1 3’-UTR (Figures 3A, B). Importantly, we also noted that the binding sequence in SOCS1 3’-UTR sequences are conserved among several mammalian species (Figure 3C), another hallmark of miRNA-mediated post-transcriptional regulation (47). These in silico findings are significant since SOCS proteins inhibit cytokine signaling important for T cell survival and function. Specifically, SOCS proteins block the recruitment of the signal transducer and activator of transcription (STAT) proteins to the cytokine receptor, inhibit the activity of Janus kinases (JAK), and target the receptor and JAKs for degradation by the proteasome (48). Therefore, increased expression of miR-155 could block the inhibitory effects of SOCS proteins and increase the antitumor function of T cells.




Figure 3 | Suppressor of cytokine signaling 1 (SOCS1) and SH-2 containing inositol 5’-polyphosphatase 1 (SHIP1) are targets of miR-155. Target prediction in silico analysis was performed for finding the minimum free energy hybridization of a long and a short RNA to predict miR-155 targets. Analysis of the structural binding between miR-155 and SOCS1 or SHIP1 was conducted using the RNAhybrid and Bifold softwares. TargetScan software analysis was also performed to determine whether the binding sequences between miR-155 and SOCS1 or SHIP1 are conserved among multiple species. (A) RNA hybrid representative structural binding efficiency and minimum free energy between miR-155 and SOCS1. (B) RNA bifold representative structural binding efficiency for the minimum hybrid free energy conformation between miR-155 and SOCS1. (C) Target sequence conservation of miR-155 to SOCS1 3’ UTR in multiple mammalian species. (D) RNA hybrid representative structural binding efficiency and minimum free energy between miR-155 and SHIP1. (E) RNA bifold representative structural binding efficiency for the minimum hybrid free energy conformation between miR-155 and SHIP1. (F) Target sequence conservation of miR-155 to SHIP1 3’ UTR in multiple mammalian species. Values in the quadrants depict minimum free energies.



In addition to SOCS1, the in silico target scan analysis also predicted a binding site for miR-155 within the 3’UTR of SHIP1 (Figures 3D, E). The structural predictions of miR-155 and SHIP1 target sequence interaction showed a negative minimum free energy representative of a medium to strong binding between miR-155 and SHIP1 3’UTR (Figures 3D, E). The binding sequence of miR-155 in the SHIP1 3’UTR was also found to be conserved among a number of mammalian species (Figure 3F). SHIP1 plays a substantial role in T cell survival and function through the phosphatidylinositol 3-kinase PI3K/Akt pathway. Upon TCR stimulation, PI3K is recruited to the membrane to phosphorylate and convert PI(4,5)P2 to PI(3,4,5)P3. Proteins such as Akt bind to PI(3,4,5)P3 to trigger cytokine signaling and T cell processes. Importantly, SHIP1 removes the 5’ phosphate from PI(3,4,5)P3 and inhibit PI3K/Akt signaling (28, 49–52). Therefore, higher levels of miR-155 has the potential to abrogate SHIP1 mediated PI3K/Akt signaling in T cells.

Collectively, these in silico observations imply that by inducing miR-155 in T cells bortezomib could drive the downregulation of SOCS1 and SHIP1 proteins. Thus, by intersecting the negative regulators of CD8+ T cell function, bortezomib could improve antitumor immunity.



Bortezomib Treatment Increases the Expression of miR-155 Concurrent With Decreased SH-2 Containing Inositol Polyphosphate-5-Phosphatase 1 Levels

We further probed the effects of bortezomib on miR-155 and its targets, SOCS1 and SHIP1, in vitro using human lymphoblast T1 cells. Treatment of T1 cells for 24 h with increasing concentrations of bortezomib showed a dose-dependent increase in miR-155 expression (Figure 4A). This increase in the expression of miR-155 was most significant in cells treated with 10 nM bortezomib. Interestingly, the increase in miR-155 expression in these cells negatively correlated with SHIP1 protein levels in T1 cells (Figures 4A, B). Surprisingly, no significant change in the expression of SOCS1 was observed in bortezomib-treated cells (Figure 4B).




Figure 4 | Dose dependent increase of miR-155 expression and decrease of SH-2 containing inositol 5’-polyphosphatase 1 (SHIP1) protein following bortezomib treatment. Human lymphoblast T1 cells were treated in vitro for 24 h with increasing concentrations of bortezomib (2, 4, 6, 8, 10 nM). The cells were collected and analyzed for miR-155 expression by RT-PCR and for suppressor of cytokine signaling 1 (SOCS1) and SHIP1 protein levels by Western blotting. (A) The expression of miR-155 in T1 cells is shown upon bortezomib treatment at the indicated concentrations. (B) SOCS1 and SHIP1 protein levels in T1 cells upon bortezomib treatment at the indicated concentrations. Control samples are treated with DMSO. Numbers above the bands are the indicated ratios of the densitometry values. Data in bar graphs are presented as mean values ± SEM from five independent experiments, each with triplicate values. *p < 0.05, ***p < 0.005 compared to DMSO controls (Unpaired t-test, two tailed).



A time kinetics of bortezomib (10 nM) treatment in T1 cells revealed significant changes occurring in the expression of miR-155 beyond 4 h of treatment with a peak expression achieved by 12 h (Figure 5A). This was concomitant with a reduction in SHIP1 protein also observed beyond 4 h reaching undetectable levels by 18 h. On the other hand, SOCS1 protein showed a marginal reduction by 18 h that was not statistically significant (Figure 5B). Collectively, these data show that bortezomib treatment resulted in an increased miR-155 expression and decreased the protein levels of miR-155 target SHIP1 but not SOCS1. Thus, bortezomib could possibly drive CD8+ T cell effector function by modulating miR-155–SHIP1 axis.




Figure 5 | Time kinetics shows the increase of miR-155 and the decrease of its targets suppressor of cytokine signaling 1 (SOCS1) and SH-2 containing inositol 5’-polyphosphatase 1 (SHIP1) in T1 cells following bortezomib treatment. Human lymphoblast T1 cells were treated in vitro with 10 nM bortezomib for 2, 4, 6, 9, 12, 18, and 24 h. The cells were collected at each time point and analyzed for miR-155 expression by RT-PCR and for SOCS1 and SHIP1 protein levels by Western blotting. The expression of miR-155 (A) and SOCS1 and SHIP1 protein levels (B) are shown by function of time in T1 cells upon 10 nM bortezomib treatment. Numbers above the bands are the indicated ratios of the densitometry values. (C) Bar graphs depict SHIP1:β-actin ratios for fold changes in SHIP1 protein as calculated from the densitometry values. Data are presented as mean values ± SD from four independent experiments with triplicates; *p < 0.0072, **p < 0.0001, ***p < 0.00001 (ANOVA, one-way), compared to 0 h (A, C).





Reduction of miR-155 Expression Abrogates Bortezomib-Mediated Decrease in SH-2 Containing Inositol Polyphosphate-5-Phosphatase 1 Levels

To assess whether bortezomib-mediated effects on miR-155–SHIP1 axis is a direct response to bortezomib and not off-target effects, we conducted genetic experiments using miR-155 mimics and inhibitors. T1 cells were treated for 24 h with either hsa-miR-155-5p mimics or scrambled controls. qPCR analysis confirmed a significant increase in miR-155 expression when overexpressed using the miR-155 mimic in comparison to scrambled control (Figure 6A). Western blot analysis showed that in cells overexpressing miR-155, expression of SHIP1 protein levels was markedly reduced in comparison to the scrambled control (Figures 6B–D). These observations provide further evidence that miR-155 expression is inversely linked to decreased SHIP1 expression.




Figure 6 | miR-155 overexpression decreases SH-2 containing inositol 5’-polyphosphatase 1 (SHIP1) levels. T1 cells were treated for 24 h with either hsa-miR-155-5p mimic or scramble siRNA plasmids. The expression of miR-155 (A) and suppressor of cytokine signaling 1 (SOCS1) and SHIP1 proteins (B) are shown in T1 cells 24 h post miR-155 mimic and scramble plasmid transfection. Numbers above the bands are the indicated ratios of the densitometry values. Bar graphs depict SHIP1:β-actin ratios (C) or SOCS1:β-actin ratios (D) for fold changes in SHIP1 or SOCS1 proteins as calculated from the densitometry values. Data in bar graphs are presented as mean values ± SEM from four independent experiments, each with triplicates. **p < 0.002, ****p < 0.0001 for miR-155 mimic versus scrambled control (Unpaired t-test, two tailed).



We further assessed a functional link between miR-155 and SHIP1 in bortezomib-treated cells by conducting luciferase-based reporter assay. For this assay, we employed HEK-293T cells as a model since these cells do not express SHIP1 protein endogenously (Figure 7A) but show increased expression of miR-155 following bortezomib treatment in a dose-dependent manner (Figure 7B). We transfected 293T cells with SHIP1 3’-UTR luciferase reporter plasmid and treated the cells with increasing concentrations of bortezomib. Measurement of luciferase activity in the cellular extracts showed that SHIP1 promoter activity is decreased with increasing doses of bortezomib (Figure 7C). Moreover, when 293T cells were co-transfected with both the SHIP1 reporter plasmid and anti-miR-155, we observed no change in SHIP1 promoter activity following treatment with 10 nM bortezomib. These results are in clear contrast to the decreased SHIP1 promoter activity in cells without the anti-miR-155 transfection (Figure 7D). Thus, results confirm that bortezomib treatment decreases the activity of SHIP1 3’UTR by increasing miR-155 expression. Accordingly, the modulation of miR-155–SHIP1 regulatory axis could underlie the increased T cell effector function following bortezomib treatment in tumor-bearing mice (13, 14).




Figure 7 | Blockade of miR-155 expression abrogates bortezomib-mediated decrease in SH-2 containing inositol 5’-polyphosphatase 1 (SHIP1) levels. Human HEK-293T cells were treated in vitro for 24 h with increasing concentrations of bortezomib (2, 4, 6, 8, 10 nM). The cells were collected and analyzed for miR-155 expression by RT-PCR and for SHIP1 protein level by Western blotting. (A) Western blot shows lack of SHIP1 expression in 293T cells in comparison with T1 cells. (B) The expression of miR-155 in 293T cells is shown upon bortezomib treatment at the indicated concentrations. 293T cells were transfected with 100 µg of SHIP1 3’-UTR luciferase reporter plasmid and treated with increasing concentrations of bortezomib as indicated in combination with or without 200 pmoles of anti-miR-155. (C) Bortezomib’s dose dependent effect on SHIP1-luciferase reporter activity is shown in 293T cells. (D) Bortezomib’s effects on SHIP1-luciferase activity in 293T cells in the presence or absence of anti-miR-155 are shown. Data are mean values ± SD from three independent experiments with triplicates; *p < 0.0148 compared to DMSO, **p < 0.0001 compared to DMSO or anti-miR-155 (ANOVA, one-way).





Bortezomib Treatment Decreases Suppressor Of Cytokine Signaling 1 and SH-2 Containing Inositol Polyphosphate-5-Phosphatase 1 in Activated Primary CD8+ T Cells to Diminish Their Exhaustion

We next determined whether the effects observed in T1 or 293T cells following bortezomib treatment on SOCS1 and SHIP1 proteins were shown by primary CD8+ T cells. Purified CD8+ T cells from naïve BALB/c wild-type mice were stimulated in vitro with anti-CD3 and anti-CD28 antibodies for ~20 h, and then treated with 10 nM bortezomib for another 24 h. We performed intracellular staining for SOCS1 and SHIP1 as well as receptor staining for the early and late T cell activation molecules CD69 and CD25, respectively. At ~20 h of activation CD8+ T cells showed higher subsets of CD69+SOCS1+ (62%) and CD25+SOCS1+ (55%) phenotypes (Figure 8) than CD69+SHIP1+ or CD25+SHIP1+ (both 15%) phenotypes (Figure 9). This suggested that SOCS1 protein expressed earlier than SHIP1 protein in activated CD8+ T cells.




Figure 8 | Bortezomib decreases suppressor of cytokine signaling 1 (SOCS1) protein levels in primary activated CD8+ T cells. CD8+ T cells were purified from the spleen and lymph nodes of naïve BALB/c wild-type (WT) mice. Cells were stimulated in vitro with soluble anti-mouse CD3 and CD28 antibodies (1 µg/ml each) for ~20 h followed by treatment with 10 nM bortezomib for 4, 12, and 24 h. With each time point, surface staining for CD8, CD69, and CD25 as well as intracellular staining for SOCS1 and SH-2 containing inositol 5’-polyphosphatase 1 (SHIP1) was performed. Dot plots depict percentages of CD8+ cells that express both SOCS1 and CD69 (A) or SOCS1 and CD25 (B) in the naïve, activated, and activated plus bortezomib-treated groups. Plots are representative of three independent experiments.






Figure 9 | Bortezomib decreases SH-2 containing inositol 5’-polyphosphatase 1 (SHIP1) protein levels in activated CD8+ T cells. CD8+ T cells were purified from the spleen and lymph nodes of naïve BALB/c wild-type (WT) mice. Cells were stimulated in vitro with soluble anti-mouse CD3 and CD28 antibodies (1 µg/ml each) for ~20 h followed by treatment with 10 nM bortezomib for 4, 12, and 24 h. With each time point, surface staining for CD8, CD69, and CD25 as well as intracellular staining for suppressor of cytokine signaling 1 (SOCS1) and SHIP1 was performed. Representative dot plots depict percentages of CD8+ cells that express both SHIP1 and CD69 (A) or SHIP1 and CD25 (B) in the naïve, activated, and activated plus bortezomib-treated groups.



In gated CD8+ T cells, CD69+SOCS1+ cell population decreased from 76% at 4 h post bortezomib treatment to 43% at 24 h (Figure 8A). Also, CD25+SOCS1+ cells decreased from 86% to 37% at 24 h following bortezomib treatment (Figure 8B). Similarly, CD25highSHIP1+ subset of CD8+ T cells showed a 74% decrease (16% to 4%) (Figure 9). Noticeably, CD25lowSHIP1+ or CD69+SHIP1+ subsets of CD8+ T cells did not show much change following bortezomib treatment (Figures 9A, B). Due to the observed differences in kinetics of the expression of SOCS1 and SHIP1 proteins, the effects of bortezomib on SOCS1 protein manifest earlier than SHIP1 protein in primary CD8+ T cells. This is distinct from the effects of bortezomib observed on lymphoblast T1 cells, which express constitutively higher levels of activation molecules CD69 (70%) and CD44 (85%) and lack IL-2 receptor α-chain, CD25 (data not shown). Accordingly, in T1 cells bortezomib had a higher impact on SHIP1 levels than SOCS1 whereas in primary CD8+ T cells it impacted the expression of both SOCS1 and SHIP1 proteins. This could influence the survival and function of activated CD8+ T cells. To explore a possible connection between bortezomib treatment, SHIP1 expression, and T cell exhaustion, we analyzed the intracellular expression of T cell exhaustion molecule programmed cell death-1 (PD-1) on bortezomib-treated activated CD8+ T cells. Indeed, at 72 h post activation bortezomib treatment caused a 60% reduction in SHIP1+PD1+ subset of activated CD8+ T cells from 48% to 19% (Figure 10).




Figure 10 | Bortezomib treatment decreases the expression of exhaustion molecule PD1 in activated CD8+ T cells. CD8+ T cells were purified from the spleen and lymph nodes of naïve BALB/c wild-type (WT) mice. Cells were stimulated in vitro with soluble anti-mouse CD3 and CD28 antibodies (1 µg/ml each) for ~20 h followed by treatment with 10 nM bortezomib. Surface staining for CD8 and PD-1 as well as intracellular staining for SH-2 containing inositol 5’-polyphosphatase 1 (SHIP1) was performed after 48 and 72 h post T cell activation. Representative dot plots depict the frequencies of gated CD8+ T cell populations expressing SHIP1 and PD-1 in the following groups: naïve CD8+ T cells treated with saline, naïve CD8+ T cells treated with bortezomib (Bzb), activated CD8+ T cells treated with saline and activated CD8+ T cells treated with Bzb.



Thus, depending on the status of cellular activation bortezomib decreases SOCS1 and SHIP1 proteins in CD8+ T cells. These data together with the finding that bortezomib treatment decreases the activity of SHIP1 through miR-155 regulation underscore the possible mechanism of action by which bortezomib affects CD8 T cell function. By increasing miR-155 expression bortezomib decreases SOCS1 and SHIP1 negative regulatory proteins leading to an increased PI3K/Akt survival signaling and suppressed PD-1-mediated exhaustion.




Discussion

Tumor-associated immunosuppression is a major challenge to win the war against cancer. Successful immunotherapies should be able to overcome tumor’s ability to suppress or evade the immune response. Among different strategies of immunotherapies such as CAR-T cells and checkpoint inhibitors, miRNAs are emerging as an attractive target for the development of alternative immunotherapies due to their ability to perform posttranscriptional gene silencing in mammalian cells. Several studies have depicted the role of miRNAs in the development and function of immune cells (15). T cell activation is heavily managed by miRNAs through their ability to alter T cell receptor (TCR) signaling and proliferation (17). Increased expression of miR-155, miR-181a and miR-17 through 92 family of clusters are shown to affect the survival and proliferation of lymphoid and myeloid cells, where miR-155 and miR-181a have been specifically implicated in B and T cell responses. More recently, miRNAs have also been characterized as agents for predicting cancer prognosis, cancer therapy, and cancer biomarkers (53–55).

Bortezomib is a dipeptidyl boronate that functions to inhibit the ubiquitin-proteasome pathway responsible for protein turnover. Bortezomib was approved by the FDA as the first therapeutic proteasome inhibitor for the treatment of multiple myeloma and mantle cell lymphoma (4–7). Subsequently, bortezomib showed efficacy in treating relapsed or refractory myeloma (10) and solid tumors such as advanced stage non-small cell lung-cancer (11). Also, bortezomib treatment in mice influenced tumor microenvironment by increasing the levels of immunostimulatory cytokines IL-2, IL-12 and IL-15 (12) and enhanced the production of IFNγ and expression of effector molecules perforin, granzyme B and FasL in CD8+ T cells (13, 14). These effects improved adoptive T cell therapy against cancer by predominantly enhancing FasL–mediated CD8+ T cell cytotoxicity (14). However, the mechanisms by which bortezomib brought about these T cell intrinsic effects remained unclear.

Results of this study show that bortezomib administered at a 1 mg/kg body weight dose in WT BALB/c mice modulates the expression of a broad range of miRNAs, some of which are involved in T cell function. Specifically, in mice bearing mammary adenocarcinomas bortezomib treatment augmented the expression of miR-17b, miR-34a, miR-130 and miR-155. These miRNAs are linked to T cell effector function, exhaustion and memory differentiation (31, 43–46). While bortezomib treatment or tumor growth did not change the expression of CD8+ T cell miR-31a expression, tumor growth exacerbated CD8+ T cell miR-17b and miR-34a expression, which was further enhanced by bortezomib treatment. The most striking increase was, however, observed in miR-155 expression in CD8+ T cells of mice with or without tumors following bortezomib administration.

It has been suggested that miR-155 can increase cytokine signaling in CD8+ T cells by targeting SOCS1 pathway as miR-155-/- CD8+ T cells display reduced physiological levels of pSTAT5, resulting in decreased proliferation and survival due to limited IL-2 cytokine signaling (29, 56). SOCS proteins inhibit cytokine signaling by a number of ways, including blocking the recruitment of STAT proteins to the cytokine receptor, or targeting the receptor or JAKs for degradation by the proteasome (48). Another signaling pathway that connects to miR-155 in T cells is the PI3K/Akt pathway. The stimulation of TCR recruits PI3K to the membrane where they phosphorylate and convert PI(4,5)P2 to PI(3,4,5)P3. Akt protein binds to PI(3,4,5)P3 and triggers cytokine signaling and T cell activation, proliferation and survival. SHIP1 functions to remove the 5’ phosphate from PI(3,4,5)P3 inhibiting PI3K/Akt signaling in T cells (28, 49–52). SHIP1 also inhibits the T-box transcription factor T-bet, a transcriptional regulator of IFN-γ production (31, 57–59). Studies have indicated defective expression of IFNγ in miR-155-/- CD4+ T cells (31, 60). In addition, increased levels of SHIP1 and SOCS1 in miR-155-/- T cells are known to inhibit NF-κB activation (31, 61–63). Reciprocally, NF-κB signaling stimulates the expression of miR-155 in T cells causing it to target SHIP1 and induce IFN-γ production (58). Indeed, the in silico target scan analysis predicted structural interaction between miR-155 and SOCS1 target sequence due to the formation of a hairpin-loop structure between the two RNA molecules. The negative minimum free energy calculations suggested a medium to strong genetic interaction between miR-155 and SOCS1 3’-UTR. Moreover, the binding sequence of miR-155 within the 3’ UTR of SOCS1 and SHIP1 are conserved among various species. These findings suggest that by inducing miR-155 expression bortezomib could downregulate SOCS1 and SHIP1 proteins, the negative regulators of T cell function. In addition, miR-155 has been shown to directly target SOCS1 in dendritic cells (DC) altering the production of IL-12p70 in DCs (64–66). Furthermore, NF-κB signaling stimulates the expression of miR-155 causing it to target SHIP1 and induce IFN-γ production (58).

Treatment of human 293T and lymphoblast T1 cells in vitro for 24 h with increasing concentrations of bortezomib showed a dose-dependent increase in miR-155. The increase in the expression of miR-155 was most significant at 10 nM bortezomib concentration. A time kinetics of bortezomib (10 nM) treatment in T1 cells revealed significant changes occurring in the expression of miR-155 beyond 4 h of treatment with a peak expression achieved by 12 h. This was concomitant with a reduction in SHIP1 protein also observed beyond 4 h reaching undetectable levels by 18 h. On the other hand, SOCS1 protein showed a marginal reduction around 18 h that was not statistically significant. Thus, bortezomib decreases the protein levels of miR-155 targets inversely to that of miR-155 expression, with a profound effect on SHIP1 protein levels. Bortezomib could possibly drive CD8+ T cell effector function by modulating miR-155-SHIP1 axis.

Genetic experiments using miR-155 mimic and inhibitors confirmed the connection between bortezomib treatment and miR-155’s expression and the effects observed on its targets. Cells overexpressing miR-155 showed a remarkable decrease in SHIP1 but not in SOCS1 protein levels in comparison to the scramble control. This suggests that miR-155 may play an active role in decreasing SHIP1 expression. A functional link between miR-155 and SHIP1 was demonstrated by the diminished SHIP1 promoter activity with increasing doses of bortezomib. Conversely, bortezomib had no effect on SHIP1 luciferase reporter activity in the cells that were given the miR-155 inhibitor, further establishing that bortezomib drives SHIP1 activity or lack thereof by increasing miR-155 expression. These findings suggest that the modulation of miR-155–SHIP1 axis could underlie the increased T cell effector function following bortezomib treatment in tumor-bearing mice (13, 14). Also, miR-155 regulates dendritic cell (DC) activity as well as cytokine production by directly targeting SOCS1 and altering the production of IL-12p70, thereby priming antitumor and antiviral immune responses (64–66). Further, NF-κB signaling stimulates the expression of miR-155 causing it to target SHIP1 and induce IFN-γ production (58).

In primary CD8+ T cells, bortezomib treatment impacted their exhaustion by decreasing CD69+SOCS1+ cell population by 43% and CD25+SOCS1+ cells by 56% at 24 h. Likewise, CD25highSHIP1+ subset of CD8+ T cells showed a 74% decrease albeit in a smaller proportion of cells (16%). Strikingly, CD25lowSHIP1+ or CD69+SHIP1+ subsets of CD8+ T cells did not show much change following bortezomib treatment. This suggested an increased survival of activated CD8+ T cells as confirmed by a 60% reduction in SHIP1+PD-1+ subset of activated CD8+ T cells.

Altogether, the results link miR-155 to SOCS1 and SHIP1 expression in CD8+ T cells. Both SOCS1 and SHIP1 are negative regulators of PI3K/Akt/STAT signaling (28, 48–52). Our previous studies have shown that bortezomib increases phosphorylation of STAT5 and Akt in T cells (12), which could be a result of the inhibition of SOCS1 and SHIP1 due to bortezomib’s stimulatory effects on miR-155 expression. Bortezomib-induced increase in eomesodermin and T-bet expression leading to an increase in the expression of IFNγ, perforin, and granzyme B (13) possibly links T-bet regulation to an increased PI3K/Akt/STAT5 signaling and a decreased PD-1 expression in CD8+ T cells (40, 59, 60, 67–70). The transcription factor T-bet plays a major role in the generation of T cell effector function in conjunction with miR-155 expression. Studies show that miR-155 modulates T-bet levels in direct correlation with the SHIP1 target gene; SHIP1-/- CD8+ T cells express 61% more T-bet than WT CD8+ T cells (59, 60). The mechanism as to how SHIP1 negatively regulates T-bet is associated with mTOR signaling, which is downstream of PI3K signaling. SHIP1 inhibits PI3K signaling leading to a reduction in mTOR signaling and ultimately decreasing T-bet. Likewise, the ability of miR-155 to suppress SHIP1 could lead to an amplification of PI3K and mTOR signaling, thus increasing T-bet (40, 59, 67, 68). Interestingly, T-bet directly represses the transcription of the gene that encodes for the immune cell exhaustion marker, PD-1 as evident by the increased PD-1 levels in T-bet-/- mice (69, 70).

Based on these findings, a possible mechanism of action mediated by bortezomib emerges as illustrated in Figure 11. Bortezomib increases NF-κB activity (13), which likely plays a role in increasing miR-155 expression. It is noteworthy that bortezomib sustains increased expression of T cell activation markers CD44 and CD25, improving the production of IFN-γ, T-bet, eomesodermin, perforin, and granzyme B allowing for amplified antitumor cytolytic function (13, 14). Present results suggest a bortezomib-mediated crosstalk between the miR-155–SOCS1/SHIP1–T-bet–PD-1 axis and NF-κB signaling stemming from bortezomib’s positive effects on increasing the phosphorylation of IκB kinase, IκBα and p65 (13). Additionally, bortezomib increased the phosphorylation of mitogen-activated protein kinase p38, Akt, and STAT5 in tumor infiltrating CD8+ T cells, uncovering a connection between PI3K/Akt/NF-κB/STAT5 pathways (12). Collectively, these studies underscore the profound effect bortezomib has on CD8+ T cell function in the context of activation and cytotoxic activity in the tumor microenvironment.




Figure 11 | Bortezomib-mediated miR-155 and NF-κB signaling crosstalk to increase CD8+ T cell effector function. Bortezomib enhances crosstalk between the miR-155–SOCS1/SHIP1–T-bet–PD-1 axis and NF-κB signaling in CD8+ T cells. Bortezomib treatment increases NF-κB activity and miR-155 expression, thereby causing a decrease in its inhibitory targets SHIP1 and SOCS1. The inhibition of these targets in turn lead to decreased PD-1-mediated exhaustion and increased expression of effector molecules in CD8+ T cells.



Thus, bortezomib promotes the signaling axis of miR-155–SOCS1/SHIP1–T-bet–PD-1 that enhances T cell survival cytokine signaling and delays exhaustion. This could explain the improved antitumor effector function CD8+ T cells observed in the presence of bortezomib (12–14). These results support the approach that bortezomib combined with other immunotherapies would lead to improved clinical outcomes by overcoming tumor-induced exhaustion or tolerance in CD8+T cells.
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Recent studies have demonstrated that splenic extramedullary hematopoiesis (EMH) is an important mechanism for the accumulation of myeloid-derived suppressor cells (MDSCs) in tumor tissues, and thus contributes to disease progression. Icaritin, a prenylflavonoid derivative from plants of the Epimedium genus, has been implicated as a novel immune-modulator that could prolong the survival of hepatocellular carcinoma (HCC) patients. However, it is unclear whether icaritin achieves its anti-tumor effects via the regulation of MDSCs generated by EMH in HCC. Here, we investigated the anti-tumor potential of icaritin and its mechanism of action in murine HCC. Icaritin suppressed tumor progression and significantly prolonged the survival of mice-bearing orthotopic and subcutaneous HCC tumors. Rather than exerting direct cytotoxic activity against tumor cells, icaritin significantly reduced the accumulation and activation of tumoral and splenic MDSCs, and increased the number and activity of cytotoxic T cells. Mechanistically, icaritin downregulates the tumor-associated splenic EMH, thereby reducing the generation and activation of MDSCs. The inhibitory effects of icaritin on human MDSCs in vitro were verified in short-term culture with cord-blood derived hematopoietic precursors. Furthermore, icaritin synergistically enhanced the therapeutic efficacy of immune checkpoint blockade therapy in HCC mice. These findings revealed that icaritin dampens tumoral immunosuppression to elicit anti-tumor immune responses by preventing MDSC generation via the attenuation of EMH. Thus, icaritin may serve as a novel adjuvant or even a stand-alone therapeutic agent for the effective treatment of HCC.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is among the most common types of neoplasm worldwide, with increasing incidence and extremely poor prognosis (1, 2). As an inflammation-associated cancer, it has been well-evidenced that the immune microenvironment of HCC tissue plays a key role in disease progression and efficacy of clinical treatments (3). Recently, immunotherapy targeting the tumor microenvironment has revealed new opportunities for therapeutics, and has achieved promising clinical responses against HCC (4, 5). However, only a small fraction of patients with HCC have benefited from these treatments (6), highlighting the urgent requirement for the identification of novel immunotherapeutic targets with therapeutic efficacy so as to improve the clinical outcome of patients with HCC.

Myeloid cells are a group of heterogeneous immune cells that have been characterized as crucial regulators of cancer immune responses (7–9). These cells promote cancer cell stemness (10), facilitate angiogenesis and metastasis (9, 11–13), and impact virtually all types of cancer therapy (14–17). These cells are generally short-lived and must be continuously replenished throughout cancer progression (18). Therefore, cancer is associated with a profound myeloid response resulting in the expansion of tumor-associated myeloid cells that promote disease progression (19, 20). We have recently observed that circulating hematopoietic precursors exhibit myeloid bias, and patients with solid tumors exhibit a skew toward myeloid differentiation (19). Furthermore, splenic extramedullary hematopoiesis (EMH) accommodates myeloid-biased hematopoiesis, which facilitates the generation of functional myeloid-derived suppressor cells (MDSCs), and plays a critical role in disease progression (21). Due to this effect of EMH on the immune status of the tumor microenvironment (20, 22), the abrogation of EMH may have potential to be implemented therapeutically.

Icaritin is a hydrolytic product of icariin isolated from plants of the Epimedium genus, and has been used traditionally in Chinese herbal medicine. Previous studies have shown that icaritin possesses a wide range of therapeutic capabilities, including the promotion of bone repair and anti-inflammatory effects (23). Icaritin exhibits direct cytotoxic activity against certain types of cancer cells (23–26). However, recent research suggests that icaritin may affect the activity of a variety of immune cell types (27, 28) and serve as a novel immune-modulator in HCC (29). Indeed, the results of recent clinical trials of icaritin in patients with advanced HCC (NCT02496949) showed that patients who demonstrated prolonged survival also exhibited decreased neutrophil and increased lymphocyte counts after treatment (30). This suggests that icaritin may possess an immunomodulatory activity. Icaritin was recently shown to reduce the frequency of tumoral MDSCs that resulted in reduced tumor progression in murine melanoma (28); however, the underlying mechanism remains largely unknown.

Given the lack of knowledge on this subject, we investigated the anti-tumor potential of icaritin in murine HCC. Here, we demonstrate that icaritin inhibits tumor growth and prolongs the survival of mice with HCC. Icaritin elicits anti-tumor immune responses by inhibiting the infiltration and immunosuppressive activity of MDSCs; thus, icaritin synergistically enhances the efficacy of immune checkpoint blockade therapy. Furthermore, we provide evidence that icaritin attenuates splenic EMH to decrease the generation of MDSCs in tumor-bearing mice. The inhibitory effects of icaritin on the generation of human MDSCs were verified in a short-term culture model using cord-blood derived CD34+ cells.



MATERIALS AND METHODS


Cell Lines and Cell Culture

The murine HCC cell line, Hepa1–6, was originally obtained from the American Type Culture Collection (Virginia, USA). The murine ascites hepatoma cell line H22 was purchased from the Cell Bank of Type Culture Collection (Chinese Academy of Sciences, Shanghai, China). Hepa1–6 cells were cultured in Dulbecco's modified Eagle's medium (DMEM, Life Technologies, C11995500BT) supplemented with 10% fetal bovine serum and 100 μg/mL penicillin/streptomycin (Hyclone) at 37°C in a humidified atmosphere of 5% CO2. H22 cells were amplified by intraperitoneal transplantation of 1 × 105 tumor cells into BALB/c mice to trigger ascetic growth.



Generation of Human Cord Blood-derived MDSCs

The cord blood CD34+ cells were expanded as described previously (19). In brief, human CD34+ cells were isolated from the cord blood mononuclear cells using a direct CD34 progenitor cell isolation kit (Miltenyi Biotec), and cultured in hematopoietic stem cell expansion media (StemSpan SFEM; Stem Cell Technologies) supplemented with 100 ng/mL stem cell factor, 100 ng/mL Fms-like tyrosine kinase 3, 100 ng/mL thrombopoietin, and 20 ng/mL IL-3 (R&D Systems) for 9 days (31). After expansion, CD34+ cells were plated at 2.5 × 105 cells/well in 24-well plates in DMEM with 2.5 μM icaritin for 2 h, and cultured with GM-CSF (40 ng/mL) and IL-6 (40 ng/mL) at 37°C in 5% CO2 for 3 days.



Mice

Female C57BL/6 (B6) and BALB/c mice (6–8 weeks of age) were purchased from Guangdong Medical Laboratory Animal Center (Guangzhou, China). All mice were maintained in specific pathogen-free conditions in the animal facilities of Sun Yat-sen University Cancer Center (Guangzhou, China).



Tumor Challenge and Treatments

The orthotopic tumor model was established via a subcapsular intrahepatic injection of 5 × 105 Hepa1–6 cells, suspended in 25 μL of 50% Basement Membrane Extract (Trevigen), into the left lobe of the liver of anesthetized 6–8 week old B6 mice. For the subcutaneous tumor model, 1 × 106 Hepa1–6 or 2 × 105 H22 cells suspended in 100 μL phosphate buffered saline (PBS) were injected subcutaneously into the right flank of B6 mice or BALB/c mice. A total of 5 days after tumor cell transplantation, when tumors were palpable or subcutaneous tumors reached 100 mm3, the mice were randomly divided into treatment groups. Icaritin (ICT; Beijing Shenogen Biomedical Ltd, China) treatment, was administered daily at 70 mg/kg by gavage for up to 3 weeks. Corn oil was used as the vehicle control. Anti-PD-1 antibody (clone RMP1-14; BioXCell) was administered at 10 mg/kg by intraperitoneal injection a total of three times at 3 day intervals. Once tumors were palpable, tumor growth was monitored every other day for 17 days using calipers. The survival time of tumor-bearing mice was recorded from the day of inoculation. The mice were sacrificed if the tumor diameter exceeded 1.5 cm or if the mice showed any signs of pain. Tumor volumes were calculated using the following formula: Volume = (length × width2)/2.



Flow Cytometry and Cell Isolation

Flow cytometry was performed as previously described (21). Details of the antibodies used for flow cytometry are listed in Supplementary Table 1. Cells from the tumor or spleen tissue, or in vitro cultured cells were homogenized and filtered to create a single cell suspension followed by resuspension in 100 μL PBS (supplemented with 1% heat-inactivated FBS and 2 mM EDTA) for antibody staining. For intracytoplasmic IFN-γ detection, cells were stimulated in RPMI-1640 supplemented with 10% FBS and 0.5% Leukocyte Activation Cocktail at 37°C for 4.5 h. After in vitro stimulation, the cells were stained with surface marker antibodies followed by fixation and permeabilization using the Fixation/Permeabilization Solution Kit (BD Cytofix/Cytoperm) prior to staining with the IFN-γ antibody. All data were acquired using a Cytoflex S flow cytometer (Beckman Coulter) and analyzed using the FlowJo Software (Tree Star).

To sort polymorphonuclear MDSCs (PMN-MDSCs), Gr-1+ cells were first sorted using the anti-Gr-1-coupled MACS beads (Miltenyi Biotec), and then stained with anti-CD11b and anti-Ly6G antibodies for sorting by a MoFlo XDP flow cytometer (Beckman Coulter). The purity of the sorted PMN-MDSC population was evaluated by flow cytometry and exceeded 95%.



Coculture of PMN-MDSCs With T Cells

Naïve splenocytes were labeled with 2.5 μM CFSE (Invitrogen Molecular Probes) and cultured in RPMI-1640 supplemented with 10% FBS, 20 U/mL recombinant IL-2 (Thermo Fisher Scientific), 1 μg/mL anti-CD3 (Thermo Fisher Scientific), and 5 μg/mL anti-CD28 (Thermo Fisher Scientific). Splenocytes were cultured alone or with freshly sorted PMN-MDSCs at the indicated ratio for 84 h at 37°C in a 5% CO2 humidified atmosphere. Subsequently, CFSE dilution was assessed using a Cytoflex S flow cytometer (Beckman Coulter); splenocyte number was determined using the FlowJo Software (version 13; Tree Star).



Western Blotting

The immunoblotting technique was performed as previously described (32). Equal amounts of cellular protein were separated by SDS-PAGE on a 10% gel, and immunoblotted with the following antibodies: β-actin (AC-15; Boster Biological Technology), t-STAT3 (124H6; Cell Signaling Technology), p-STAT3 (D3A7; Cell Signaling Technology), and Arg-1 (D4E3M; Cell Signaling Technology). Immunoblots were visualized using an ECL kit (Thermo Fisher Scientific). Western blotting results were quantified using the Image J software (NIH, Bethesda, MD, USA).



Statistical Analysis

Data were analyzed using GraphPad Prism (version 8). All values are expressed as the mean ± SEM. All statistical tests were performed as two sided. For data that were normally distributed, we applied the Student's t-test; the non-parametric exact Wilcoxon signed-rank test was used to compare data not normally distributed. For multiple comparisons (including multiple two-group comparisons shown in the same panel), a one-way or two-way ANOVA (for parametric data) was followed by the Bonferroni's correction (only two groups were compared) or the Dunnett's test (all groups were compared to one control group). Cumulative survival time was estimated by the Kaplan-Meier method, and the log-rank test was applied to compare the groups. P < 0.05 were considered statistically significant.



Ethics Approval and Consent to Participate

All animal experiments were performed according to state guidelines and approved by the IACUC of the Sun Yat-sen University Cancer Center. Human cord blood was obtained from the First Affiliated Hospital of Sun Yat-Sen University. All samples were coded anonymously under the local ethical guidelines (as stipulated by the Declaration of Helsinki). Written informed consent was obtained from the participants. The protocol was approved by the review board of Sun Yat-Sen University.




RESULTS


Icaritin Suppresses Tumor Growth and Prolongs Survival of Mice Bearing HCC Tumors

To investigate the anti-tumor potential of icaritin in vivo, a murine Hepa1-6 (Hepa) cell-based orthotopic HCC tumor model was adopted, which reproduces many key pathological features of human HCC (21, 33). After 3 weeks of daily icaritin treatment at 70 mg/kg icaritin, all mice were sacrificed and tumors were collected. Tumor size and weight were significantly reduced following icaritin treatment (Figures 1A,B). Furthermore, for all mice in the control group, mortality occurred within 27 days, whereas 50% of mice treated with icaritin survived for more than 27 days (Figure 1C).


[image: Figure 1]
FIGURE 1. Icaritin inhibits the growth of orthotopic and subcutaneous Hepa tumors. (A) Images of orthotopic tumors 26–28 days after inoculation (green dotted line indicates tumor margins). (B) Orthotopic tumor weights compared by Student's t-test. (C) Kaplan-Meier curves indicating the survival of mice with orthotopic tumors treated with and without icaritin. (D) Images of subcutaneous tumors 26–28 days after inoculation. (E) Mean subcutaneous tumor volume was recorded every other day and analyzed by two-way ANOVA corrected by Bonferroni's test. (F) Subcutaneous tumor weights compared by Student's t-test. (G) Kaplan-Meier curves indicating the survival of mice with subcutaneous tumors treated with and without icaritin. Data were pooled from two experiments and n = 8 mice per group. *P < 0.05, **P < 0.01, ***P < 0.001. Hepa, Hepa1-6 cells; ICT, icaritin; Veh, Vehicle; HCC, hepatocellular carcinoma.


The anti-tumor activity of icaritin was also examined using a subcutaneous Hepa cell implant model, commonly used for drug screening (33). Icaritin treatment significantly suppressed tumor growth, reduced tumor weight, and improved survival (Figures 1D,F,G). Icaritin markedly suppressed tumor growth at various time points (Figure 1E). It should be noted that the mice treated with icaritin and the control group did not show any significant difference in the body weight (Supplementary Figure 1). Furthermore, icaritin treatment did not affect the apoptotic rate, proliferation, or the protein level of STAT3 in Hepa cells cultured in vitro (Supplementary Figure 2).



Icaritin Increases Both the Total Number and Active Tumor-Infiltrating Cytotoxic T Lymphocytes (CTLs) in Mice Challenged With Hepa Cells

Cumulative studies have demonstrated that an efficient induction of CTLs is essential for anti-tumor therapy (7). To determine whether icaritin could induce CTLs production in the tumor microenvironment, flow cytometry was used to analyze the composition of tumor-infiltrating immune cell populations in the orthotopic Hepa mice. Icaritin treatment influenced the percentages of T cells among the leukocyte subsets (CD45+ cells). Icaritin enriched the proportion of tumor-infiltrating T cells in the orthotopic Hepa mice compared to that in the control (43.8 ± 0.7% vs. 34.5 ± 1.1%; Figure 2A). In particular, icaritin increased CD3+CD8+ T cell frequency in the tumor tissue compared to that in the control (27.6 ± 0.8% vs. 20.8 ± 1.1%; Figures 2B,I).
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FIGURE 2. Icaritin increases both the number and activation status of tumor-infiltrating CTLs in Hepa mice. The frequencies of tumor-infiltrating CD3+ T cells (A) CD3+CD8+ T cells (B) IFN-γ+CD3+CD8+ cells in CD3+CD8+ T cells (C) and IFN-γ+CD3+CD8+ cells in CD45+ cells (D) from orthotopic Hepa tumors. The frequencies of tumor-infiltrating CD3+ T cells (E) CD3+CD8+ T cells (F) IFN-γ+CD3+CD8+ cells in CD3+CD8+ T cells (G) and IFN-γ+CD3+CD8+ cells in CD45+ cells (H) from subcutaneous Hepa tumors. Representative cytometric plots of tumor-infiltrating IFN-γ+CD3+CD8+ cells from orthotopic (I) and subcutaneous (J) Hepa tumors. Numbers in the flow cytometric plots indicate the proportions of the gated cell populations. Data were pooled from two experiments and n = 8 mice per group. *P < 0.05, **P < 0.01, ***P < 0.001. Hepa, Hepa1-6 cells; ICT, icaritin; Veh, Vehicle.


To examine the activation status of tumor-infiltrating CD8+ T cells, the expression of IFN-γ by CD3+CD8+ T cells in the tumor tissue was analyzed. Icaritin treatment increased IFN-γ+ CD3+CD8+ CTLs by almost 3-fold in CD3+CD8+ T cells (62.8 ± 2.3% vs. 22.7 ± 1.6%; Figures 2C,I) and in CD45+ cells (9.4 ± 0.7% vs. 2.8 ± 0.6%; Figure 2D). A similar effect was observed in subcutaneous tumor tissue of Hepa mice, albeit less pronounced (Figures 2E–H,J). It should be noted that icaritin treatment did not alter the frequencies of tumor-infiltrating B cells or NK cells (Supplementary Figures 3C,D). In addition, there was no significant effect of icaritin treatment on the percentage of regulatory T cells in the tumor tissue in either model when compared with the control (Supplementary Figures 3C,D). These data indicate that icaritin treatment may stimulate an anti-tumor response by selectively increasing the number and activation status of CTLs in the tumor tissue.



Icaritin Reduces Both the Number and Activity of Tumor-Infiltrating PMN-MDSCs

Tumor-associated myeloid cells, including MDSCs, regulate the immunosuppressive activity of the tumor microenvironment, which is an obstacle in the success of cancer therapy (15, 16). MDSCs can be classified into two subpopulations: PMN-MDSCs and monocytic MDSCs (M-MDSCs). In murine systems, PMN-MDSCs are defined as CD11b+Ly6G+Ly6Clow, and M-MDSCs are defined as CD11b+Ly6G−Ly6Chigh. Depletion of MDSC frequency or abrogation of the differentiation or immunosuppressive function of these cells, may potentially enhance various therapeutic strategies by supporting the anti-tumor immune response (21, 31, 34, 35). To investigate whether this mechanism contributes to the observed anti-tumor activity of icaritin, we used flow cytometry to evaluate the composition of tumor-infiltrating myeloid cells derived from orthotopic Hepa mice. As shown in Figure 3A, the frequency of tumor-infiltrating CD11b+Gr-1+ myeloid cells in the orthotopic Hepa mice was significantly lower in icaritin-treated mice compared to that in the control (35.5 ± 3.2% vs. 58.8 ± 7.5%). Icaritin also caused a marked reduction in the number of tumor myeloid cells (2.3 ± 0.3 × 107 vs. 0.7 ± 0.2 × 107). Icaritin did not significantly affect M-MDSC frequency, but significantly decreased the proportion (36.0 ± 3.2% vs. 19.5 ± 1.7%; Figure 3A) and number (1.3 ± 0.2 × 107 vs. 0.3 ± 0.1 × 107; Figure 3A) of PMN-MDSCs in the tumor tissues.
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FIGURE 3. Icaritin reduces both the number and activation status of tumor-infiltrating PMN-MDSCs. (A) Frequency and number of tumor-infiltrating myeloid cells (CD11b+Gr-1+), PMN-MDSCs (CD11b+Gr-1+Ly6G+Ly6Clow), and M-MDSCs (CD11b+Gr-1+Ly6G−Ly6Chigh) orthotopic Hepa mice. (B) Immunosuppressive activity of orthotopic tumor-infiltrating PMN-MDSCs on in vitro T cell proliferation (stimulated with anti-CD3- and anti-CD28) at the ratios of 1:2, 1:4, and 1:8. (C) Western blots indicating Arg-1 protein expression and STAT3 activation in PMN-MDSCs isolated from tumors of orthotopic Hepa mice. (D) Frequency and number of tumor-infiltrating myeloid cells (CD11b+Gr-1+), PMN-MDSCs (CD11b+Gr-1+Ly6G+Ly6Clow), and M-MDSCs (CD11b+Gr-1+Ly6G−Ly6Chigh) in subcutaneous Hepa mice. Numbers in the flow cytometric plots indicate the proportions of the gated cell populations. Differences between groups were analyzed using two-way ANOVA corrected by Bonferroni's test. Data were pooled from two experiments and n = 8 mice per group. *P < 0.05, **P < 0.01, ***P < 0.001. Hepa, Hepa1-6 cells; ICT, icaritin; Veh, Vehicle; Arg-1, Arginase-1; M-MDSCs, mononuclear myeloid-derived suppressor cells; PMN-MDSCs, polymorphonuclear myeloid-derived suppressor cells; p, phosphorylated; t, total.


We next investigated whether icaritin affects the immunosuppressive function of tumor-infiltrating MDSCs. Icaritin impaired the suppressive effect of tumor-infiltrating PMN-MDSCs on the proliferation of T cells (Figure 3B). It has been suggested that the transcription factor, STAT3, regulates the immunosuppressive activity and accumulation of MDSCs in the tumor microenvironment (36, 37). Arginase-1 (Arg-1) is an immunosuppressive factor expressed by MDSCs that suppresses CD8+ T cell function and anti-tumor immune responses (38). Icaritin reduced the expression of Arg-1 in tumor-infiltrating PMN-MDSCs from the tumors of orthotopic Hepa mice, and inhibited STAT3 activation in PMN-MDSCs (Figure 3C). These results demonstrate that icaritin not only repressed the frequency and number of PMN-MDSCs in vivo but also attenuated their T cell suppressive activity. Similar to its effects in the orthotopic HCC tumor model, icaritin downregulated the frequency of myeloid cells and PMN-MDSCs in subcutaneous tumors of Hepa mice (Figure 3D). However, there was no significant difference in the macrophage number in either model (Supplementary Figures 3C,D). These results suggest that icaritin decreases tumor infiltration of MDSCs as well as their immunosuppressive activity.



Icaritin Reduces PMN-MDSC Frequency and Increases CTL Frequency in the Spleen

Since icaritin is known to have anti-tumor function and reduce MDSC (28), we utilized the anti Gr-1 antibody to verify whether the anti-HCC function of icaritin is through targeting MDSC. Depletion of MDSCs abrogated the inhibitory effect on tumor growth of icaritin (Supplementary Figures 4A,B). It has been shown that the spleen is a major source of MDSCs, as it accommodates myeloid-biased hematopoiesis to facilitate the generation of functional MDSCs in a tumor-bearing host (21, 35). We noticed that splenectomy abrogate the anti-tumor effect of icaritin (Figures 4A,B), which suggested that the anti-HCC function of icaritin is through targeting MDSC generation in spleen. Given the aforementioned findings that icaritin downregulates the accumulation of MDSCs in the tumor tissue, we next assessed whether icaritin affects the accumulation of MDSCs in the spleen. Icaritin significantly decreased the number of splenic myeloid cells and PMN-MDSCs in orthotopic Hepa mice (Figure 4C). In CD45+ cells, icaritin treatment resulted in decreased frequency of myeloid cells and PMN-MDSCs (14.6 ± 1.5% and 9.3 ± 1.2%, vehicle, vs. 9.3 ± 0.8% and 4.4 ± 0.4%, icaritin). Icaritin reduced myeloid cell and PMN-MDSC number from 5.3 ± 1.9 × 107 and 2.5 ± 1.0 × 107 to 1.7 ± 0.4 × 107 and 0.8 ± 0.2 × 107 per spleen, respectively (Figure 4C). Similarly, icaritin reduced the proportion and number of PMN-MDSCs and myeloid cells in the spleens of Hepa mice with subcutaneous tumor (Figure 4D). Similar to the results found in the tumor tissue, icaritin had a negligible effect on splenic M-MDSCs.
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FIGURE 4. Effects of icaritin on splenic PMN-MDSCs and CTLs. Images of subcutaneous tumors 26 days after inoculation (A). Mean tumor volume of subcutaneous Hepa tumor-bearing mice subjected to splenectomy with or without icaritin treatment (B). Differences between groups were examined for statistical significance by two-way ANOVA, and corrected by Bonferroni's test. *P < 0.05 and **P < 0.01 compared with “Veh” group. Frequencies and total numbers of splenic myeloid cells, PMN-MDSCs and M-MDSCs in orthotopic (C) and subcutaneous (D) Hepa mice. Frequency of splenic IFN-γ+CD3+CD8+ cells in CD45+ cells from orthotopic (E) and subcutaneous (F) Hepa mice. Numbers in the flow cytometric plots indicate the proportions of the gated cell populations. Differences between groups were analyzed using two-way ANOVA corrected by Bonferroni's test (C, D), or examined for statistical significance by Student's t-test (E, F). Data were pooled from two experiments and n = 8 mice per group. **P < 0.01, ***P < 0.001. SPx, splenectomy; Hepa, Hepa1-6 cells; ICT, icaritin; Veh, Vehicle; M-MDSCs, mononuclear myeloid-derived suppressor cells; PMN-MDSCs, polymorphonuclear myeloid-derived suppressor cells; CTLs, cytotoxic T lymphocytes.


As MDSCs inhibit antigen-specific CD8+ T cell function and icaritin reduces MDSC number, we hypothesized that T cell function would correspondingly recover in icaritin-treated mice with HCC. To test this hypothesis, IFN-γ production was analyzed as a readout of T cell anti-tumor activity. A significantly higher proportion of splenocytes isolated from mice treated with icaritin were IFN-γ-producing CD8+ T cells compared to that in the control mice in both models (Figures 4E,F). These results suggest that icaritin treatment can promote CTLs function by inhibiting MDSC production in the spleen of mice with HCC.



Icaritin Decreases Accumulation of Myeloid-Biased Hematopoietic Stem and Progenitor Cells (HSPCs) in the Spleen

Our previous study showed that cancer facilitates the accumulation of myeloid biased HSPCs in the spleen to generate functional MDSCs by EMH (21). In this study, we observed that icaritin treatment resulted in reduced spleen weight and a significant decrease in total spleen cell number in the Hepa mice with orthotopic tumor compared to that in the control (Figure 5A).
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FIGURE 5. Icaritin reduces the accumulation of HSPCs in the spleen of Hepa mice. Spleen weight and total cell number from orthotopic (A) and subcutaneous (B) Hepa mice. Numbers of splenic LSK and LK cells from orthotopic (C) and subcutaneous (D) Hepa mice. Differences between groups were examined for statistical significance by Student's t-test. Data were pooled from two experiments and n = 8 mice per group. *P < 0.05, **P < 0.01, ***P < 0.001. HSPCs, hematopoietic stem and progenitor cells; Hepa, Hepa1-6 cells; ICT, icaritin; Veh, Vehicle; LSK, Linlo/−Sca-1+c-Kithi; LK, Linlo/−Sca-1−c-Kithi.


This may indicate that icaritin suppressed splenic EMH in this model. To investigate this further, the influence of icaritin on the composition of splenic HSPCs was assessed. LSK (Linlo/−Sca-1+c-Kithi) and LK (Linlo/−Sca-1−c-Kithi) cells are two subpopulations of HSPCs, which could develop into myeloid cells in the spleen of tumor-bearing mice (21). The spleens of orthotopic Hepa mice treated with icaritin exhibited a significant reduction of 45% in the number of splenic LK cells per spleen compared to the control (0.9 ± 0.1 × 105 vs. 0.5 ± 0.1 × 105; Figure 5C). Icaritin also caused a marked decrease in splenic LSK cell number per spleen (1.1 ± 0.1 × 104 vs. 0.7 ± 0.1 × 104; Figure 5C). In contrast, icaritin did not affect the accumulation of LSK or LK cells in the bone marrow (Supplementary Figure 5A). Similar results were obtained in Hepa mice with subcutaneous tumor (Figures 5B,D; Supplementary Figure 5B). Thus, these results support the hypothesis that icaritin decreases tumor-induced splenic myeloid biased-hematopoiesis to inhibit MDSC generation.



Icaritin Impairs the Generation of Human PMN-MDSCs

The results described collectively indicate that icaritin inhibits MDSC generation in mice. We next sought to determine whether icaritin could affect the formation of human MDSCs. Human M-MDSCs are typically phenotyped as CD14+HLA-DRlow/− (39), with CD115 as a distinct surface marker for the activation of the MDSC suppressive program (19). A short-term culture model using cord blood-derived CD34+ cells was utilized to rapidly generate MDSCs in vitro. We confirmed that icaritin markedly decreased the proportion of activated human PMN-MDSCs (CD115+CD15+), but did not affect the generation of M-MDSCs (CD14+HLA-DRlow/−; Figures 6A,B). The findings in mice and human suggest that icaritin may attenuate the generation of PMN-MDSCs by regulating the differentiation of HSPCs.
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FIGURE 6. Icaritin inhibits the generation of human PMN-MDSCs in vitro. Freshly isolated human CD34+ cells from cord blood mononuclear cells were cultured in hematopoietic stem cell expansion media for 8–10 days. The expanded cells were cultured with combined IL-6 and G-CSF in complete medium with 0.1% DMSO (vehicle) or icaritin (2.5 μM) for 3 days. (A) Flow cytometric analysis of CD115 and HLA-DR expression on CD14+ or CD15+ cells. (B) Frequencies of PMN-MDSCs (CD15+CD115+) and M-MDSCs (CD14+HLA-DR−). Differences between groups were analyzed using one-way ANOVA, and corrected by Dunnett's test. Data are representative of three experiments. **P < 0.01. Veh, Vehicle; ICT, Icaritin.




Icaritin Synergistically Enhances the Anti-PD-1 Efficacy

Immunosuppressive myeloid cells contribute toward the resistance to immune checkpoint blockade therapy by suppressing T cell function (16). It has been previously described that the abrogation of splenic EMH (21) or selective targeting of MDSCs (16) are sufficient to synergistically enhance the therapeutic efficacy of immune checkpoint blockade. Given that icaritin attenuated splenic EMH and MDSC generation in tumor-bearing mice, we hypothesized that icaritin may promote the efficacy of immunotherapy. Furthermore, icaritin upregulated the expression of PD-L1 on tumor-infiltrating and splenic PMN-MDSCs (Supplementary Figure 6), which may indicate an opportunity for combined therapy using immune checkpoint blockade. As shown in Figure 7A, anti-PD-1 monotherapy had a modest effect on tumor growth in orthotopic Hepa mice. However, icaritin synergistically enhanced the therapeutic efficacy of anti-PD-1. In addition, the synergistic effect of icaritin and anti-PD-1 combinational treatment was verified in subcutaneous H22 tumor-bearing BALB/c mice (Figure 7B). Together, these findings demonstrate that icaritin may be applied together with immune checkpoint blockade therapy for HCC treatment.
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FIGURE 7. Icaritin synergistically enhances anti-PD-1 efficacy in HCC mice. Mean tumor volume of subcutaneous Hepa (A) and subcutaneous H22 (B) tumor-bearing mice with and without anti-PD-1 and icaritin treatment. Differences between groups were examined for statistical significance by two-way ANOVA, and corrected by Bonferroni's test. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with “Veh” group; #P < 0.05 compared with “αPD-1” group; &&&P < 0.001 compared with “ICT” group. Hepa, Hepa1-6 cells; ICT, icaritin; Veh, Vehicle; αPD-1, anti-PD-1.





DISCUSSION

Recent studies have suggested that splenic EMH is involved in the course of tumor development as well as cancer therapeutic responses (21, 40–42). Therapeutic interventions targeting tumor-associated EMH have become attractive strategies for cancer treatment. In this study, icaritin induced tumor regression and significantly prolonged the survival of mice bearing orthotopic or subcutaneous HCC tumors. Icaritin significantly reduced the accumulation of tumoral and splenic MDSCs, and increased the number and activity of CTLs, possibly delaying disease progression. This may be due to the downregulation of tumor-associated splenic EMH induced by icaritin, and the subsequent generation of functional MDSCs. In addition, icaritin enhanced the therapeutic effect of anti-PD-1 immune checkpoint blockade therapy in mice with HCC. These findings indicate that icaritin may serve as a novel immunomodulatory drug to attenuate immunosuppression in the tumor microenvironment by controlling the generation of functional MDSCs in HCC tumors.

Accumulating evidence indicates that icaritin is a promising anti-tumor agent in various types of cancers. Icaritin exerts its anti-tumor activity via a multitude of cellular targets and through a variety of pathways, including the inhibition of cell growth, induction of tumor cell apoptosis, and immunomodulation (23, 29). The present study provides evidence that the anti-tumor activity of icaritin observed in HCC tumors may be affected via its modulatory effects on the immune-microenvironment of tumor tissues rather than its direct cytotoxic effects on tumor cells. In the present study, icaritin treatment did not induce apoptosis or inhibit the growth of Hepa cells in vitro. Furthermore, in HCC tumor cells, icaritin did not affect the expression of STAT3, known to be required for cytotoxicity induced by icaritin (43, 44). These results indicate that icaritin had no direct cytotoxic effect on tumor cells, suggesting that icaritin treatment likely delays tumor progression via an indirect immunomodulatory mechanism. This is supported by our findings which showed that icaritin increased the frequency of tumor-infiltrating and splenic IFN-γ-producing CD8+ T cells in vivo, thereby indicating that the anti-tumor activity of icaritin is effected by immunomodulation in mice with HCC. This is in accordance with a previous report that advanced HCC patients with increased circulating plasma levels of IFN-γ benefit from icaritin treatment (30).

Given that MDSCs suppress the anti-tumor response, they act as a hindrance to the success of cancer therapy. Current therapeutic strategies targeting MDSCs include elimination, functional inhibition of the MDSC suppressive activity and skewing of myelopoiesis away from the generation of MDSCs (33, 45). Recent studies have suggested that abnormal splenic EMH is responsible for generating immunosuppressive MDSCs in tumors (21, 46). Therefore, targeted abrogation of splenic EMH may potentiate anti-cancer therapy (20, 21). The decrease in the number of splenic LSK and LK HSPCs with icaritin was associated with a corresponding decrease in MDSC frequency in the present study. This was supported by the inhibition of PMN-MDSC generation from HSPCs with icaritin treatment in vitro. A possible conclusion is that icaritin inhibited the generation of MDSCs by blocking splenic EMH in tumor-bearing mice. Reduced Arg-1 expression in PMN-MDSCs from tumor tissue in vivo, and reduced M-CSFR expression on human cord blood-derived MDSCs in vitro (30) suggest that icaritin may exert its anti-tumor activity via impairing the MDSCs through multiple mechanisms of action.

Immune checkpoint therapies targeting PD-1 and PD-L1 have achieved remarkable clinical responses in various types of cancer, including HCC (6). However, the objective response rates are still limited. Based on our findings that icaritin possesses immune-regulatory properties, we speculated that icaritin in combination with immunotherapy strategies could enhance the therapeutic efficacy of immune checkpoint blockade. Anti-PD-1 and anti-PD-L1 monoclonal antibodies can relieve immunosuppression and restore anti-tumor immune responses (47). We demonstrated that the anti-tumor immune response induced by anti-PD-1 monoclonal antibody is indeed enhanced by icaritin. Icaritin also upregulated PD-L1 expression on tumoral and splenic PMN-MDSCs. It has been previously demonstrated that PD-L1 expression on myeloid cells is associated with an immune-activated microenvironment (48, 49). However, the underlying mechanism of PD-L1 regulation by icaritin remains unclear. Whether icaritin regulates PD-L1 expression directly or through the attenuation MDSC activity requires further investigation.

In summary, this work describes a novel anti-tumor mechanism of icaritin that involves the targeting of EMH to inhibit the generation and activation of MDSCs, thus reshaping the tumor immune microenvironment and promoting cytotoxic T cell-mediated tumor regression. We demonstrated that icaritin exerts potent immunomodulatory and anti-tumor effects, suggesting that it may be developed into a novel adjuvant or even stand-alone therapeutic agent for the effective treatment of HCC.
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Oncolytic viruses are of growing importance in cancer therapeutics since they combine direct oncolytic effect and the stimulation of antitumor immunity. Emerging evidences showed that the function of oncolytic viruses is dependent on immune response in tumor microenvironment, and the modulation of immunity could influence their efficacy. Here we combined the interleukin 10 (IL-10) and oncolytic adenovirus Ad-hTERT to treat lung cancer and explored the underlying mechanism under combination therapy. Lewis lung carcinoma (LLC) and B16F10 tumor-bearing immunocompetent C57BL/6 mice that received Ad-hTERT or IL-10 alone showed mild antitumor effect, while the combination therapy shrink tumor bulks and prolonged survival remarkably. In addition, IL-10 didn’t show direct influence on tumor cell viability or Ad-hTERT mediated tumor cell lysis in vitro. To further explore the influence of combination therapy mediated antitumor capacity, we eliminated CD8+ T, CD4+ T or natural killer (NK) cells in LLC and B16F10-bearing C57BL/6 mice, and found that CD8+ T cells were critical mediator in the combination therapy. The combination therapy induced intensive infiltration of CD8+ T cells in tumors, increased tumor-specific IFN-γ secretion by CD8+ T cells. The long-term tumor-specific immune memory induced by the combination therapy rejected rechallenge by respective tumor cell lines. This study demonstrated that the therapy combining IL-10 and Ad-hTERT augmented antitumor efficacy which was CD8+ T cells dependent. Our findings paved the way to combine cytokines and oncolytic viruses to enhance antitumor immunotherapy in treating cancer.
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Introduction

Oncolytic viruses are attracting growing interest in tumor treatment owning to their specific killing of tumor cells (1). Among the diverse oncolytic viruses evaluated in preclinical models and clinical stages, oncolytic adenovirus serotype 5 (Ad5) has been intensively investigated and showed potential efficacy in clinical trials (2–4). Apart from virus replication and direct killing of tumor cells, accumulating evidences support that the activation of antitumor immune response by oncolytic virus also contributes to tumor shrinking. And even the antitumor immunity stimulated by the tumor-injecting oncolytic viruses could inhibit the non-injected bulks. The released tumor antigens, and pathogen- and damage-associated molecular pattern molecules from lytic tumor cells could activate tumor-infiltrating antigen presenting cells which engulf, process and present antigens to effector immune cells, notably CD8+T lymphocytes (5, 6).

Oncolytic Ad5 is a promising antitumor alternative, and the combination of oncolytic Ad5 with immunotherapy has shown potential in eliminating tumors in pre-clinical models and clinical trials. The Ad5/3-Δ24-GM-CSF could release granulocyte-macrophage colony-stimulating factor (GM-CSF) that activates macrophages, leading to stable disease or minimal responses in half of patients with metastatic solid cancers (7). Ad-TD-nsIL-12 virus could express non-secreted IL-12 and showed CD8+ T-cell dependent antitumor efficacy, resulting in remarkable tumor regression in immunocompetent Syrian Hamster models with pancreatic cancer (8).

Telomeres are essential for genome stability and telomerase contributes to human carcinogenes through the maintenance of telomeres and cellular immortalization (9–11). The human telomerase reverse transcriptase (hTERT) plays a pivotal role in retaining the human telomerase activity, and hTERT promoter triggers hTERT gene expression selectively in tumor cells but is silent in most adult somatic cells (12). Ad-hTERT is an E1-deleting and replication defective oncolytic adenovirus, and hTERT promoter is used to promote the expression of E1 in telomerase-positive tumor cells, resulting in selective replication in tumor cells and tumor cell lysis. Ad-hTERT has been widely researched and showed promising tumor lysis potential (13–15). The tumor microenvironment comprises complicated immune factors, and the augmentation of antitumor immunity in the process of oncolytic virus mediated tumor regression is essential to exploit the maximum potential (16, 17).

Interleukin 10 (IL-10) is an immunoregulatory cytokine that can suppress aberrant inflammatory responses. However, the role of IL-10 in tumor development is controversial. According to some reports, IL-10 can be secreted by different types of cells, including numerous tumor cells (18, 19), and almost all leukocytes (20, 21). Furthermore, the serum level IL-10 in cancer patients are often increased, which often indicate poor prognosis (22). In the tumor microenvironment, Il-10 could inhibit macrophage cytokine synthesis and their antigen-presenting capacity (23). On the other hand, IL-10 showed stimulating roles in tumor-resident CD8+T cell through inducing cytotoxicity of CD8+ T cells and leads to an increase in the expression of IFN-γ in CD8+ T cells (24). Therefore, the different roles of IL-10 on tumor development are associated with different physiopathological states and the local environment.

In this study, we explored the efficacy of combining IL-10 and the oncolytic Ad-hTERT viroimmunotherapy in Lewis lung carcinoma (LLC) and B16F10-bearing C57BL/6 mice and found that the combination therapy demonstrated a profound antitumor effect. The Ad-hTERT could kill tumor cells directly and increase bulk CD8+T cell amount in tumors. Furthermore, Ad-hTERT was available to improve the IFN-γ production of memory CD8+T cells in lymph node, spleen and tumors. In addition, IL-10 could also increase CD8+T cell amount and enhance the IFN-γ secreted from memory CD8+T cells in tumors. The combination therapy showed the most effective anti-tumor effect and stimulation of CD8+T cells compared with single treatment. The long-term memory immune response induced by the combination therapy rejected tumor rechallenge. In summary, this study displayed that IL-10 could enhance Ad-hTERT-mediated viroimmunotherapy and CD8+T cells are critical for the combination therapy.



Materials and Methods


Cell Lines, Viruses, and Reagents

Murine Lewis lung carcinoma (LLC), melanoma B16F10 and HEK293 cell lines were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10% fetal bovine serum (FBS) and 1% streptomycin-penicillin (10,000 U/mL) (all: Corning, US) in a humidified incubator at 37°C containing 5% CO2. The usage of IL-10 (Murine rIL-10, BD PharMingen) referred to the previous study, and it was injected into tumors at 5 μg/injection (25).



Oncolytic Ad5-hTERT Virus

For the construction of oncolytic Ad5-hTERT vector, the E1 region of Ad5 virus was deleted, and hTERT promoter was inserted to promote the expression of E1. The oncolytic Ad5-hTERT virus was propagated in HEK293 cells and was purified using cesium chloride (CsCl) density gradient centrifugation. Breifly, 20 ml of purified virus was incubated with 200 ml of proteinase K-SDS solution at 56°C for 2 h, then the viral DNA was precipitated by adding 20 ml of 3 M sodium acetate (pH=5.0) and 600 ml of precooled EtOH (>99.8%; stored at −20°C). Subsequently, the mixture was centrifuged for 8 min at full speed (15,000g) at room temperature and retain the pellet. The pellet was washed by 600 ml of 70% ethanol and then centrifuged at 15,000g at room temperature for 5 min. Dry the pellet in incubator and and resuspend in 25 ml of sterilized dH2O. Finally, quantitative PCR (forward primer: 5’-GTTCCACTTGTTGACCGAGC-3’; reverse primer: 5’-CCTAAACGTGTCAACCTT GGA-3’.) was employed to measure the viral particle.



Cell Viability Assay

The day before treatment, LLC or B16F10 cells were seeded at 60%-70% confluency in 24-well plates. Next day, the cells were incubated with IL-10 (1 ng/well), Ad-hTERT (1,000 viral particles/cell) or IL-10+Ad-hTERT. The cell viability was determined by the CCK-8 assay kit (Sigma-Aldrich) and crystal violet staining. For the CCK-8 assay, the conduction was according to the manuscript of the kit. Briefly, 96 h post-treatment, cells in media were incubated with CCK-8 assay solution for 2 h. Subsequently, the absorbance values were measured at 450 nm using an Infinite F Plex plate reader (TECAN). Triple assays were analyzed.

For the crystal violet staining, the cytopathic effect (CPE) was checked daily until the day 7 post-treatment. Briefly, the cells were fixed with 3.7% formaldehyde and then stained with crystal violet solution for detecting the density of live cell.



Animal Studies

All animal studies were approved by Animal Welfare and Research Ethics Committee of Capital Medical University. All animal experiments were conducted in accordance with the institutional and national regulations. Female C57BL/6 mice (5 weeks old) were purchased from Capital Medical University Animal Laboratories and were subcutaneously implanted 5 × 10 (6) cells. The injections were conducted as previously described (6). In brief, mice were given intratumoral injections of PBS+vehicle control, IL-10 (5 μg/injection), Ad-hTERT (1 × 10 (8) viral particles/injection), or IL10+Ad-hTERT at 1-day interval for a total of 10 treatments, the materials was injected through needles tracts which were made radially from the tumor center.

To deplete immunocytes in C57BL/6 mice, anti-CD8 (TIB200), anti-CD4 (GK1.5) or anti-NK1.1 (PK136) antibody were intraperitoneally injected every five days from the day before treatments (26). Specific depletion of the respective CD8+T, CD4+T and NK cells was confirmed by flow cytometric analysis. Tumor sizes were measured every other day using digital calipers, and were calculated using the formula: volume= length × width (2) × π/6.



Isolation of CD8+T Cells

To purify CD8+T cells from DLN, the DLN was gently crushed with the back of a syringe plunger and cells passed through a 70 μm filter. To purify CD8+T cells from spleen, splenocytes were isolated from mice and erythrocytes were depleted with ACK lysis buffer (Thermo Fisher Scientific, MA, USA). To purify CD8+T cells from tumor tissue, the tumor tissue was cut into small pieces (~1 mm (3)) in 200 μl of RPMI 1640 medium containing collagenase type I (0.05 mg/ml; Sigma-Aldrich, USA), collagenase type IV (0.05 mg/ml; Sigma-Aldrich, USA), hyaluronidase (0.025 mg/ml; Sigma-Aldrich, USA), and DNase I (0.01 mg/ml; Roche, Switzerland), then shake at 37°C for 20 min, followed by passing through 70 μm filter. Subseqently, CD8+ T cells were purified from the above-mentioned single cell suspension with EasySep™ Mouse CD8+ T Cell Isolation Kit (STEMCELL Technologies).



Flow Cytometric Analysis

The flow cytometric analysis was employed for the analysis of deletion of CD8+T, CD4+T, and NK cells, and the density of CD8+T in tumor tissue suspensions. For the analysis of deletion of CD8+T, CD4+T and NK cells, the following antibodies were used for staining cells: CD3-Violet 421 (145-2C11), CD4-allophycocyanin (APC) (GK1.5), CD8-PE-Cy7 (53-6.7), NK1.1-PerCP. For analyzing the density of CD8+T in tumor tissue suspensions, single-cell suspensions from tumors were prepared, followed by the cell lysis with ACK red blood cell lysis buffer (Lonza) and then antibody staining (CD3-Violet 421, CD4-APC, and CD8-PE-Cy7) at room temperature for 30 min. For analyzing the influence of Ad-hTERT on IL-10R expression on CD8+T cells, mouse peripheral CD8+T cells were enriched and incubated with Ad-hTERT (Ad-hTERT:CD8+T cells = 100:1) for 72 h, then stained with anti-IL-10R (1B1.3a), followed by incubation with rabbit anti-mouse IgG Fc secondary antibody-FITC (ThermoFisher Scientific). After labeling, the cells were fixed in 1% paraformaldehyde, and 10 (5) events were collected and analyzed on a CytoFLEX flow cytometer (Beckman Coulter). Analysis was carried out using the CytExpert software (Beckman Coulter).



Detection of IFN- γ Production by ELISA

Tumor draining lymph node cells and splenocytes derived CD8+T cells were collected from LLC or B16F10 tumor-bearing C57BL/6 mice, then were stimulated in vitro with LLC or B16F10 cells in complete RPMI 1640 medium for 3 days respectively. Cell supernatants were collected for the detection of IFN-γ (interferon-γ) following the manuscript of the IFN-γ ELISA kit (BD PharMingen, San Diego, CA, USA).



Statistical Analysis

The results are presented as means ± SD. Statistical comparison was analyzed using the two-tailed student t test, one-way ANOVA, or two-way ANOVA. P < 0.05 (*) was considered statistically significant.




Results


Combining IL-10 With Oncolytic Ad-hTERT Enhances Antitumor Efficacy

In the context of murine tumor model, we conducted the in vivo study to evaluate the effects of IL-10 on Ad-hTERT viroimmunotherapy. Initially C57BL/6 mice were inoculated by subcutaneously injection with LLC or B16F10 cells and then the tumor-bearing mice received treatment. From the day 8 after tumor implant, the mice were intratumorally injected with different amount of IL-10. Compared with other doses, 5 μg/injection of IL-10 showed the strongest effect of inhibiting tumor growth (Supplementary Figure 1). Therefore, IL-10 in 5 μg/injection would be combined with Ad-hTERT to treat the tumor-bearing mice. The mice were intratumorally injected with PBS, IL-10, Ad-hTERT, or IL10+Ad-hTERT every other day for 10 treatments. We first assessed the impact of these treatments on tumors with average tumor volume. Both LLC and B16F10 tumor models displayed the consistent results, IL-10 or Ad-hTERT treatment reduced tumor bulks mildly, compared to the negative control (Figure 1A). The IL10+Ad-hTERT group, however, leaded to tumor stabilization or regression statistically. Meanwhile, the survival was also monitored to evaluate the effects of these materials on tumor-bearing mice. We found that IL-10 or Ad-hTERT treatment presented a slightly improvement in overall survival compared to the negative control (Figure 1B). However, the IL10+Ad-hTERT showed the most efficacious in the treatment regimens, resulting in significantly prolonged overall survival. Taken together, the results indicate that IL-10 and Ad-hTERT possessed antitumor function and the combination therapy had more promising efficacy.




Figure 1 | Interleukin 10 (IL-10) enhanced oncolytic Ad-hTERT viroimmunotherapy in Lewis lung carcinoma (LLC) and B16F10 tumor-bearing C57BL/6 mice. (A) Average tumor volumes were monitored every other day until the first mouse reached endpoint criteria. Statistical significance was determined with two-way ANOVA tests. (B) Kaplan-Meier survival curves demonstrated effects of different treatments. A log rank test was used to determine statistical significance. The figure shows the statistical analysis results of each group compared with the PBS group. N = 12 mice for every group. *p < 0.05. **p < 0.01. Error bar represents SD.





IL-10 Has No Impact on Ad-hTERT Mediated Oncolysis

Next, efforts were made to unravel the mechanisms underlying the enhanced efficacy resulting from IL-10. To determine whether IL-10 has direct effect on the Ad-hTERT mediated cytotoxicity of tumor cells, we conducted an in vitro Cell Counting Kit-8 (CCK-8) cell viability assay and confirmed the role for IL-10 in the presence or absence of Ad-hTERT infection. After 96 h of treatment, we found that IL-10 treatment alone had mild influence on LLC and B16F10 cell viability. Additionally, the presence of IL-10 did not significantly improve or decrease the effectiveness of Ad-hTERT treatment (Figure 2A). We then performed the crystal violet staining 7 days post infection to further detect whether treatment with IL-10 could influence the cell viability and in vitro oncolytic capacity by the Ad-hTERT. Results from the two cell lines showed that the addition of IL-10 did not significantly influence the oncolytic of tumor cells by Ad-hTERT (Figure 2B, Supplementary Figure 2). These results were consistent with the results of the CCK-8 assay.




Figure 2 | Interleukin 10 (IL-10) showed no cytotoxic effects or enhanced Ad-hTERT mediated oncolysis. (A) Cell Counting Kit-8 (CCK-8) viability assay and (B) Crystal violet staining assay for Lewis lung carcinoma (LLC) or or B16F10 cells treated with IL-10, Ad-hTERT, or IL-10+Ad-hTERT. CCK-8 viability assay was performed per 24 h and crystal violet staining assay was conducted 120 h post-treatment. Two-tailed t tests were utilized to access statistical significance between different treatment groups. **p < 0.01. Error bar represents SD.





The Enhanced Efficacy of IL-10 and Ad-hTERT Combination Therapy Depends on CD8+T Cells

Next, we explored the role of immune system, especially the lymphocytes CD8+ T, CD4+ T and natural killer (NK) cells, in the antitumor effect elicited by the combination therapy. The C57BL/6 mice bearing subcutaneous LLC or B16F10 tumor bulks were intraperitoneally injected with anti-CD8 (TIB210), anti-CD4 (GK1.5) or anti-NK1.1 (PK136) deletion mAbs respectively every 5 days from the day before the viral therapy. Then these C57BL/6 mice were treated with intratumoral injections of PBS, IL-10, Ad-hTERT, or IL10+Ad-hTERT every other day until day 20.

Flow cytometric analysis of peripheral blood from the mice confirmed specific deletion of CD8+ T, CD4+ T and NK cells (Supplementary Figures 3A–C). As shown in Figures 3A, B and Supplementary Figures 3D, E, in the CD8+ T cells-deleting LLC or B16F10 tumor-bearing mice, all the different treatments resulted in comparable tumor volume and prolong overall survival, indicating that IL-10, Ad-hTERT or IL-10+Ad-hTERT therapies did not affect the tumor development. However, in the context of CD4+T (Figures 3C, D, Supplementary Figures 3F, G) or NK cells (Figures 3E, F, Supplementary Figures 3H, I) deletion, the LLC or B16F10 tumor-bearing mice processed by IL-10 or Ad-hTERT presented shrinking tumor and improved survival compared with PBS control group. Furthermore, the IL-10+Ad-hTERT remedy showed significantly superior effects in reducing tumor volume and extending overall survival in these mice tumor models. Therefore, these results indicated that CD8+T cells play a vital role in the inhibition of tumor development mediated by the IL-10+Ad-hTERT combination treatment.




Figure 3 | The effects of combination therapy depends on CD8+ T Cells. Tumor volumes for the lymphocyte-depleted C57BL/6 mice accepting treatments. (A, B) CD8+ T, (C, D) CD4+ T, or (E, F) natural killer (NK) cells were depleted from the Lewis lung carcinoma (LLC) or B16F10 tumor-bearing mice. Statistical significance was determined with two-way ANOVA tests. (G, H) The CD8+T cells density in per milligram (mg) of tumor tissues after IL-10, Ad-hTERT, and IL-10+Ad-hTERT treatments. Statistical significance was determined with one-way ANOVA. N = 12 mice for every group. The figure shows the statistical analysis results of each group compared with the PBS group. *p ≤ 0.05. **p ≤ 0.01. ***p ≤ 0.01. Error bars represent SD.



After determining the critical role CD8+T cells in the antitumor effect, we further examined whether IL-10, hTERT or the combination treatment could modulate their density in the tumor microenvironment. For these studies, we established LLC or B16F10 tumor-bearing C57BL/6 mice and treated them as described previously in Figure 1. 72 h after the final treatment, these mice were sacrificed and the tumors were collected and subjected to single-cell suspensions for flow cytometric analysis. As shown in Figures 3G, H, we observed that IL-10, Ad-hTERT, and IL-10+Ad-hTERT treatments increased the density of CD8+T cells in tumor microenvironment, compared to other treatments. It could be concluded that both IL-10 and Ad-hTERT could increase the density of CD8+T cells in tumors, and the combination therapy showed better effect on increasing the number of CD8+T cells in tumors than single IL-10 or Ad-hTERT treatment.



Combination Treatment Induced Tumor-Specific Memory CD8+ T Cell Responses

To evaluate whether the intratumoral combination treatment induced specific antitumor CD8+ T cells responses, we purified CD8+ T cells in tumor draining lymph node (DLN), spleen and tumor tissue in different time points after treatments, and then re-stimulated the CD8+ T cells with LLC or B16F10 tumor cells. Considering the key role of IFN-γ in CD8+ T cell-mediated immune response, we determined the concentration of IFN-γ secreted by these CD8+ T cells 7 days after treatment. We found that the LLC or B16F10 tumor-bearing mice presented the same trend, DLN derived CD8+ T cells from Ad-hTERT or IL10+Ad-hTERT-treated mice secreted significantly higher levels of IFN-γ than other groups, and these two groups showed the comparable effect. The IL10+Ad-hTERT induced almost sevenfold or fivefold increase in IFN-γ level compared with the PBS control group in LLC or B16F10 tumor-bearing mice respectively (Figures 4A, B). For the IFN-γ produced from spleen derived CD8+ T cells, Ad-hTERT or IL10+Ad-hTERT group displayed comparable IFN-γ production, significantly higher levels of IFN-γ than other groups. The IL10+Ad-hTERT dramatically increased to seven or six times higher level of IFN-γ level compared with the PBS control group in LLC or B16F10 tumor-bearing mice respectively (Figures 4C, D). In both DLN and spleen derived CD8+ T cells, there was no higher level of IFN-γ secreted by CD8+ T cell after IL-10 treatment. Meanwhile, we also analyzed the IFN-γ secreted by tumor-resident CD8+ T cells after the above mentioned treatments. CD8+ T cells from both IL-10 and Ad-hTERT treatment produced more sufficient IFN-γ compared with PBS, and the combination therapy showed the most efficient role through presenting twenty or thirty times higher level of IFN-γ level compared with the PBS control group in LLC or B16F10 tumor-bearing mice respectively (Figures 4E, F). Considering the complexity of IL-10-based therapy, we incubated various concentrations of IL-10 with mouse peripheral CD8+ T cells for 72 h, and then evaluated the viability of CD8+ T cells. We found that intermediate level of IL-10 could improve the viability of CD8+ T cells, while high level of IL-10 resulted in reduced viability of CD8+ T cells (Supplementary Figure 4). In addition, the Ad-hTERT had no influence on IL-10R expression on CD8+T cells (Supplementary Figure 5). Taken together, both IL-10 and Ad-hTERT could induce specific tumor-resident CD8+ T cells responses, and the combination therapy showed stronger effects.




Figure 4 | Tumor specific memory immune responses rejected rechallenge. IFN-γ secreted by the CD8+ T cells from (A, B) lymph node, (C, D) spleen, and (E, F) tumor tissues was measured 7 days post treatment. Statistical significance was determined with one-way ANOVA. N = 12 mice for every group. The figure shows the statistical analysis results of each group compared with the PBS group. (G, H) Average tumor volumes in cured C57BL/6 mice rechallenged by respective LLC (N = 6 mice) or B16F10 (N = 8 mice) cells. Statistical significance was determined with Two-tailed t tests. *p ≤ 0.05. **p ≤ 0.01. ***p ≤ 0.001. Error bars represent SD.



To determine whether the IL-10+Ad-hTERT combination therapy induced memory antitumor CD8+ T cell responses, we selected the combination therapy-cured mice, and rechallenged them through injection of respective tumor cell lines in contrary side to the first inoculation. We found that the rechallenged tumors couldn´t grow in all the mice, but both LLC and B16F10 tumors grew progressively in naive mice (Figures 4G, H). These results indicate that the IL-10+Ad-hTERT combination therapy-induced tumor regression produced memory tumor-specific immunity capable of protecting the cured mice from rechallenge.




Discussion

Oncolytic viruses represent a potential alternative for tumor treatment and the efficacy of oncolytic viroimmunotherapy benefits from both the direct oncolysis and the effective activation of antitumor immunity in tumor microenvironment (27). The ability of enabling the T cell-mediated immune responses to clear residual tumor bulks even outweighs the oncolysis in oncolytic adenovirus mediated antitumor efficacy (6). However, monotherapy with oncolytic adenoviruses showed disappointing outcome in clinical trials and the possible reasons might be their failure to activate antitumor immune response.

In this work, we demonstrated that localized IL-10 could enhance oncolytic adenovirus viroimmunotherapy in immunocompetent murine tumor models. Our results support the speculation that the immunity in tumor microenvironment could be activated to strengthen virus-mediated immunological efficacy. Both oncolytic adenovirus and IL-10 were required for efficient therapeutic activity, because single Ad-hTERT or IL-10 treatment showed only mild efficacy while the additive exhibited significantly improved prognosis. The role of IL-10 in combination therapy in our study is consistent with the study in which IL-10 is armed in an oncolytic vaccinia virus for treating pancreatic cancer (28). The oncolytic vaccinia virus armed with IL-10 treatment contributed to significantly reduced frequencies of antiviral T cells, whereas the frequency of tumor-specific CD8+ T cells was comparable to oncolytic vaccinia virus monotherapy at days 8 and 24 post-infusion. At day 16 post-infusion, the increased frequency of tumor-specific CD8+ T cells was detected. In our study we found that both IL-10 and Ad-hTERT showed potential in increasing the amounts of CD8+ T cells in tumors and improving specific anti-tumor CD8+ T cells responses. Therefore, their combination further enhanced the effect of CD8+ T cell on repressing tumors. It is likely that IL-10 is a chemoattractant for CD8+ T cells (29) and the oncolytic Ad5-hTERT could improve the production of CD8+ T cells in the tumor microenvironment (30). These findings support that combining IL-10 and Ad-hTERT has an effect on increasing the number of tumor residual CD8+ T cells.

Monocytes and lymphocytes are the primary source of IL-10, and reports on the role of IL-10 in tumor progression are controversial. It was found that large amount of IL-10 secreted by tumor-associated macrophages (TAMs) contributed to breast cancer drug resistance (31). Among other effects, the adoptive transfer of IL-10-expressing Treg cells into Rag2−/− mice inhibits colorectal carcinomas, this model reflected the suppression of host innate inflammatory response by IL-10 was pivotal in interrupting carcinogenesis (26, 32). It is also reported that IL-10-deficient murine models developed to bacteria-induced carcinogenesis at high rates (33). And IL-10 could also enhance NK lysis of tumor cells through downregulating the expression of inhibitory ligand, major histocompatibility complex class I molecule (MHCI), on tumor cells (34). Although the combination therapy in our study ultimately resulted in prolonged survival in the murine tumor models, we shouldn’t neglect the contradictory role of IL-10 in CD8+T cells. The different direct roles of IL-10 on CD8+T cells are associated with resident physiopathological states. Although the lack of IL-10 signaling has no impact on memory CD8+T cell development following vaccination (35), IL-10 reduces CD8+ T cell antigen sensitivity and capacity to control pathogen burden in chronic viral infection (36). Meanwhile, IL-10 shows stimulating roles in tumor-resident CD8+ T cell through expanding cytotoxicity of CD8+ T cells and leading to an increase in the expression of IFN-γ in CD8+ T cells, and the inhibition of T-cell trafficking from lymphoid organs does not impair IL-10-induced activation of tumor-resident CD8+ T cells (24).

We could detect IFN-γ production of CD8+ T cells in tumors after IL-10 or hTERT treatment by re-stimulated CD8+ T cells with LLC or B16F10 cells, and CD8+ T cells from draining lymph node (DLN) and spleen post hTERT treatment could also secrete IFN-γ after re-stimulation. Therefore, combining IL-10 and hTERT could generate more tumor specific CD8+ T cells in more organs than single treatment.

The analysis of results from lymphocytes-depleted C57BL/6 mice indicates that CD8+ T cells-mediated immune response plays a key role in antitumor efficacy in immunocompetent hosts. Although NK cells also play important roles in inhibiting tumors (37–39), it is widely accepted that adaptive immunity are more important antitumor tools. T cells play a pivotal role in oncolytic virus-mediated tumor regression in immunocompetent hosts. Li et al. explored the effects of T cells in oncolytic adenovirus therapy by depleting T cells in hamsters using an anti-Syrian hamster CD3 mAb (6). They found that oncolytic adenovirus induced strong virus-specific and tumor-specific T-cell responses and the depletion of T cells prolonged the persistence of adenovirus, but also eliminated the antitumor efficacy. Therefore, to further improve the combination therapy through decreasing the virus-specific T-cell response and increasing tumor-specific T-cell response, we should next evaluate the effect of the sequential therapy and show the most promising antitumor efficiency.

Taken together, our study proves the antitumor role of IL-10 in our mouse models and indicates that combining IL-10 with Ad-hTERT provides a potential antitumor candidate, CD8+ T cells are critical for the combination therapy efficacy.
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Immune checkpoint blockade (ICB) therapy has significantly progressed the treatment of bladder cancer (BLCA). Multiple studies have suggested that specific genetic mutations may serve as immune biomarkers for ICB therapy. Additionally, the nuclear receptor corepressor 1 (NCOR1) gene is a new player in the field of immune tolerance and the development of immune cells. In the ICI-treated-cohort, NCOR1 mutations may be used as a biomarker to predict the prognosis of BLCA patients receiving ICIs. The overall survival (OS) of the NCOR1-mutant (NCOR1-MT) group was significantly longer than that of NCOR1-wild-type (NCOR1-WT) group (P = 0·031; HR [95%CI]: 0·25 [0·12–0·52]). In the TCGA-BLCA-cohort, compared with NCOR1-WT, NCOR1-MT was associated with known predictors of ICB therapy efficacy, such as higher tumor mutational burden (TMB), neoantigen load and the number of mutations in the DNA damage-repair pathway. In addition, NCOR1-MT tumors had highly infiltrating TILs, activated antitumor immunity, and a high expression of immune-related genes, suggesting that NCOR1 mutations may serve as a potential biomarker to guide ICB therapy in BLCA.
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Introduction

Bladder cancer is the ninth most common malignant tumor worldwide, with approximately 540,000 new cases and 180,000 deaths each year (1). Due to its high recurrence rate after treatment and its biological behavior of malignant progression, routine treatment (such as intravesical bacillus Calmette-Guerin or platinum-based chemotherapy) frequently fails (2). For example, the median overall survival (OS) in relapsed or refractory bladder cancer patients with cisplatin is only 14–15 months; thus, alternate treatment strategies are needed (3). In recent years, immune checkpoint blockade (ICB) therapies, especially anti-programmed cell death (ligand) 1 (anti-PD-(L)1) and anti-cytotoxic T lymphocyte-associated antigen 4 (anti-CTLA-4), have provided new hope for bladder cancer patients. The United States Food and Drug Administration has approved five PD-(L)1 inhibitors for use as second-line or first-line treatment for advanced bladder cancer (3). In advanced bladder cancer, the overall response rates for immune checkpoint inhibitors (ICIs) are 13–24% (4–6), but most patients do not benefit from ICIs. Therefore, screening biomarkers for immunotherapy is particularly important to predict treatment response.

In addition to tumor mutational burden (TMB), microsatellite instability, mismatch repair gene deficiency, T-cell inflamed and IFN-γ gene expression profiles (GEPs), and DNA damage response (DDR) and antigen presentation defects may serve as potential biomarkers for ICB therapy (7). Studies have shown a correlation between specific genetic mutations and the efficacy of immunotherapy (8–10). POLE mutations are not only associated with high TMB and highly expressed immune checkpoint genes but are also linked to more durable clinical benefit from ICIs (11). Truncated mutations in PBRM1 are associated with improved clinical outcomes in patients with metastatic renal clear cell carcinoma receiving ICIs (12). TET1, SERPINB3 or SERPINB4 mutations are associated with improved antitumor immune responses in different tumors (e.g., pan-cancer and melanoma) (10). In addition, changes in the genome and epigenome are the main driving forces for the pathogenesis of bladder cancer, which suggests that specific genetic mutations may have potential value as biomarkers predicting treatment response in bladder cancer (3, 13).

Recently, research has suggested that nuclear receptor corepressor 1 (NCOR1) plays an essential role in immune tolerance and T cell development (14, 15). The deletion of NCOR1 leads to immune tolerance in dendritic cells (DCs), the differentiation trend of regulatory T cells (Tregs) and the upregulated expression of genes related to immune depletion (15). In addition, NCOR1-histone deacetylase (NCOR1-HDAC) complexes can inhibit Treg activity (14).

In this study, based on the ICI-treated bladder cancer cohort with mutation and immunotherapy prognosis data (reporter by Samstein et al.), we analyzed the efficacy of ICIs based on NCOR1 alteration status. The results indicated that NCOR1 mutations may be a potential biomarker for bladder cancer patients receiving ICIs. In addition to prolonged OS after treatment with ICIs, NCOR1 mutations were associated with higher tumor immunogenicity, activated antitumor immunity, a number of mutations in the DDR pathway, immune cells and upregulated expression of immune-related genes.



Materials and Methods


Identification of the Association Between NCOR1 Mutations and Prognosis of Immunotherapy

To assess the association between NCOR1 mutations and the prognosis of bladder cancer patients receiving ICIs, we collected an ICI-treated cohort [Samstein et al. (16)] with clinical and mutation data. With the clinical data after ICI therapies (targeting PD-1/PD-L1 and CTLA-4) and mutation data for cancer (n = 210), Kaplan–Meier (KM) analysis was performed for the ICI-treated cohort based on NCOR1 alteration status. The exclusion criteria for further analysis were samples with missing follow-up time or missing mutation data (n = 5). Data licensed under Creative Commons 3.0 from http://research-pub.gene.com/IMvigor210CoreBiologies/ were downloaded via the IMvigor210CoreBiologies package (17); the data included the genome, transcriptome, and corresponding clinical characteristics of patients with metastatic urothelial cancer (mUC) who received atezolizumab (an anti-PD-L1 agent).



The Genomic Characteristics of NCOR1 and Tumor Immunogenicity Analysis

The mutation data of the bladder cancer samples reported by Samstein et al. were sequenced by targeted next-generation sequencing (NGS; MSK-IMPACT). The neoantigen load (NAL) data in The Cancer Genome Atlas Urothelial Bladder Carcinoma (TCGA-BLCA) cohort were obtained from a literature review (18). The mutation data of the TCGA-BLCA cohort were downloaded using the “TCGAbiolinks” package in R software (19). Consistent with other literature (20), non-synonymous mutations in TCGA-BLCA were used as raw mutation counts and divided by 38 Mb to quantify TMB. The “ComplexHeatmap (21)” R package was used to visualize the mutational (top 20 mutational rate genes) and clinical profiles of the ICI-treated and TCGA-BLCA cohorts. The R package “Maftools (22)” was used to visualize NCOR1 mutation sites.



Tumor Microenvironment Analysis

The “TCGAbiolinks” R package was used to download the gene expression data (Illumina HiSeq, RNA-Seq) of the TCGA-BLCA cohort (19). In this study, the GEPs of the TCGA-BLCA cohort were analyzed using the CIBERSORT (23) algorithm and the LM22 gene set to infer 22 human immune cell type proportions. In addition, we compared the expression of immune-related genes between the NCOR1-wild-type (NCOR1-WT) and NCOR1-mutant (NCOR1-MT) patients in the TCGA-BLCA cohort. The immune-related gene sets, functional classification and immune-related scores are available in the literature (18). The expression levels of these immune genes were quantified as log2 (FPKM + 1). Additionally, we used the ESTIMATE algorithm to calculate the stromal and immune scores and tumor purity of the TCGA-BLCA cohort (24).



Copy Number Variation Analysis

The Broad GDAC Firehose website (http://gdac.broadinstitute.org/) was used to download the Affymetrix SNP 6.0 microarray data (hg19; germline/potential false-positive calls were removed) from TCGA-BLCA, and the data (CNV segments) were uploaded to the GenePattern (25) web portal (https://cloud.genepattern.org/gp/pages/index.jsf) with Genomic Identification of Significant Targets In Cancer 2.0 (GISTIC 2.0) analysis. GISTIC 2.0 analysis was estimated by default settings, with a confidence level of 0.99 and the removal of data from the X-chromosome before analysis. The R package “Maftools (22)” was used to visualize the CNV analysis results of GISTIC 2.0.



Gene Set Enrichment Analysis and Analysis of Gene Sets Related to the DDR Pathway

The R package “edgeR” was used to estimate gene expression changes (Raw Count) in the TCGA-BLCA cohort (26). Functional pathway analysis and GSEA were performed with the “clusterProfiler” R package (27) and MSigDB database of the Broad Institute (28). Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) and Reactome terms were identified with a cutoff of P <0.05. Enrichment P values were based on 1,000 permutations. The gene sets related to the DDR pathway were collected from MSigDB (28). Detailed data are described in Additional File: Table S1. This DDR gene set was used to evaluate the number of non-synonymous mutations in the DDR pathway in the TCGA-BLCA cohort based on NCOR1 alteration status.



Statistical Analysis

For comparisons of TMB, NAL, immune cell abundance, immune-related gene expression profile, age, MSI score, and mutation counts of the DDR pathway between the NCOR1-WT and NCOR1-MT patients in TCGA were estimated by the Mann–Whitney U test. Differences in the mutation status, sex, sample type and drug type between the NCOR1-WT and NCOR1-MT patients in the ICI-treated cohort were analyzed by Fisher’s exact test. Fisher’s exact test was also used to compare the mutation status, sex, race, ethnicity and clinical stage between the NCOR1-WT and NCOR1-MT patients in the TCGA-BLCA cohort. The KM method was used to generate survival curves for the subgroups in the ICI-treated cohort, and the log-rank test was used to determine the statistical significance of differences. P <0.05 was considered significant, and all statistical tests were two-sided. All statistical tests and visual analyses were completed in R software (version 3.6.1). In addition, the “ggpubr” R package was used to visualize boxplots (29). The false discovery rate (FDR) of CNV visualization was less than 0.05.




Results


NCOR1 Mutations Were Linked to Improved OS After ICI Treatment

To explore the association between NCOR1 mutations and the efficacy of ICIs in bladder cancer patients, we used cBioportal to download the ICI-treated bladder cancer cohort (Samstein et al.), including 215 patients receiving ICIs (PD-(L)1 and/or CTLA-4 inhibitors. The exclusion criteria for the ICI-treated cohort before further survival analysis were bladder cancer samples with missing follow-up time or missing mutation data (n = 5). Survival analysis showed that the OS of NCOR1-MT patients after ICI treatment was significantly longer than that of NCOR1-WT patients (log-rank test P = 0.031; hazard ratio (HR) = 0.25, 95% CI: 0.12−0.52); median OS (15 months versus not reached; Figure 1A). Moreover, we found that the TCGA-BLCA patients had prolonged OS times compared with the NCOR1-WT patients in the ICI-treated BLCA cohort (P < 0.001, HR = 0.52, 95% Cl: 0.39–0.7; Figure S1). Although there was a significant difference between the two groups, the proportion of stage IV patients of the TCGA-BLCA cohort (33.09%) was also significantly lower than that of the ICI-treated cohort (94%). Thus, the difference between the proportion of stage IV patients may contribute to the difference in the KM analysis. Mutations or deletions of NCOR1 have been described in bladder cancer (30). Thus, deep deletions of NCOR1 have been taken into account. In another ICI-treated cohort (Mariathasan et al.), there were no significant differences in OS between patients with and without whole genomic alteration of NCOR1 (Figure S2A). In the TCGA-BLCA cohort, patients with NCOR1-WT had a worse OS compared with NCOR1-DEL patients (P = 0.032, HR = 4.08; 95CI: 2–8.35; Figure S2B).




Figure 1 | Survival curves and genetic characteristics of patients with BLCA stratified by NCOR1 status. (A) Kaplan–Meier estimates of OS in the ICI-treated BLCA cohort comparing patients with NCOR1-MT with their respective counterparts without NCOR1-MT. Patients (BLCA) who harbored NCOR1 mutations showed a better prognosis for ICI-based immunotherapy (P < 0.031, log-rank test). (B) Lollipop plot shows the distribution of NCOR1 mutations in the ICI-treated cohort (top panel) and TCGA-BLCA cohort (bottom panel). GISTIC 2.0 analysis showing the most consistent and relevant cytoband alterations in TCGA-BLCA (C), NCOR1-MT (D) and NCOR1-WT (E). The annotated cytobands met the criterion of false discovery rate (FDR) ≤0.05. ICIs, Immune checkpoint inhibitors; OS, overall survival; BLCA, bladder urothelial carcinoma; NCOR1, nuclear receptor corepressor 1; TCGA, The Cancer Genome Atlas; MT, mutant; WT, wild-type.





Mutation and Clinical Characteristics and Chromosomal Analysis Based on NCOR1 Status

NCOR1 is a transcriptional coregulatory protein that includes conserved sequences, such as the DAD, SW13, ADA2, NCOR1, and SANT domains. The interaction between the DAD domain and histone deacetylase 3 (HDAC3) is a necessary condition for the activity of HDAC3. The changed amino acid coordinates of NCOR1 mutations in the ICI-treated and TCGA-BLCA cohorts are shown in Figure 1B. We found that NCOR1 somatic mutations (p. R627 * and p. A648Qfs * 120) occurred in the DAD domain. However, NCOR1 mutations did not include any functional hotspot mutations from 3D Hotspots (https://www.3dhotspots.org). Common and significant CNVs in NCOR1-MT and NCOR1-WT patients were identified using GISTIC 2.0. CNV analysis showed that the NCOR1-MT group had significant amplifications at 3p25, and 1q23.3 was identified in only the NCOR1-WT group. The annotated cytobands met the criterion of FDR ≤0.05.

Based on the NCOR1 mutation status, the association between the clinical characteristics of patients and the top 20 mutations was analyzed. In the ICI-treated cohort, sex, sample type, drug type, and MSI score were not significantly different between the NCOR1-MT and NCOR1-WT patients. The detailed baseline characteristics of patients with or without an NCOR1 mutation are summarized in Supplemental Table S2. In the TCGA-BLCA cohort, compared with the NCOR1-WT group, the proportion of males in the NCOR1-MT group was larger (80.0 versus 76.0%, P <0.05). Most of the NCOR1 mutations in the ICI-treated and TCGA-BLCA cohorts were missense mutations (50.0 and 61.0%), nonsense mutations (27.8 and 22.0%) and frameshift mutations (22.2 and 12.2%). The gene mutation profiles of the ICI-treated cohort are summarized in Figure 2A, and the results show that FAT1 (27.0 versus 9.0%, P <0.05) and CDKN2A (27.0 versus 8%, P <0.05) have higher mutation frequencies in NCOR1-MT patients. In the TCGA-BLCA cohort, TTN, KMT2D, MUC16, PIK3CA, SYNE1, HMCN1, EP300, MACF1, FLG and ELF3 had higher mutation frequencies in NCOR1-MT patients.




Figure 2 | Mutational landscape, clinical information of BLCA patients and the characteristics of the NCOR1 mutations in patients. (A) The top 20 frequently mutated genes in BLCA in the Samstein cohort (ICI-treated). The genes were ranked by the mutation frequency in BLCA patients. The asterisks indicate a significant difference between NCOR1-MT and NCOR1-WT. The mutation rates, sex, drug type, and sample type were evaluated using Fisher’s exact test. The TMB and MSI scores were evaluated using the Mann–Whitney U test. (B) The top 20 frequently mutated genes in BLCA in the TCGA-BLCA cohort. The genes were ranked by the mutation frequency in BLCA patients. The mutation rates, clinical stage, race, sex and ethnicity were evaluated using Fisher’s exact test. TMB, NAL and age were evaluated using the Mann–Whitney U test. (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001). BLCA, Bladder urothelial carcinoma; NCOR1, nuclear receptor corepressor 1; TMB, tumor mutation burden; NAL, neoantigen load; MT, mutant; WT, wild-type; MSI, microsatellite instability.





Association of NCOR1 Mutations With Enhanced Tumor Immunogenicity, Higher Immune Score and Infiltrated Immune Cells

Based on the results of the current study, enhanced tumor immunogenicity predicts improved clinical response to ICIs. We compared the TMB and NAL between NCOR1-MT and NCOR1-WT tumors (Figures 3A–C), and the results showed that TMB [8.0 (4.8–16) Mb/Mut versus 3.7 (2.1–6.2) Mb/Mut] and NAL [170.0 (95.0–310.0) Mb versus 71.0 (40.0–130.0) Mb] were significantly increased in NCOR1-MT tumors. Based on the number of non-synonymous mutations in the DDR pathway related to the efficacy of ICIs (31–33), we used a DDR gene set (Supplementary Table) to compare the difference in the number of mutations in the DDR pathway between NCOR1-MT and NCOR1-WT tumors. Figure 3C shows that NCOR1-MT tumors had a significantly increased number of DDR pathway mutations (such as BER, HR, MMR, SSB, DSB, NER, and NHEJ, all P < 0.05). Additionally, the NCOR1-MT group had significantly higher TMB, NAL and DDR mutations compared with NCOR1-depletion (NCOR1-DEL) or no-alteration group (Figure S3).




Figure 3 | NCOR1 mutations were associated with enhanced tumor immunogenicity, higher immune scores and activated immune cells. (A, B) Comparison of TMB (A) and NAL (B) between NCOR1-MT and NCOR1-WT tumors in the TCGA-BLCA cohort. (C) Comparison of DNA damage-related gene set alterations between NCOR1-MT and NCOR1-WT tumors in the TCGA-BLCA cohort. (D–G), Comparison of leukocyte fraction (D), TIL regional fraction (E), lymphocyte infiltration signature score (F) and ESTIMATE-derived scores (G) between NCOR1-MT and NCOR1-WT tumors in the TCGA-BLCA cohort. (H) Comparison of immune cells between NCOR1-MT and NCOR1-WT tumors in the TCGA-BLCA cohort. Gene expression profiles were prepared using standard annotation files, and data were uploaded to the CIBERSORT web portal (http://cibersort.stanford.edu/), with the algorithm run using the LM22 signature and 1,000 permutations. (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, ns, not significant. (A–H) Mann–Whitney U test). TMB, tumor mutation burden; TCGA, The Cancer Genome Atlas; LUAD, lung adenocarcinoma; BLCA, bladder urothelial carcinoma; NCOR1, nuclear receptor corepressor 1; MT, mutant; WT: wild-type.



The above results suggest that the genome in NCOR1-MT tumors may be more unstable and may more easily accumulate mutations.

The TME is one of the important factors affecting the efficacy of ICIs and includes indicators such as tumor-infiltrating lymphocytes (TILs), the immune score, the stromal score and the cytolytic (CYT) score. Based on the NCOR1 mutation status, we compared the immune-related score (Figures 3D–F) calculated by Thorsson et al. The results showed that NCOR1-MT tumors had a higher leukocyte fraction score [0.28 (0.16–0.46) versus 0.19 (0.1–0.33); P <0.05], TIL regional fraction score [8.7 (4.3–14) versus 4.9 (2.3–9.1); P <0.05] and leukocyte infiltration signature score [0.2 (−0.47–0.98) versus −0.41 (−1.2–0.56); P < 0.01]. Similarly, the results of the ESTIMATE algorithm suggested that NCOR1-MT tumors have a higher immune score [370 (−290–1,200) versus −120 (−650–580); P < 0.01) and tumor purity [460 (−1400–1600) versus −810 (−2,100–620); P < 0.05]. The analysis results based on the CIBERSORT algorithm showed that activated CD4+ memory T cells and gamma delta T cells were highly infiltrated in NCOR1-MT tumors (all P < 0.05).



NCOR1 Mutations and Immune GEPs

Studies suggest that specific GEPs are related to the clinical response to ICIs. According to the classification of immune gene function by Rooney et al. (34) and Thorsson et al., we compared the differences between immune-related GEPs in NCOR1-MT and NCOR1-WT tumors. NCOR1-MT tumors were associated with significantly upregulated expression of genes related to activated immune cells (such as B cells, CD4+ regulatory T cells, CD8+ T cells, macrophages, neutrophils and NK cells; Figures 4A, B). NCOR1-MT tumors had higher expression of antigen presentation-, cytolytic activity- and IFN response-related genes (Figure 4C). The results of the analysis of stimulating immune-related genes (Figures 4D, E) showed that chemokines, cytokines, and tumor necrosis factor receptor superfamily (TNFRSF)-related genes, including the well-known CXCL9, CXCL10, and IFNG genes (all P < 0.05), were significantly upregulated in NCOR1-MT tumors. NCOR1-MT tumors had significantly increased expression levels of immune checkpoint-related genes, such as CD274, CTLA4, LAG3, PDCD1, PDCD1LG2, and TIGIT (Figure 4F; P < 0.05). In addition, NCOR1-MT tumors had significantly increased expression levels of immune-depletion-related genes, such as HAVCR2 and IDO1 (Figure 4F; all P < 0.05).




Figure 4 | NCOR1 mutations were associated with activated antitumor immunity. The expression levels of immune-related genes, such as immune cells (A, B), antigen presentation-related genes, cytolytic activity-associated genes, IFN-response genes (C), stimulation-related genes (D, E) and inhibition-related genes (F) in NCOR1-MT tumors versus NCOR1-WT tumors in TCGA-BLCA. (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, (A–F: Mann–Whitney U test). TCGA, The Cancer Genome Atlas; LUAD, lung adenocarcinoma; BLCA, bladder urothelial carcinoma; NCOR1, nuclear receptor corepressor 1; MT, mutant; WT, wild-type.





Transcriptome Traits Based on NCOR1 Status

Further analysis of the differences in the potential biological mechanisms between NCOR1-MT and NCOR1-WT tumors and the results of GSEA (Figures 5A–D) showed that oncogenic signaling pathways, such as the MAPK1/MAPK3, PI3K/AKT, and FGFR4 pathways, were significantly downregulated in the NCOR1-MT group. Similarly, metabolic-related pathways, such as cholesterol ester transport, intestinal cholesterol absorption, and medium-chain fatty acid metabolic process, were significantly downregulated in the NCOR1-MT group (Figures 5A, C). In contrast, immune response-related pathways, such as antigen processing and presentation via MHC class Ib, positive regulation of MHC class II biosynthetic process, dendritic cell chemotaxis, immune response to tumor cells, natural killer cell-mediated cytotoxicity, interferon-gamma production, response to interferon-gamma, and B cell-mediated immunity, were significantly upregulated in the NCOR1-MT group (Figures 5A, D).




Figure 5 | Transcriptome biological function traits of NCOR1-MT and NCOR1-WT tumors in the TCGA-BLCA cohort. (A) Differences in pathway activities scored by GSEA between NCOR1-MT and NCOR1-WT tumors in the TCGA-BLCA cohort. The enrichment results with significant associations between NCOR1-MT and NCOR1-WT tumors are shown. The blue bar indicates that the ES of the pathway is more than 0, while the green bar indicates that the ES of the pathway is less than 0. (B–D) GSEA of the hallmark gene sets downloaded from MSigDB. All transcripts were ranked by the log2 (fold change) between NCOR1-MT and NCOR1-WT tumors in the TCGA-BLCA cohort. Each run was performed with 1,000 permutations. The enrichment results with significant associations between NCOR1-MT and NCOR1-WT tumors are shown. NCOR1, nuclear receptor corepressor 1; MT, mutant; WT, wild-type; ES, enrichment score; GSEA, gene-set enrichment analysis.






Discussion

Bladder cancer is one of the most common urinary system cancers worldwide, but traditional treatments have not significantly improved the 5-year survival rate (3). In recent years, immunotherapy (especially targeted PD-(L)1 and/or CTLA-4) has shown excellent prospects in bladder cancer. However, most patients with bladder cancer do not have an effective antitumor immune response, and guidance for immunotherapy lacks precise biomarkers. In this study, we found that compared with NCOR1-WT patients, NCOR1-MT patients have a significantly better OS. Based on the NCOR1 mutation status, we explored possible factors that may affect the difference in immunotherapy efficacy in tumor patients. We aimed to illustrate the interactions between NCOR1 mutations and the mechanisms of improved response to ICIs. We found some possible mechanisms that may help to improve clinical outcomes in NCOR1-MT bladder cancer (Figure 6): higher tumor immunogenicity (such as TMB, NAL, the number of DDR pathway mutations and the upregulated expression of antigen presentation-related genes); highly infiltrating TILs in the TME (such as CD4 + T cells and delta gamma T cells); upregulated expression of immune-related genes (such as immune-cell inflamed-related genes, IFN-γ, CYT, immune checkpoints and chemokines); and higher immune scores (such as TIL regional fraction score, leukocyte fraction score and leukocyte infiltration signature score). In addition, the GSEA results suggested that immune response-related pathways were significantly enriched in NCOR1-MT tumors. In contrast, oncogenic signaling pathways and metabolic-related pathways were significantly downregulated in NCOR1-MT tumors. Overall, these data indicate an association between NCOR1 mutations and improved survival after ICIs.




Figure 6 | The possible mechanism underlying the improved efficacy and prognosis in NCOR1-MT BLCA receiving ICIs. NCOR1, nuclear receptor corepressor 1; MT, mutant; BLCA, bladder urothelial carcinoma; ICIs, immune checkpoint inhibitors.



Specific genetic mutations have been determined to predict the response to ICB therapy. For instance, mutations in the interferon signaling pathway genes JAK1/2, B 2M, IFNGR1, IFNGR2, and APLNR indicate that patients with melanoma are resistant to immunotherapy (35, 36); mutations in genes related to the DDR pathway, such as POLE, POLD1, MLH1, MSH2, PMS2, MSH6, BRCA1, BRCA2, TP53, PRKDC, LIG3, RAD17, RAD51C, FANCF, and ERCC1, are associated with higher TMB and improved response to ICIs (37, 38).

Regarding the regulation of the immune response, it has been reported that NCOR1 plays an important role in immune tolerance and the development of T cells. In previous studies, NCOR1 depletion upregulated a wide variety of tolerogenic genes in activated DCs ex vivo and in vivo, which consequently resulted in an increased frequency of FoxP3+ Tregs (15). Furthermore, a previous study suggested that NCOR1-HDAC complexes can inhibit the enhancing activity of Tregs (14). Therefore, we explored various mechanisms of the response to ICIs based on NCOR1 status in bladder cancer, which may serve as a future potential biomarker. NCOR1-MT tumors were related to longer OS in bladder cancer patients after ICI treatment. Then, we investigated certain factors predicting the response to ICIs, such as tumor immunogenicity, immune-related scores, immune cells, immune-related GEPs and the DDR pathway.

Multiple studies have demonstrated that tumor immunogenicity results in a promising response to ICIs (39–41). For example, high TMB has predictive value in a variety of cancers (40, 41). In addition, genome somatic mutations may produce new antigenic peptides. It is generally believed that tumors carrying more mutations may produce more new epitopes that are recognized by TILs. High NAL tumors could be more effective for ICIs, which has been shown in melanoma and non-small cell lung cancer (NSCLC) (39). DDR pathway mutations mediate genomic variation, high heterogeneity, and instability in tumors, which has been emphasized in ICIs. For example, tumors with mutations in the DDR pathway can accumulate a large amount of uncorrected DNA damage, leading to high TMB and independently relating to the efficacy of ICIs (31, 32). Hypothetically, the immunogenicity of tumors will also be affected by components related to the TME, such as the efficiency of antigen processing and presentation of professional antigen-presenting cells (pAPCs) (42). MHC-II molecules are mainly expressed by pAPCs such as DCs, B cells, and macrophages. Raw peptide antigens derived from foreign sources are presented to CD4+ T cells by MHC-II molecules. The expression of tumor-specific MHC-II molecules is associated with enhancing the ICI treatment response (43). Overall, higher immunogenicity (TMB, NAL, DDR pathway mutations and the expression of antigen presentation-related genes) may be an underlying mechanism related to NCOR1-MT tumors and promising responses to ICIs.

In addition to tumor immunogenicity, the TME, including TILs, chemokines, and cytokines, is also one of the most important factors affecting the efficacy of ICIs. TILs are a group of tumor-infiltrating and antigenic cell groups (such as T cells, B cells, NK cells, macrophages and DCs) that can exist in tumor nests and between tumors. Multiple studies have demonstrated that highly infiltrating TILs (such as CD8+ T cells and CD4+ T cells) are associated with improved ICI efficacy in a variety of tumors (3, 4, 6). In addition, specific chemokines play a vital role in recruiting immune cells to enhance antitumor immunogenicity. Notably, the CXCL9/CXCL10/CXCL11/CXCR3 axis recruits cytotoxic lymphocytes, NK cells, NKT cells, and macrophages to infiltrate tumor tissue and increases cytotoxic activity against tumor cells (44, 45). IFN-γ not only recruits immune cells to initiate antitumor proliferation and cause tumor apoptosis (46) but also mediates CD8+ T cells to promote iron death in tumor cells (47). Collectively, these data indicate that highly infiltrated TILs (CD4 + memory T cells) and the upregulated expression of immune cell-related genes (such as B cells, CD4 + regulatory T cells, CD8 + T cells, macrophages, neutrophils and NK cells), chemokines (CXCL9/CXCL10) and cytokines (IFN-γ) may improve the immune response in NCOR1-MT cells.

Recent studies suggest that T-cell inflamed and IFN-γ-related GEPs resulted in efficacy against ICIs (48). For example, the increased expression of CD8A, CD8B, GZMA, GZMB, and PRF1 is a predictor of higher CYT and better immune therapy response (48). Additionally, the upregulated expression of immune checkpoints is positively associated with response to ICIs (49, 50). Ahad et al. found that NCOR1 directly represses the tolerogenic program in conventional dendritic cells (cDCs), inhibiting the transcription of tolerogenic genes (e.g., IL-10, IDO, TGFBR1, IL-27 and PD-L1). In contrast, the depletion of NCoR1 in cDCs can lead to the development of Tregs, and cDCs can eventually become tolerogenic DCs. Consistent with the findings of Ahad et al., we found that patients with NCOR1-MT have a higher expression of immune depletion-related genes (such as CD274, CTLA4, LAG3, PDCD1, PDCD1LG2, TIGIT and IDO1).

The GSEA results also suggested that patients with NCOR1-MT have a better prognosis after ICI treatment. For example, immune-related response pathways, such as antigen presentation, IFN-γ production, and NK-mediated cytotoxic activity against tumors, were significantly upregulated in NCOR1-MT patients. There is a growing body of evidence demonstrating that the transportation and uptake of fatty acids can promote cancer metastasis and progression (51). Notably, the combination of cholesterol with the TCRβ transmembrane region can inhibit the cytotoxic activity of T cells against tumors (52). Our data are also consistent with the hypothesis that NCOR1-MT is associated with the development of an antitumor immune response (51–53).

This study analyzed the prognosis of ICI treatment and NCOR1 mutations in patients with bladder cancer and attempted to elucidate the underlying mechanism of NCOR1-MT as a biomarker for screening the predominant population of bladder cancer preferred for immunotherapy; however, there are still some limitations. First, this study included only one ICI-treated cohort of bladder cancer, which may introduce bias when screening biomarkers for the prognosis of ICIs of bladder cancer. Second, targeted sequencing (MSK-IMPACT) was used to detect somatic mutations in the ICI-treated cohort and included significantly fewer gene mutations than does whole-exome sequencing (WES). Third, there is currently no direct evidence of NCOR1 transcriptomics, CNV and protein levels and other data related to the prognosis of ICI treatment of bladder cancer patients. Fourth, there were some co-occurrence/mutually exclusive genes accompanying NCOR1 mutations. We hope to conduct relevant cell or animal experiments in the future to verify how NCOR1 mutations at different sites affect the efficacy of immunotherapy, explore the relationship between NCOR1 mutations and the TME, provide typical cases to further support this hypothesis and determine the role of other mutated genes that accompany NCOR1 mutations.



Conclusion

NCOR1 mutations may be a potential biomarker for predicting the prognosis of bladder cancer patients undergoing ICI treatment. In addition to prolonged OS after ICIs, NCOR1-MT positively correlated with many known predictive biomarkers of immunotherapy, including TMB, NAL, immune-related GEPs, immune cells and DDR pathway mutations. This result has translational relevance by providing a comprehensive profile of NCOR1 status in bladder cancer and a basis for further biomarker studies targeting NCOR1.
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Cancer-associated fibroblasts (CAFs) has been recognized as one cause of tumor resistance to immune checkpoint blockade therapy, but the underlying mechanisms still remain elusive. In the present study, a bone marrow-derived CAF (BMF) -rich tumor model is successfully established by subcutaneously mixed inoculation of BMFs and tumor cells into mice and the BMF-mixed tumor xenografts are demonstrated to be resistant to anti-PD-L1 antibody immunotherapy compared to the mere tumor xenografts. In vitro assays via the co-culture system of BMFs and tumor cells indicate that the co-cultured BMFs are induced to overexpress PD-L1, while there is no such a phenomenon in the co-cultured cancer cells. The further knock-out of PD-L1 in BMFs rescues the sensitivity of BMF-mixed tumor xenografts to PD-L1 blockade therapy. Mechanistically, via the microarray assay, we identify that the upregulation of PD-L1 in BMFs stimulated by cancer cells is medicated by the activation of the Wnt/β-catenin signaling pathway in BMFs. Moreover, the administration of Wnt/β-catenin signaling inhibitors, including XAV-939 and Wnt-C59, distinctly inhibits the upregulation of PD-L1 expression in the co-cultured BMFs. The further combination administration of XAV-939 significantly potentiates the therapeutic outcome of PD-L1 blockade therapy in BMF-mixed tumors. In summary, our study demonstrates that Wnt inhibition augments PD-L1 blockade efficacy by overcoming BMF-mediated immunotherapy resistance.
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Introduction

For the development of cancer therapy over the past decade, immunotherapy stands one of the most substantial breakthroughs and has revolutionized the cancer armamentarium (1). Cancer immunotherapy is a strategy to treat malignancies by leveraging the cytotoxic potential of the components of immune system, such as tumor-specific cytotoxic T cells. Among them, immune checkpoint blockade therapy, especially the inhibition of the axis of programmed cell death 1 (PD-1) and PD-1 ligand 1 (PD-L1), has achieved unprecedented success (2–4). The overexpressed PD-L1 on tumor cells serve to interact with the immune checkpoint molecule, PD-1, on activated T cells to cause dysfunction and exhaustion of cytotoxic T cells, thus escaping the immune surveillance to prevent the clearance of tumor cells. It has been demonstrated that the high expression of PD-L1 may account for the unfavorable clinical prognosis of the cancer patients (5, 6). Hence, immune checkpoint blockers (ICBs) designed to block the PD-1/PD-L1 interaction between tumors and activated T cells can inhibit tumor growth by enhancing antitumor immunity activity (7, 8). Nevertheless, emerging clinical evidences have revealed that response rate of patients to the PD-1/PD-L1 therapy is rather heterogeneous, with only less than 20% of the patients responding effectively to the immunotherapy of PD-1/PD-L1 (9–11).

In addition to the tumor cell intrinsic factors that enable immune-evasive capacity, tumor cell extrinsic factors including tumor-associated stroma and host immune system also have been corroborated to play a fundamental role in the ICBs therapy resistance (12). Cancer-associated fibroblasts (CAFs) are the major components of the tumor stroma and according to the tissue origin, CAFs can be categorized into bone marrow-derived myofibroblasts (BMFs), resident-tissue derived fibroblasts, vasculature system derived fibroblasts, and cancer cells derived fibroblasts (13). As indicated by our previous work, BMFs were functionally more capable of promoting tumor growth and invasion compared with normal or resident fibroblasts (14). It is demonstrated that BMFs can stimulate tumor malignant progression by contributing to the formation of mesenchymal stem cell niche or by inducing non-cancer stem cells (CSCs) to transform to CSC-like cells (14–16). Moreover, accumulating evidence has revealed that CAFs also dysregulate the immune microenvironment in different ways to cause tumor resistance to immunotherapy. For instance, CAFs secrete a large amount of TGF­β and support the formation of the desmoplastic stroma, which serves as a physical barrier to sequestrate immune cells (17). In addition, CAFs exhaust tumor infiltrating T cells by a contact dependent mechanism or exert immunosuppressive effects via releasing metalloproteinases to cleave NK cell–activating receptor ligands (1, 18, 19). However, whether the crosstalk between cancer cells and BMFs contribute to immunotherapy resistance and the possible mechanisms still entail further investigation.

Wnt/β-catenin signaling pathway has been identified to promote the initiation and expansion of many types of cancers, which could serve as one of the most-recognized molecular targets for cancer therapy (20, 21). However, a recent study has also shown that abnormal activation of Wnt/β-catenin pathway in tumor microenvironment is responsible for the failure of immunotherapy (22). In this study, we found that BMFs contributed to the anti-PD-L1 (aPD-L1) antibody immunotherapy resistance via the upregulated expression of PD-L1 in BMFs, which was mediated by the crosstalk between BMFs and cancer cells. Mechanistic study illustrated that tumor cells activated the Wnt/β-catenin signaling pathway to induce the PD-L1 overexpression in BMFs. Furthermore, the combination therapy with Wnt/β-catenin signaling inhibitor XAV-939 rescued the immunosuppressive status in the tumor microenvironment and enhanced the therapeutic efficacy of aPD-L1 therapy.



Materials and Methods


Cell Culture and Reagents

Mouse lung carcinoma cell line CMT167 and mouse colorectal cancer cell line MC38 were bought from ATCC. Bone marrow–derived myofibroblasts (BMFs, EGFP+) were isolated from gastric dysplastic tissues of EGFP+ bone marrow-transplanted mice in our laboratory. CMT167, MC38 and BMFs were cultured in RPMI-1640 media with 10% fetal bovine serum, 100 U/ml penicillin and 100 μg/ml streptomycin. BMFs within 10 passages were used for further assays. Mycoplasma negative was routinely confirmed in all cell lines. XAV-939 and Wnt-C59 were purchased from MCE (Shanghai, China). InVivo mAb anti-mouse PD-L1 (B7-H1) was purchased from Bio X Cell.



Western Blotting

After the extraction of total protein using protein lysis buffer, the concentration of total protein was detected by the BCA method. The heat-denatured protein samples were then used for SDS-PAGE and electro-transferred to PVDF membrane, which was subsequently blocked by 5% skim milk for 1.5 h at room temperature (RT). Next, the membranes were incubated with specific primary antibodies at 4°C for 12 h, followed by three times of wash and incubation with corresponding secondary antibodies at RT for 1 h. The protein expression level was measured by ECL chemical luminescence. β-Actin was used as internal reference.



Dual Luciferase Reporter Assay

The TOP-Flash or Fop-Flash reporter plasmids was transfected into BMFs cells, with Renilla luciferase reporter plasmid being co-transfected as standardized reference. 24 h post transfection, BMFs cells were seeded alone or co-cultured with tumor cells with or without the XAV-939 or Wnt-C59. 48 h later, the activity of the Firefly and Renilla luciferase in BMFs was determined using the Dual Luciferase Assay Kit (Promega). The Wnt-reporter activity was calculated as the ratio of Firefly luciferase activity to Renilla luciferase activity.



The Harvest of PD-L1-Knockout BMFs Using the CRISPR/CAS9 System

CRISPR/CAS9 technique was used to knockout the endogenous PD-L1 gene in BMFs. Briefly, the guide sequence (5′-GTATGGCAGCAACGTCACGA-3′)targeting mouse PD-L1 genomic sequence were designed via CRISPR DESIGN (http://crispr.mit.edu/) and were cloned into the lenti-CRISPR vector plasmid. 48 h after transfection, cells were subcloned. 10 days later, the edition of the genomic sequence of PD-L1 were tested by DNA sequencing and the PD-L1 expression was detected by flow cytometry.



Immunocytochemistry

BMFs were seeded on cover slips alone or co-cultured with CMT167 or MC38 cells for 48 h and then subjected to cellular immunofluorescence (IF) experiments. Cells were washed once by PBS, and then fixed using 4% paraformaldehyde for 15 min, followed by two times of PBS wash. Next, the samples were blocked with 5% BSA and 0.1% Triton X-100-containing PBS for 1 h at RT, and rinsed 3 times with PBS. Subsequently, cells were incubated with specific primary antibodies overnight at 4°C, and rinsed with PBS for 3 times. Then, cells were incubated with fluorescein-labeled secondary antibody at RT for 1 h in dark followed by PBS washes. The cells were mounted by Fluoroshield Mounting Medium with DAPI. The images were observed by a laser scanning confocal microscope (ZEISS LSM880).



Tumor Xenograft Models and Anti-Tumor Studies

Eight-week-old female C57BL/6 mice were obtained from the animal center of Renji hospital and housed in the specific pathogen-free condition. All animal operations were carried out in compliance to the ethical guidelines licensed by Institution of Animal Care and Use Committee of Renji Hospital affiliated to Shanghai Jiaotong University, School of Medicine. To develop the Tumor xenograft models, 5*105 CMT167 (or MC38) cells alone or mixed with 5*105 BMFs or BMFsPD-L1-KO were subcutaneously inoculated into the right flanks of mice, respectively. To assess the anti-tumor activity of aPD-L1 and XAV-939, tumor-bearing mice were randomly grouped (n=5) and dosed with isotype antibody (10 mg kg-1) as control, aPD-L1 (10 mg kg-1), and/or XAV-939 (5 mg kg-1) according to specific experimental requirements via intraperitoneal administration. Tumor volume and body weight of mice were measured every 2 days. Tumor volume was calculated according to the formula: V = L×W×W/2 (L, the long diameter; W, the shorter diameter) and the “tumor inhibitory rate” of the treatments was calculate as (VCtrl - VTreated)/VCtrl. After the mice were sacrificed, tumor tissues were harvested to analyze the intratumoral infiltration of CD3+CD8+T cells and the fraction of CD8+IFN-γ+ cells via flow cytometry. In addition, tumor tissues were fixed, sectioned for immunofluorescence to detect the proportion of aSMA+ CAFs and CD8+ T cells. Peripheral blood serum samples were also collected to measure the serum levels of heart, hepatic, kidney function parameters. Major organs including lung, heart, liver and kidneys were also collected and sectioned for H&E staining to evaluate the biosafety of various treatments.



Flow Cytometry

To determine the proportion of tumor infiltrated lymphocytes in tumors after various treatments, tumor tissues harvested from the sacrificed mice were spliced into small pieces and incubated in RPMI-1640 medium comprising 1 mg/ml collagenase IV and 0.2 mg/ml DNase I at 37°C for 45 min. The solution was then filtered through a 70 μm filter to acquire single cell suspension. After the viability staining and FcγR blocking, the cell suspension was stained with Fixable Viability Stain 510 (BD Biosciences), anti-CD45-PE-Cy7 (BD Biosciences), anti-CD3-BV650 (BD Biosciences), anti-CD8-FITC (BD Biosciences), and anti-IFN-γ-APC (BD Biosciences) according to manufacturer’s protocol. Flow cytometry was performed on BD LSR Fortessa (BD Biosciences) and analyzed using FlowJo (Tree Star) software.

To determine the expression level of different immunomodulatory ligands on BMFs and tumor cells, EGFP+BMFs and tumor cells were harvested and incubated with Fixable Viability Stain 780 (BD Biosciences), anti-PD-L1-APC (BD Biosciences), anti-CD70-PE(BD Biosciences), anti-CTLA-4-PE(BD Biosciences), anti-CD80-PE(BD Biosciences), anti-CD86-APC(BD Biosciences), anti-MHC-I-PE-Cy7 (eBioscience)and MHC-II-PE (BioLegend) antibodies according to manufacturer’s protocol. Flow cytometry was performed on CytoFLEX device (Beckman Coulter) and analyzed using FlowJo (Tree Star) software.



Complementary Deoxyribonucleic Acid Microarray and Bioinformatics Analysis

Total RNA from BMFs cultured alone and BMFs co-cultured with tumor cells were extracted and subjected to Affymetrix microarray analysis as previously described (16). Genes with a fold change >1.5 and padj <0.05 were deemed as differentially-expressed gene and were conducted to KEGG pathway enrichment analysis in DAVID (https://david.ncifcrf.gov/).



Statistical Analysis

All data were presented as mean ± standard deviation (SD). The statistical analysis was proceed using GraphPad software by two-tailed Student’s t-test for the comparisons between two groups and one-way analysis of variance (ANOVA) with Tukey’s post hoc analysis for multiple comparisons. Differences were considered statistically significant when P < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).




Results


BMFs Promote Tumor Resistance to aPD-L1 Immunotherapy by Suppressing Anti-Tumor Immune Response

To investigate the effect of BMFs exerted on the PD-L1 blockade therapy, BMF-rich mouse tumor model was developed by subcutaneously inoculation of the mixture of BMFs and murine lung carcinoma cell CMT167 to the flanks of mice, followed by various treatments to the mice with isotype control antibody or monoclonal aPD-L1, respectively, as illustrated in Figure 1A. Immunofluorescence (IF) staining images in Figure 1B showed that the tissue sections from mice inoculated with cell mixtures of CMT167 cells and BMFs showed significantly higher quantity of aSMA+ fibroblasts compared with the mice inoculated with CMT167 cells alone. Moreover, the BMF-mixed tumor group exhibited significantly larger tumor size than the mere CMT167 tumor cell group (Figures 1C–E). Meanwhile, aPD-L1 treatment robustly alleviated the growth of tumor inoculated with CMT167 cells alone, whereas there was no significant tumor shrinkage in aPD-L1 treated BMF-rich tumors (Figures 1C–E). Similar results were obtained for the aPD-L1 treatment in subcutaneous MC38 colorectal cancer mouse model co-inoculated with BMFs or not (Supplementary Figure 1).




Figure 1 | BMFs promote resistance to aPD-L1 immunotherapy by suppressing anti-tumor immune response. (A) Schematic diagram for the therapeutic regimen of anti-PD-L1 antibody in tumor-bearing mice injected subcutaneously with CMT167 cells (5*105) alone or mixed with BMFs (5*105). (B) Representative immunofluorescence staining of aSMA (green) in tumor samples implanted with CMT167 cells alone or CMT167 cells mixed with BMFs. DAPI was stained to visualize cell nuclei. Scale bar = 100 μm. (C–E) Average tumor growth curves (C), the images of tumor tissue dissected from animals (D) as well as individual tumor volume (E) at the end of the study. (F–I) Representative flow cytometry plots (F, H) and quantitative analysis (G, I) of tumor infiltration CD3+CD8+ and CD8+ IFN-γ+ subsets. The data were plotted as means ± SDs (n = 5 per group) and analyzed using two-tailed Student’s t-test for the comparisons between two groups and one-way analysis of variance (ANOVA) with Tukey’s post hoc analysis for multiple comparisons. Differences were considered statistically significant when P < 0.05 (*p < 0.05, **p < 0.01, ns stands for not significant).



To evaluate the anti-tumor immune responses underlying the resistance of aPD-L1 therapy in BMF-rich tumors, the proportion of tumor infiltrated lymphocytes (TILs) in various tumors were analyzed by flow cytometry. aPD-L1 pronouncedly elevated the fraction of CD8+ T cells to 37% and that of CD8+IFN-γ+ T cells to 7.4% relative to the untreated group in the tumors injected with CMT167 cells alone (Figures 1F–I). However, BMF-mixed tumors with aPD-L1 immunotherapy exhibited low fractions of the infiltrating CD8+ T cells and CD8+IFN-γ+ T cells, which were comparable to that of the corresponding untreated group (Figures 1F–I). The above results indicated that BMFs significantly promoted the resistance to the PD-L1 blockade immunotherapy at least partly by suppressing the anti-tumor immune responses in the BMF-rich tumor mass.



BMFs Enhance Tumor Progression by Attenuating Anti-Tumor Immune Responses in a PD-L1 Dependent Manner

To clarify the mechanism by which BMFs contributed to the compromise of anti-tumor immunity conferred by the aPD-L1 therapy, the expression of a series of immunomodulatory ligands (including CD70, CTLA-4, CD80, CD86, MHC-I, MHC-II, and PD-L1) on the surfaces of BMFs and tumor cells was analyzed by flow cytometry. Among all the detected immunomodulatory ligands (Supplementary Figure 2), the expression level of PD-L1 on BMFs was relatively low when cultured alone, however, it was significantly upregulated in BMFs after their co-culture with various tumor cells (Figures 2A, B, Supplementary Figure 3). The expression of PD-L1 on the surface of tumor cells remained unchanged after the co-culture (Figures 2C, D).




Figure 2 | BMFs enhance tumor progress by attenuating anti-tumor immune responses in a PD-L1 dependent manner. (A, B) Representative histograms (A) and quantitative analysis (B) displaying the expression level of PD-L1 in BMFs cultured alone or co-cultured with CMT167. The data were plotted as means ± SDs (n = 3 per group). MFI, mean fluorescence intensity. (C, D) Representative histograms (C) and quantitative analysis (D) displaying the expression level of PD-L1 in CMT167 cultured alone or co-cultured with BMFs. The data were plotted as means ± SDs (n = 3 per group). MFI, mean fluorescence intensity. (E) Schematic diagram for the tumor subcutaneous xenograft model of CMT167 cells (5*105) injected alone or mixed with BMFs (5*105) or BMFsPD-L1-KO (5*105). (F) Average tumor growth curves from animals of the study. The data were plotted as means ± SDs (n = 5 per group). (G–I) Representative immunofluorescence staining image (G) and quantitative analysis (H, I) of aSMA+ (green) and CD8+ (red) cells in tumor samples injected with CMT167 cells alone or mixed with BMFs or BMFsPD-L1-KO. DAPI was stained to visualize cell nuclei. Scale bar = 50μm. (J–M) Representative flow cytometry plots (J, K) and quantitative analysis (L, M) of tumor infiltrating CD3+CD8+ and CD8+IFN-γ+ T cells. The data were plotted as means ± SDs (n = 5 per group). The data were analyzed using two-tailed Student’s t-test for the comparisons between two groups and one-way analysis of variance (ANOVA) with Tukey’s post hoc analysis for multiple comparisons. Differences were considered statistically significant when P < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. ns stands for not significant).



To figure out the role of upregulated PD-L1 in BMFs induced by tumor cells, PD-L1 of BMFs was knocked-out by CRISPR-CAS9 (Supplementary Figure 4). Then CMT167 cells alone and the mixture of CMT167 cells with BMFs or BMFsPD-L1-KO were subcutaneously inoculated to the flanks of C56BL/6 mice, respectively, as illustrated in Figure 2E. Although both BMFs and BMFsPD-L1-KO significantly promote the growth of tumors, the loss of PD-L1 expression in BMFs still distinctly diminished the protumorigenic capacity relative to the unmodified BMFs (Figure 2F, Supplementary Figure 5). IF staining results displayed that the depletion of PD-L1 in BMFs had no apparent effect on the proportion of aSMA+ BMFs in tumor tissues (Figures 2G, H). Next, the flow cytometric analysis and IF staining results of TILs consistently demonstrated that the inhibitory effects of BMFs on the infiltration of CD8+ T cells and CD8+IFN-γ+ T cells in BMF-rich tumors were both notably rescued by the knock-out of PD-L1 expression in BMFs (Figures 2G, I–M).



Knockout of PD-L1 in BMFs Potentiates the PD-L1 Blockade Immunotherapy in BMF-Mixed Tumors

To assess the role of PD-L1 on BMFs in promoting the resistance to aPD-L1 immunotherapy, we subcutaneously injected cell mixtures of CMT167 cells and BMFsPD-L1-KO into the flank regions of each mouse and treated them with aPD-L1 or control IgG as illustrated in Figure 3A. With the depletion of PD-L1 in BMFs, the immunotherapy of aPD-L1 again exhibited overt therapeutic outcome by significantly suppressing the growth of BMFsPD-L1-KO-rich tumors compared with those received control IgG (Figures 3B, C, Supplementary Figure 6). From the analysis of the tumor inhibitory rate of aPD-L1 immunotherapy in various tumors, which were shown in Figures 1C–E and Figures 3B, C, Supplementary Figure 6 (CMT167 alone, CMT167 mixed with BMFs and CMT167 mixed with BMFsPD-L1-KO), the immunotherapy in BMFsPD-L1-KO-mixed tumor xenografts had an inhibitory rate of 55.1%, which was similar to that in pure CMT167 tumors (58.4%) and remarkably higher than that in BMFs- mixed tumor xenografts (17.8%), indicating that the knockout of PD-L1 from BMFs almost completely reversed the aPD-L1 immunotherapy-resistant effects of BMFs in BMFs-rich tumors (Figure 3D). Flow cytometric results of the TILs showed that aPD-L1 immunotherapy distinctly elevated the ratios of CD8+ T cells and CD8+IFN-γ+ T cells in the BMFsPD-L1-KO-mixed tumor xenografts as compared with the control group (Figures 3E–H).




Figure 3 | Knockout of PD-L1 in BMFs potentiates the PD-L1 blockade immunotherapy in BMF-rich tumors. (A) Schematic diagram for the therapeutic regimen of anti-PD-L1 antibody in tumor-bearing mice subcutaneously injected with CMT167 cells (5*105) mixed with BMFsPD-L1-KO (5*105), followed by treatments with isotype control antibody or aPD-L1 antibody. (B, C) Average tumor growth curves(B) and individual tumor volume (C) of tumor tissue dissected from animals at the end of the study. (D) The tumor inhibitory rate of aPD-L1 immunotherapy in tumor xenografts implanted with CMT167 alone, CMT167 mixed with BMFs and CMT167 mixed with BMFsPD-L1-KO. (E–H) Representative flow cytometry plots (E, F) and quantitative analysis (G, H) of tumor infiltration CD3+CD8+ and CD8+ IFN-γ+ T cell. The data were plotted as means ± SDs (n = 5 per group) and analyzed using two-tailed Student’s t-test for the comparisons between two groups and one-way analysis of variance (ANOVA) with Tukey’s post hoc analysis for multiple comparisons. Differences were considered statistically significant when P < 0.05 (*p < 0.05, **p < 0.01, ns stands for not significant).





Tumor Cells Spur the PD-L1 Expression in BMFs by Stimulating Wnt/β-Catenin Signaling Pathway

To further identify the underlying mechanism by which tumor cells boosted PD-L1 expression in BMFs, we performed microarray analysis to compare the transcriptomes in BMFs cultured alone or co-cultured with tumor cells. The top 20 differentially-expressed genes in BMFs after co-culture with tumor cells are listed in Figure 4A. KEGG analysis of transcriptomes revealed that differentially-expressed genes between BMFs cultured alone and BMFs co-cultured with tumor cells could be categorized into 10 signaling transduction pathways, among which the ‘‘Wnt signaling pathway’’ was the mostly-affected canonical pathway (Figure 4B). We further confirmed this result by Wnt-reporter assays, displaying that the tumor cells, indeed, activated the Wnt/β-catenin signaling pathway in the co-cultured BMFs (Figure 4C, Supplementary Figure 7A). Western blotting results demonstrated that the protein expression levels of β-catenin and Cyclin D1 (Wnt/β-catenin target gene) in the cocultured BMFs were both obviously upregulated compared to their counterparts in BMFs cultured alone (Figure 4D, Supplementary Figure 7B). Moreover, IF staining images of β-catenin in BMFs demonstrated that there was much more β-catenin localized in the nucleus of BMFs co-cultured with tumor cells, whilst there was only weak cytoplasmic β-catenin staining signal observed in BMFs cultured alone (Figure 4E, Supplementary Figure 7C).




Figure 4 | Tumor cell spur the PD-L1 express of BMFs by stimulating wnt/β-catenin signaling pathway. (A) The 20 most up-regulated and down-regulated genes from the microarray results of BMFs co-cultured with tumor cells vs. BMFs cultured alone. (B) Gene ontology analysis indicates significantly changed canonical pathways in BMFs after the co-culturing with tumor cells, (DAVID Bioinformatics Resources 6.8). (C) Relative Wnt reporter activity of BMFs cells cultured alone or co-cultured with CMT167. (D) Representative immunoblotting result of β-catenin and CylinD1 in BMFs cultured alone or co-cultured with CMT167. β-actin was used as the loading control. (E) Representative image of β-catenin (red) immunofluorescence staining in BMFs cultured alone or co-cultured with CMT167. DAPI was stained to visualize cell nuclei. Scale bar = 10 μm. (F–I) Relative Wnt reporter activity (F), representative immunoblotting result of b-catenin, CylinD1 and b-actin (G) and PDL1 express level measured by flow cytometry (H, I) in BMFs cells cultured alone or co-cultured with CMT167 while the co-cultured group treated with 939(1 mM)/Wnt-C59(5 mM) or not. MFI, mean fluorescence intensity. Representative results were from one of at least three independent experiments. The data were plotted as means ± SDs (n = 3 per group) and analyzed using two-tailed Student’s t-test for the comparisons between two groups and one-way analysis of variance (ANOVA) with Tukey’s post hoc analysis for multiple comparisons. Differences were considered statistically significant when P < 0.05 (***p < 0.001, and ****p < 0.0001).



We next assessed the effects of the selective inhibitors of Wnt/β-catenin signaling, including XAV-939 (a potent tankyrase inhibitor that targets Wnt/β-catenin signaling) and Wnt-C59 (a potent porcupine inhibitor), on the upregulation of PD-L1 in BMFs induced by CMT167 or MC38 cancer cells. Wnt-reporter assays and western blotting demonstrated that XAV-939 and Wnt-C59 effectively abrogated the activation of Wnt/β-catenin signaling in the co-cultured BMFs (Figures 4F, G, Supplementary Figures 8A, B). Meanwhile, flow cytometric analysis revealed that the administration of Wnt/β-catenin signaling inhibitors significantly reduced the PD-L1 expression on BMFs induced by tumor cell co-culture conditions (Figures 4H, I, Supplementary Figures 8C, D).



Inhibition of Wnt/β-Catenin Signaling Boost the Efficacy of aPD-L1 Immunotherapy in BMF-Mixed Tumors

To investigate whether the combination use of the Wnt signaling inhibitor XAV-939 with aPD-L1 can improve the efficacy of aPD-L1 in BMFs-rich tumors, aPD-L1 and/or XAV-939 were treated to mice subcutaneously bearing BMF-mixed tumors as illustrated in Figure 5A. From Figures 5B–D, XAV-939 monotherapy significantly suppressed the tumor growth while the aPD-L1 monotherapy only displayed slight inhibitory effects on the tumor progression. Notably, the combined administration of XAV-939 with aPD-L1 treatment remarkably boosted the therapeutic effect of aPD-L1. Moreover, the flow cytometric results demonstrated that the combination use of XAV-939 and aPD-L1 significantly elevated the proportion of CD8+ T cells to 37% and CD8+IFN-γ+ T cells to 6.8% in the BMF-rich tumor microenvironment (Figures 5E–H), with only 23% CD8+ T cells and 2.6% CD8+IFN-γ+ T cells infiltrated into BMF-rich tumors after aPD-L1 monotherapy.




Figure 5 | Wnt/β-catenin inhibitor XAV-939 boost the efficacy of aPD-L1 immunotherapy in BMF-rich tumors. (A) Schematic diagram for the therapeutic regimen of aPD-L1 antibody combined with XAV-939 in tumor-bearing mice injected subcutaneously with CMT167 cells (5*105) mixed with BMFs (5*105). (B–D) Average tumor growth curves (B), the images of tumor tissue dissected from animals (C) as well as individual tumor volume (D) at the end of the study. (E–H) Representative flow cytometry plots (E, G) and quantitative analysis (F, H) of tumor infiltration CD3+CD8+ and CD8+ IFN-γ+ T cell. The data were plotted as means ± SDs (n = 5 per group). The data were analyzed using two-tailed Student’s t-test for the comparisons between two groups and one-way analysis of variance (ANOVA) with Tukey’s post hoc analysis for multiple comparisons. Differences were considered statistically significant when P < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. ns stands for not significant).



Since the biosafety issue is of great importance to the clinical translation of pharmaceuticals, the in vivo biosafety of current combination treatment strategy was also investigated by monitoring various physiological indicators of mice during the study. From Supplementary Figure 9, the body weight of mice receiving aPD-L1 and/or XAV-939 treatment remained largely stable throughout the treatment period. At the end of the study, the serum indexes of heart, liver and kidney function were all within the reference values (Figures 6A–H). Histological analysis of major organs via hematoxylin and eosin (H&E)-staining exhibited that there was no obvious damage among all treatment groups (Figure 6I).




Figure 6 | Safety evaluation of therapeutic regimen of aPD-L1 antibody combined with XAV-939. (A–H) The level of ALT (A), AST (B), r-GT (C), T-Bil (D), BUN (E), SCr (F), LDH-L (G), and CK-MB (H) in the serum of tumor-bearing mice at the endpoint of the therapeutic study illustrated in Figure 5A (n = 5, data presented as means ± SDs). (I) Representative H&E-stained images of heart, kidney, liver and lung from mice of each group at the endpoint of the therapeutic study illustrated in Figure 5A. Scale bar = 50 µm.






Discussion

Despite the immunotherapy regime, particularly the use of ICBs has revolutionized the anti-tumor treatment strategies, most of the patients (~80%) have different degree of resistance to the ICBs immunotherapy and the underlying mechanism of immunotherapy resistance still entails deeper investigation (9–11). Here, BMFs were demonstrated to suppress anti-tumor immune response to induce tumor resistance to aPD-L1 immunotherapy at least partly by the overexpressed PD-L1 expression on the surface of BMFs. Further study revealed that the crosstalk of BMFs with cancer cells induce the upregulation of PD-L1 expression in BMFs by activating the Wnt/β-catenin signaling pathway, which may be a potential therapy target to resensitizing BMF-rich tumors to aPD-L1 immunotherapy. Notably, we demonstrated that the inhibition of Wnt/β-catenin signaling pathway significantly abrogated the upregulation of PD-L1 in BMFs stimulated by cancer cells and remarkably boosted the therapeutic effects of aPD-L1 treatment by overcoming the immunosuppressive status in BMF-rich tumors.

By subcutaneous inoculation of mixtures of BMFs and tumor cells into mice, we successfully introduced BMFs into tumor microenvironment and established a BMF-rich tumor model. As illustrated in Figure 1 and Supplementary Figure 1, BMFs significantly promoted tumor resistance to the aPD-L1 immunotherapy at least partially by restraining the anti-tumor immune response in the BMF-rich tumors. Recently, the role of CAFs in promoting immunotherapy resistance was demonstrated by Fatima Mechta-Grigoriou et al, indicating that myofibroblasts clusters characterized by extracellular matrix proteins and TGF-β signaling were correlated with primary resistance to immunotherapies via the positive feedback loop between the specific CAF clusters and regulatory T cells (23). It has also been reported that CAFs can indirectly suppress anti-tumor immunity by increasing PD-L1 expression in melanoma, colorectal cancer as well as lung adenocarcinoma cells (24, 25). To further investigate the mechanism underlying the resistance to aPD-L1immunotherapy in tumors with enriched amount of BMFs, in vitro co-culture system of various cancer cells and BMFs was adopted to detect the effects of cellular crosstalk on the expression of various immunomodulatory ligands on the surface of BMFs and tumor cells, respectively. Among all the detected ligands on BMFs and tumor cells after co-culture conditions, only the BMFs after the co-culture with tumor cells exhibited significantly upregulated expression level of PD-L1 (Figures 2A, B, Supplementary Figure 3), implying that the induction of PD-L1 on BMFs by cancer cells could account for the aPD-L1 therapy resistance in BMF-mixed xenografts. It is widely-accepted that normal fibroblast population is one of the most common cell types in normal tissues, responsible for the proper cell function and tissue homeostasis. Compared with normal fibroblasts, CAFs tend to accumulate in tumors tissues and can be activated by the interaction between fibroblasts and tumor cells or immune cells in the tumor microenvironment. Once activated, fibroblasts alter its biology and developed into CAFs, playing important roles in the development of tumor microenvironment (26). Hence, there could also exist a crosstalk between tumor cells and BMFs in this study, as the upregulated PD-L1 in BMFs could be triggered by tumor cells and BMFs seem to reciprocally decrease the immune infiltration into tumors to cause immunotherapy resistance.

In order to ascertain the role of the upregulated PD-L1 on BMFs in mediating the aPD-L1 immunotherapy resistance in BMF-rich tumors, PD-L1-knocked-out-BMFs were used to develop BMFPD-L1-KO-rich tumors in comparison with BMF-rich tumors. In vivo therapeutic results the knockout of PD-L1 in BMFs distinctly reduced the tumor-promoting capacity compared to the unmodified BMFs as well as rescued the inhibitory effects of BMFs on the anti-tumor immune responses, indicating that the BMFs induced facilitated-tumor growth and repressed-anti-tumor immune responses was, to some extent at least, caused by the upregulation of PD-L1 in BMFs. Meanwhile, the tumor-inhibitory effects and cytotoxic immune infiltration after aPD-L1 immunotherapy in BMFsPD-L1-KO-rich tumors consistently recovered to desirable levels, further validating the potential of targeting at the overexpressed PD-L1 in BMFs to overcome aPD-L1 therapy resistance.

Although increasing evidence have shown that patients with PD-L1-positive tumors have a higher response rate than PD-L1 negative patients in different cancer types, there are also reports claiming that many patients with PD-L1 positive tumors showing resistance to anti-PD-1/PD-L1 treatments (17, 27–29). Recently, Ryohei Katayama et al. have identified two secreted PD-L1 splicing variants in patients’ tumors relapsed from PD-L1 blockade therapy. These stably secreted PD-L1 variants can functioned as “decoys” to PD-L1 blockade antibodies and caused resistance to aPD-L1 blockade therapy (30). Moreover, the constitutive expression of the PD-L1 in tumor cells always accompanied with low level of TIL in tumor microenvironment, which formed the so-called immune-excluded or immune-desert phenotypes and was connected with restrained sensitivity to immunotherapy (1, 31). These evidences indicated that the persistent, uncleanable expression of PD-L1 from various sources in the tumor microenvironment could be a mechanism for the low responsiveness of aPD-L1 immunotherapy. The present study demonstrated that the overexpressed PD-L1 in BMFs played a vital role in the resistance to aPD-L1 monotherapy in BMFs-rich tumors, which indicated that the PD-L1 in BMFs may be a potential combination therapy target to improve the curative effect of aPD-L1 in BMFs-rich tumors.

According to recent progress of cancer immunotherapy, in addition to the blockade of PD-L1/PD-1 interaction, the inhibition of PD-L1 expression in cancer cells constitutes an alternative to augment the antitumor immunity activity and further inhibited tumor growth (7, 8, 32). It has been reported that PD-L1 expression can be modulated by several signaling pathways correlated to the genome, transcriptional or post-transcriptional activities as well as translational or post-translational events. Our previous studies have shown that the crosstalk between BMFs and tumor cells can regulate several critical oncogenic signaling pathways (14–16). In this study, via microarray assay, we found that tumor cells induced the upregulation of the PD-L1 expression in BMFs by activating the Wnt/β-catenin signaling pathway, providing a potential therapeutic target to overcome the resistance to aPD-L1 immunotherapy in BMFs-rich tumors. Accumulating clues indicated that deregulated Wnt signaling executive protumoral functions not only endowed tumor cells with malignant features (33–35), but also contributed to the invasion of anticancer immunosurveillance to induce resistance to multiple immunotherapeutic (36). Therefore, intervention of the Wnt/β-catenin signaling pathway could also be a promising perspective to improve the efficacy of immunotherapy. For instance, inhibiting Wnt/β-catenin signaling pathway is expected to enhance the efficacy of immunotherapy by upregulating tumor antigens release (37), enhancing DC antigen presentation and T cell priming (38–40), facilitating CTLs/Th cells infiltration in tumor microenvironment (41, 42). Meanwhile, it has been reported that the blockade of Wnt/β-catenin signaling has the potential to improve antitumor T cell responses via depleting immune checkpoint PD-1/PD-L1 in several kinds of tumor cells (43–46). In this work, we found that the crosstalk between cancer cells and BMFs remarkably upregulated the PD-L1 expression in BMFs by activation the Wnt/β-catenin signaling, meanwhile the inhibition of Wnt/β-catenin signaling pathway can significantly suppress the PD-L1 expression in BMFs, Despite the use of ICBs has dramatically increased the survival periods of tumor patients, the response rate was still relatively low in most of the cancer types. Meanwhile, a large number of patients were found resistant to initial dose of treatment during the process of the treatment (47–49). These facts suggest that it is imperative to develop combination strategy to extend the beneficiaries from the ICB immunotherapy and eliminate resistance to these therapy strategies. As illustrated in Figure 5, the additional inhibition of Wnt/β-catenin signaling facilitated the anti-tumor immune responses and boosted the efficacy of aPD-L1 immunotherapy in BMF-rich tumors.

In conclusion, BMF-rich tumors had relatively poor response to PD-L1 blockade immunotherapy and the attenuated anti-tumor immune responses was attributed to the expression of PD-L1 on BMFs. The crosstalk between tumor cells and BMFs induced the upregulation of PD-L1 in BMFs by activating the Wnt/β-catenin signaling pathway in BMFs, which was abrogated by Wnt/β-catenin signaling inhibitors. Our findings offer novel insights into the mechanism by which BMFs mediated tumor resistance to immunotherapy and provide potential therapy target to boost therapeutic outcome of immunotherapy via interrupting connections between BMFs and cancer cells.
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The development of immune checkpoint inhibitors (ICI) has dramatically changed the landscape of therapies for metastatic renal cell carcinoma. However, many patients do not benefit from such therapy and prognostic or predictive validated biomarker validated for ICI are still needed to better select and treat patient. Plasmatic soluble immune checkpoints have been described as potential immune biomarkers in hematological malignancies and solids tumors, then, we would like to explore the prognostic value of different soluble immune checkpoints in patients with mRCC treated with nivolumab after TKI. We prospectively collected plasma samples before nivolumab infusion from 38 patients previously treated for mRCC with TKI at Paoli-Calmettes Institute, from the NIVOREN GETUG-AFU 26 study (NCT03013335). Enzyme-linked immunosorbent assays (ELISA) were performed for soluble forms of PD-1, PD-L1, global BTN3, BTLA, BTN3A1 and BTN2A1. Among the different soluble checkpoints analyzed, only high baseline plasmatic level of BTN2A1 was significantly associated with shorter PFS: median PFS was 3.95 months for sBTN2A1high vs 14.30 months for sBTN2A1low (sBTN2A1 cut-off: 6.7ng/mL; HR = 2.26, 95%CI [0.68 – 4.60], p = 0.0307). There was no statistical difference in OS between sBTN2A1high and sBTN2A1low. Our results suggest that the baseline level of plasmatic BTN2A1 could be an independent prognosis factor of PFS after nivolumab for pre-treated patient with mRCC. However, these results need to be validated in a larger prospective cohort and the biological role of BTN subfamily and γδ T cell immunity in mRCC must be elucidated.
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Introduction

The development of immune checkpoint inhibitors (ICI) has dramatically changed the landscape of therapies for metastatic renal cell carcinoma (mRCC), as such in first line associated to tyrosine kinase inhibitors (TKI) (1) or as monotherapy (2). However, many patients do not benefit from such therapy and prognostic or predictive validated biomarker validated for ICI are still needed to better select and treat patient according to the best genomic profiles. The International Metastatic RCC Database Consortium (IMDC) prognostic model (3) is used to predict survival and adapted treatment strategy of untreated mRCC patients and was validated for patients previously treated with TKI, before second line TKI. Identifying new prognostic biomarkers in this population is needed to improve treatment strategy for mRCC patients.

Plasmatic soluble immune checkpoints, such as programmed death protein (PD-1) with its ligands PD-L1 and PD-L2, the B7/butyrophilin-like receptors such as butyrophilin sub-family 3A (CD277) members (BTN3A) and butyrophilin sub-family 2A (CD209) members, and the B and T lymphocyte attenuator (BTLA) have been described as potential immune biomarkers in hematological malignancies (4) and solids tumors (pancreas (5), gastric (6), lung cancers (7) and hepatocarcinoma (8)). In localized RCC, sBTLA was associated with poorer relapse-free survival and overall survival (OS) after nephrectomy (9).

We aimed to explore the prognostic value of different soluble immune checkpoints in mRCC treated with nivolumab after TKI.



sBTN2A1 Is a Prognostic in Patients With Pre-Treated Advanced Renal Cell Carcinoma

To explore the prognostic value of different soluble immune checkpoints, we prospectively collected plasma samples before nivolumab infusion from patients previously treated for mRCC with TKI at Paoli-Calmettes Institute (Nivo-Rein cohort), from the NIVOREN GETUG-AFU 26 study (NCT03013335). Enzyme-linked immunosorbent assays (ELISA) were performed for soluble forms of PD-1, PD-L1, global BTN3, BTLA, BTN3A1 and BTN2A1. All patients provided informed consent prior to enrolment. The receiver operating characteristic (ROC) curves were generated for each marker. The areas under the curves (AUC) were assessed to evaluate each marker performance for discriminating short term responder (patients with PFS > median) from long-term responder (patients with PFS < median). Cut-off was selected to obtain the best sensitivity and specificity for discriminating long-term responders from short term responders. Survival analyses were performed using the Kaplan–Meier method and log-rank test. Multivariate analysis of survival was performed using the Cox-regression model, including all variables associated with progression-free survival (PFS) (p < 0.1).

We included 38 patients between March 2016 and November 2017. Patients’ characteristics are summarized in Table 1. With a median follow-up of 19.8 months, 31 (82%) patients had tumor progression and 25 (66%) died. Among the different soluble checkpoints analyzed, only high baseline plasmatic level of BTN2A1 was significantly associated with shorter PFS. Cut-off retained was 6.7ng/mL, that approximate the median value of 6.8ng/mL. There was no significant difference between patients with sBTN2A1low and sBTN2A1high level; excepted for age (Table 1). Median PFS was 3.95 months for sBTN2A1high vs. 14.30 months for sBTN2A1low (Figures 1A–C) (HR = 2.26, 95%CI [0.68 – 4.60], p = 0.0307). There was no statistical difference in OS between sBTN2A1high and sBTN2A1low (median OS = 14.6 vs. 24.5 months, respectively, p = 0.326) (Figures 1D, E). There was no significant impact on survival of plasmatic level of BTLA (median PFS for BTLAhigh 14.3 vs. 7.1 months, HR = 0.57, 95%CI [0.22 – 1.51]; cut-off: 4.33ng/mL), PD-L1 (median PFS for PD-L1high 12.9 vs. 4.1 months, HR = 0.79, 95%CI [0.38 – 1.65]; cut-off: 0.88ng/mL), PD-1 (median PFS for PD-1high 12.9 vs. 4.0 months, HR = 0.59, 95%CI [0.26 – 1.35; cut-off: 0.83ng/mL]), or BTN3A1 (median PFS for BTN3A1high 9.3 vs. 4.7 months, HR = 0.68, 95%CI [0.22 – 2.05]; cut-off: 1.55ng/mL) in this cohort (Supplementary Figure 1).


Table 1 | Baseline characteristics (n = 38).






Figure 1 | sBTN2A1 seemed to be an independent prognostic factor for PFS in patients with mRCC (A, B) sBTN2A1 expression according to the time of response (A) and the time of overall survival (B), assessed par enzyme linked immunosorbent assay. Paired-t test was used to compare differences between the groups. LTR, Long term responders; patients with PFS > median; STR, short term responders; patients with PFS < median; LTS, Long term survival; patients with OS > median; STS, Short term survival; patients with OS < median. (C) Receiver operating characteristics (ROC) curve analysis of plasma level for sBTN2A1. ROC curve was plotted for sensitivity and specificity of time of response. (D, E) Kaplan Meier analysis of PFS (D) and OS (E) in patients with high and low plasma levels of BTN2A1. (F) Kaplan Meier analysis of PFS (top) and OS (bottom) according to the IMDC prognosis subgroup and sBTN2A1 level.



In univariate analysis, PFS was associated with baseline anemia, IMDC subgroups and sBTN2A1 level (Table 2). sBTN2A1 was associated with PFS in multivariate analysis (HR = 2.80, 95%CI [1.22-6.41], p=0.015) (Table 3). sBTN2A1 was able to discriminate two different prognostic groups among the subgroup of patients with favorable prognosis according to the IMDC model (Figure 1F): favorable IMDC/sBTN2A1high patients had lower PFS than favorable IMDC/sBTN2A1low patients, close to poor/intermediate IMDC patients (median PFS = 5.1months vs. ND, respectively, HR =18.1, p= 0.0067).


Table 2 | Univariate hazard ratio for PFS and OS.




Table 3 | Multivariate hazard ratio for PFS and OS.





Discussion

To our knowledge, this study is the first that described sBTN2A1 as potential prognostic biomarker in patients with pre-treated mRCC. In the previous NIVOREN GETUG-AFU 26 study, it was reported that tissue PD-1 and AXL expression by immunohistochemistry were associated with PFS and confirmed that PBRM-1 loss was a strong prognostic factor (10). Incorvaia et al. explored the prognostic value of soluble forms of PD-1, PD-L1, global BTN3, BTN3A1 and BTN2A1 in a prospective cohort of metastatic renal cell carcinoma patients (11). They identified sPD-1, sPD-L1 and sBTN3A1 as potential biomarkers. However, our study did not significantly confirm these results, with only a tendency for sPD-1 and sPD-L1 and this difference could be explained by the small number of patients in our cohort. Conversely, sBTN2A1 was not significantly associated with survival in their study but patients with PFS > 18 months seemed to have lower level of sBTN2A1 than patients with PFS < 18 months. The small number of patients in their learning cohort (n=21) could also explain the difference between the two works; and reinforce the necessity to validate these results in a larger prospective cohort.

The BTN sub-family plays an important role in Vϒ9Vδ2 T-cells activation and regulation by direct or indirect presentation of self and nonself phosphoantigens. The cell surface molecule BTN2A1 binds to the γδ TCR, in conjunction with BTN3A1, and signals the presence of phosphoantigens to γδ T cells (12). Gamma delta T (γδT) lymphocytes are members of the immune system which display both innate and adaptive functions (13). They recognize low molecular mass nonpeptide ligands named “phosphoantigens” that comprise isoprenoid pathway metabolites, as (E)-4-hydroxy-3-methyl-but-2-enyl PPi (HMB-PP) derived from bacteria and protozoa (14) and isopentenyl PPi (IPP) derived from host cells (15). There are evidence of their cytotoxic activity against tumor cells in certain cancers (16), and they are able to recognize tumor cells without the need for major histocompatibility complex (MHC) antigen presentation. However, there also evidence that suggested that γδT lymphocytes may also have a pro-tumorigenic role (17), by impairing the function of other antitumor immune cells or enhancing immunosuppressive cell function such as MDSCs.

We can hypothesize that high level of circulating BTN2A1 could lead to Vγ9Vδ2 T-cells exhaustion that facilitate tumor immune escape mechanisms (18), and/or activate Vγ9Vδ2 T cells with pro-tumorigenic characteristics, and explain the poorer outcomes of patients with high level of circulating BTN2A1. These Vγ9Vδ2 T-cells alterations could also impaired anti-PD-1 activities on these cells and then, impaired clinical efficacy of anti-PD-1 agents in patients with mRCC.

Soluble BTN2A1 could be a new approach to predict resistance and avoiding toxicities for mRCC treated by nivolumab. Targeting BTN sub-family molecule could represent a new therapy approach for mRCC patients. Despite the small number of patients in this cohort, our results suggest that the baseline level of plasmatic BTN2A1 could be an independent prognosis factor of PFS after nivolumab for pre-treated patient with mRCC. However, these results need to be validated in a larger prospective cohort and the biological role of BTN subfamily and γδ T cell immunity in mRCC must be elucidated.
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Immune checkpoint inhibitors have revolutionized the clinical approach of untreatable tumors and brought a breath of fresh air in cancer immunotherapy. However, the therapeutic effects of these drugs only cover a minority of patients and alternative immunotherapeutic targets are required. Metabolism of l-tryptophan (Trp) via the kynurenine pathway represents an important immune checkpoint mechanism that controls adaptive immunity and dampens exaggerated inflammation. Indoleamine 2,3-dioxygenase 1 (IDO1), the enzyme catalyzing the first, rate–limiting step of the pathway, is expressed in several human tumors and IDO1 catalytic inhibitors have reached phase III clinical trials, unfortunately with disappointing results. Although much less studied, the IDO1 paralog IDO2 may represent a valid alternative as drug target in cancer immunotherapy. Accumulating evidence indicates that IDO2 is much less effective than IDO1 in metabolizing Trp and its functions are rather the consequence of interaction with other, still undefined proteins that may vary in distinct inflammatory and neoplastic contexts. As a matter of fact, the expression of IDO2 gene variants is protective in PDAC but increases the risk of developing tumor in NSCLC patients. Therefore, the definition of the IDO2 interactome and function in distinct neoplasia may open innovative avenues of therapeutic interventions.
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Introduction

Over the course of evolution, the metabolism of l-tryptophan (Trp), an essential amino acid for mammals, has evolved to be a primary control node in the regulation of immune responses (1). In this regard, the most important enzyme is indoleamine 2,3-dioxygenase 1 (IDO1), a monomeric, heme-containing enzyme that catalyzes the initial, rate-limiting step in the degradation of Trp along the so-called kynurenine pathway (2, 3). l-kynurenine (Kyn), the first product of this pathway, promotes immunoregulatory effects via activation of the aryl hydrocarbon receptor (AhR) in dendritic cells (DCs) and T lymphocytes (4–7). By degrading Trp, IDO1 also depletes the essential amino acid in microenvironments, thus activating the general control non-depressible 2 (GCN2) kinase pathway and the dysfunction of T cells (8, 9). In addition to catalytic activity, IDO1 is endowed with a signaling function that, upon tyrosine phosphorylation of immune tyrosine inhibitory motifs (ITIMs) in the small noncatalytic domain of the enzyme, allows the direct interaction with Src homology region 2 domain-containing phosphatase-1 and -2 (SHP-1 and SHP-2, respectively) and confers long-term immunoregulatory properties on DCs (10, 11). The same domain also contains a YxxM motif that, once tyrosine phosphorylated, binds the p85 subunit of class I phosphoinositide 3-kinases (PI3Ks) that drive IDO1 trafficking from cytosol (where exerts the catalytic function) to early endosomes, thus favoring IDO1 signaling activity (12).

IDO1 is expressed in several human tumors and immune cells infiltrating the tumor mass (13) and, for this reason, IDO1 catalytic inhibitors have been used as experimental drugs in cancer immunotherapy (9, 14). One of these inhibitors, epacadostat, was recently coadministered with pembrolizumab, an immune checkpoint inhibitor, in patients with unresectable or mestastatic melanoma in a phase III trial. However, the results were disappointing, as epacadostat did not show the efficacy observed in the previous phase II trial (15). Several causes may have determined this failure, including an inadequate selection of patients. However, considering its complex functional dynamics as described above, IDO1 may represent a hard molecule to be exploited as an effective drug target.

Some years ago, a paralog of IDO1, i.e., IDO2, was discovered. In accordance with those studies, the IDO1 gene (expressed in mammals and fungi) derived from the duplication of IDO2 (expressed in all organisms, including bacteria), thus considered more ancestral than IDO1, and the two genes can be detected in tandem in chromosome 8 in both humans and rodents (16). Although it can also initiate the kynurenine pathway, IDO2 affinity for the Trp substrate and catalytic efficacy in producing Kyn are very low or almost negligible (17). Therefore, IDO2 may contribute only a minimal role to overall Trp metabolism (18). Nevertheless, IDO2 is expressed at high levels in some human tumors and, therefore, understanding its true function/s in neoplastic contexts may propel the development of new drugs targeting enzymes of the kynurenine pathway in cancer immunotherapy.



The “Mystery” of IDO2 Function: Hints From Autoimmune/Chronic Inflammatory Diseases

Since the discovery of IDO2, the primary efforts of the scientific community were addressed to deciphering its role in the modulation of immune responses, assuming that a remarkable sequence homology with IDO1 was accompanied by a parallel analogy in the immunoregulatory functions. A first attempt to discern the physiological and pathophysiological functions of IDO2 was made through the generation of mice deficient in the Ido2 gene. The characterization of these genetically deficient mice highlighted that IDO1 and IDO2 show some important differences. As a matter of fact, the ablation of IDO2 did not affect Kyn circulating levels, suggesting a specific role for IDO2 and distinct from the enzymatic function. IDO2 was essential for IDO1-dependent induction of T regulatory (Treg) cells and, in IDO1 knockout mice, a great amount of Ido2 transcripts were subjected to alternative splicing, implying a mutual influence between the two paralogues regarding their expression and function (19). Nevertheless, in a classical model of hapten-induced contact hypersensitivity (CHS), the contribution of IDO2 in the adaptive inflammatory response was remarkably different from that of IDO1, with a reduced response and a significant impairment in proinflammatory cytokines production in IDO2-deficient mice (19).

The positive role of IDO2 in the development of inflammatory processes was further and elegantly demonstrated by means of a murine model of autoimmune arthritis, i.e., the KRN.g7 mice, genetically deficient for either the Ido1 or Ido2 gene, which revealed that IDO2, but not IDO1, is necessary for arthritis development. IDO2-deficient mice showed a delayed onset and reduced arthritis severity, due to a reduction in pathogenic antibody-secreting cells and corresponding decrease in autoantibodies (20). A thorough analysis of the IDO2 involvement in the pathogenesis of arthritis revealed that IDO2 participates in the initiation stage of the response prior to the generation of autoantibodies; however, no clues for the exact mechanism of action of IDO2 could be obtained. In the same experimental setting, the specific silencing of IDO2 in B cells significantly reduced total arthritis severity, confirming the role of IDO2 in disease initiation and progression and pinpointing IDO2 as an innovative target for the treatment of this autoimmune disease (21). Again, no evidence emerged from these studies revealing the molecular mechanism of IDO2 in regulating the autoimmune response in the arthritis model. In line with these observations, in humans, the expression of an IDO2 variant lacking catalytic activity is associated with reduced risk of Crohn’s disease (7).

In contrast with these studies, in a model of psoriasis-like inflammation, the manifestations of the disease were significantly worse in the IDO2 KO mice (22). In fact, full active IDO2 was endowed with the ability to control the production of pro-inflammatory IL-17, thus contributing to the suppression of skin inflammation. Therefore, the results obtained in the murine model of psoriasis add more complexity than reinforcing the hypothesis of a proinflammatory role of IDO2.

A perspective that could reconcile the apparent divergence of the results obtained in different experimental models of inflammation/autoimmunity is that the activity of IDO2 may be strictly related to the physiopathologic context and cellular microenvironment. In support of this hypothesis, a recent study revealed that, in two different cohorts of patients with aspergillosis, specific and different patterns of IDO2 single nucleotide polymorphisms (SNPs) can be observed. More specifically, in patients with cystic fibrosis, SNPs that profoundly affect IDO2 expression and/or function did not associate with an increased risk of aspergillosis, whereas the same SNPs were required for optimal antifungal activity in patients who have undergone hematopoietic stem cell transplantation (23).



IDO2 Expression and Function in Tumors: A Matter of Genetics

In general, overexpression of IDO2 in tumors appears to be less frequent than IDO1 (13). More recently, human gastric, colorectal, and renal carcinomas have been found to constitutively express both IDO1 and IDO2 (24), and the same has been observed in brain tumors (25). Interestingly, IDO2 is particularly overexpressed in pancreatic ductal adenocarcinoma (PDAC) (26) and non-small-cell lung cancer (NSCLC) (27).

A unique feature of the IDO2 gene in humans is the high prevalence of two inactivating SNPs, which allow the opportunity to carry out loss-of-function studies directly in humans and to compare patients’ data with those from Ido2−/− and Ido2+/+ tumor-bearing mice. These SNPs are rs10109853, which leads to a > 90% reduction in IDO2 catalytic activity (R248W), and rs4503083, which generates a premature stop codon (Y359X) and completely inactivates IDO2 activity (26). Large scale sequencing analysis revealed that these two nonfunctional alleles of IDO2 are frequently distributed in human populations of Asian, European, and African descent. However, although both of these SNPs are highly prevalent in human populations, their clinical significance has remained unclear.


IDO2 in Mouse Tumors

Similarly to human cancer, IDO2 is not frequently expressed in mouse tumors. However, the opportunity to use Ido2−/− mice as compared to IDO2-expressing counterparts allows the study of the function of endogenous IDO2 in tumor-bearing individuals.

Lewis lung carcinoma (LLC), isolated from a spontaneous epidermoid carcinoma of the mouse lung, does not express IDO1 and IDO2. Therefore, when injecting LLC cells into IDO2 KO mice, no IDO2 will be present anywhere in the organism. In these conditions, tumor growth is suppressed, IFN-γ secretion is enhanced in the tumor bed, and the number of CD8+ tumor infiltrating lymphocytes (TILs) is increased (28).

Endogenous IDO2 may also be involved in mechanisms of tumorigenesis. To investigate this possibility, Nevler et al. (29) used the KC transgenic mouse model (30) in which an inducible oncogenic Kras allele is activated in pancreatic progenitor cells, thus leading to the development of ductal lesions that recapitulate the full spectrum of human pancreatic intraepithelial neoplasias, putative precursors to invasive pancreatic cancer (PDAC). They found that PDAC development was significantly decreased when Ido2−/− alleles had been introduced into the KC strain via interbreeding. No major changes could be observed for immune populations infiltrating the tumor. Unexpectedly, the impact of IDO2 loss in tumor growth was mainly associated with females. In fact, no tumor development at all could be observed in Ido2−/− females under study (29).

B16/BL6 melanoma is an example of mouse tumor cells that express IDO2 (31). In order to understand the role of the enzyme in this tumor, Liu et al. performed Ido2 gene silencing in vitro via small interfering RNA (siRNA). Reduction of IDO2 expression in B16/BL6 cells inhibited cancer cell proliferation, arrest of the cell cycle in G1, increased the rate of apoptosis, and reduced cell migration. These in vitro effects were accompanied by a decrease in NAD+ (a metabolite downstream the kynurenine pathway). Addition of exogenous NAD+ to B16/BL6 cell cultures weakened the effect of IDO2 downregulation. In vivo, B16/BL6 cells with reduced IDO2 expression grew less than IDO2-competent cells (31). The possible involvement of immune cells and of endogenous IDO2 was not addressed in this study.

Thus, as a whole, the available data would indicate that IDO2, either endogenous or expressed by the tumor, exerts immunosuppressive and pro-tumor effects in mouse models of cancer.



IDO2 in Human Pancreatic Ductal Adenocarcinoma (PDAC)

PDAC is one of the most aggressive and lethal diseases. Less than 10% of patients with PDAC has a life expectance of five years after diagnosis (32). Despite encouraging evidence for other tumors, including non-small-cell lung cancer (NSCLC; see below), the use of immune checkpoint inhibitors, such as anti-CTLA4 (ipilimumab and tremelimumab) and anti-PD1 (nivolumab and pembrolizumab) antibodies, has shown poor efficacy in PDAC as monotherapy. Although clinical trials are undergoing with combinations of two immune checkpoint inhibitors or one immune checkpoint inhibitor and chemotherapy, the road to an effective immunotherapeutic cure for PDAC appears full of obstacles (33).

IDO2 may represent an important drug target in PDAC therapy. In fact, IDO2 is frequently upregulated in human PDAC (29). In a recent study, the analysis of the prevalence of the two IDO2-inactivating SNPs together with the treatment outcomes indicated that, in PDAC patients having received adjuvant radiotherapy, the “IDO2-deficient status” significantly associates with improved disease-free survival (29). Therefore, the IDO2 genotype has the immediate potential to influence the PDAC care decision-making process through stratification of those patients who stand to benefit from adjuvant radiotherapy.

An additional interesting aspect of IDO2 involvement in PDAC is sexual dimorphism. In fact, along the same line of Ido2−/− female mice in which development of PDAC is significantly less than the male counterparts, female patients with PDAC rarely harbor the IDO2-deficient status (29). Therefore, these data would suggest that female patients with PDAC should be taken into high consideration for immunotherapy involving IDO2 inhibition.



IDO2 in Human Non-Small Cell Lung Cancer (NSCLC)

NSCLC, representing the majority (approximately 85%) of lung malignancies (34), is in general insensitive to standard treatments with chemotherapeutic drugs. Therapy of NSCLC has been partly improved by the use of nivolumab. In fact, nivolumab treatment has been associated with longer overall survival than the chemotherapeutic docetaxel among patients with previously treated NSCLC, regardless of PD-L1 levels (35, 36). Nevertheless, the response rate was not more than 20%. A more recent study (37) indicated that, in patients with untreated stage IV or recurrent NSCLC with a PD-L1 expression level of 5% or more, nivolumab was not associated with longer progression-free survival than chemotherapy. Therefore, although more therapeutic options are available than PDAC, alternative drug targets are also needed in NSLC.

In a recent study with 191 NSCLC patients, IDO2 was highly expressed in 84% of samples and its expression was strictly related to high PD-L1 levels (27). Perhaps most importantly, a significant correlation between IDO2 high expression and poor NSCLC prognosis was detected (27). Intriguingly, IDO2 expression was mainly associated with the basolateral side of the tumor cell membrane, and only few cells stained for IDO2 in the cytosol or nucleus. Therefore, these data would suggest a “membrane-associated” function, which may be distinct from the catalytic activity, similarly to IDO1 (12). Alternatively, the nuclear topology may further suggest a gene modulatory function by IDO2. In this regard, it is interesting to note that a previous study indicated that the nuclear-associated staining of IDO2 in the liver of conventional mice does not correlate with any difference in Trp/Kyn levels (38), thus possibly excluding the catalytic activity in nuclear-associated IDO2.

To evaluate the contribution of genetic variation in IDO2 to the risk of NSCLC, we examined the frequencies of the two common SNPs in IDO2 as described above, namely rs10109853 (R248W) and rs4503083 (Y359X). By resorting to a cohort involving 145 NSCLC patients and 395 healthy matched controls, we found that the R248W displays a significantly different genotype distribution between NSCLC patients and controls, with the genotypes that include the minor allele conferring almost a 2-fold increased risk of NSCLC (Table 1). The Y359X SNP instead displayed only a trend towards association with NSCLC and only when using a dominant genetic model. Taken together, these results highlighted genetic variation in IDO2 as a key determinant of susceptibility to NSCLC. However, the IDO2 SNPs’ role appears to be distinct in NSCLC as compared to PDAC. In fact, whereas the presence of homo- or heterozygosity for the two SNPs increases the risk for NSCLC, the same condition will protect from PDAC.


Table 1 | Association test results of IDO2 genotypes and the risk of non-small-cell lung cancer (NSCLC).



Because the R248W SNP is described to impair IDO2 catalytic activity and the Y359X SNP generates a premature stop codon abolishing activity completely (26), the link observed between both SNPs and the development of NSCLC would support a relevant contribution of a defective enzymatic activity of IDO2 to disease pathogenesis. However, there are additional putative functional consequences of the IDO2 SNPs worth considering. For example, while it does not affect gene expression, R248W is described to act as a strong splicing quantitative trait locus (sQTL) of IDO2 across several tissues, but not the lung, in the Genotype-Tissue Expression (GTEx) project (Figure 1). Although the role of splicing events in IDO2 function remains unclear, the fact that the risk allele of R248W is reported to influence the intron-excision ratio of IDO2 suggests an effect on transcript diversity that may also help explain its stronger association with NSCLC.




Figure 1 | Violin plots of intron-excision ratios across different human tissues according to rs10109853 genotypes in IDO2 (variant chr8_40005362_C_T_b38). Data were retrieved from the Genotype-Tissue Expression database (GTEx Analysis Release v8). The colored region indicates the density distribution of the samples in each genotype. The white line in the box plot indicates the median value of the intron excision ratio for each genotype.






Conclusion and Perspectives

IDO2 is a protein molecule that may represent an important drug target in cancer immunotherapy. In fact, IDO2 has some Trp catabolic activity, a catalytic function that, in the case of IDO1, has been demonstrated to be responsible for immunoregulatory effects. However, IDO2 is a very poor producer of Kyn and, consequently, Trp catabolic activity by this enzyme can very unlikely account for IDO2 biologic effects. In this regard, IDO2 may represent a sort of “pseudoenzyme”, i.e., a protein that is evolutionarily related to active enzymes, but lacks relevant catalytic activity (Table 2) (39, 40). Interestingly, the biological meaning of pseudoenzymes is currently the focus of intense research (41). Some authors suggested that the IDO2 catalytic function may depend on factors (42) whose identity has not been entirely identified yet and, therefore, it may have a better performance in “certain” in vivo conditions. However, as this is a hypothesis, the use of IDO2 catalytic inhibitors would be premature in cancer immunotherapy. An alternative hypothesis could in fact be that IDO2 preferentially uses substrates other than Trp and therefore a completely new story should be written for IDO2 as an enzyme. Disappointingly, no evidence for an alternative IDO2 catalytic activity has been provided so far. A great help in this regard may come from the crystallization of the IDO2 protein, which, unfortunately, has not been obtained yet.


Table 2 | Main structural and functional features of human IDO1 and IDO2.



The fact that IDO2 biology is still far from being understood also derives from the observations that this molecule appears to play opposite functions in both autoimmune and neoplastic diseases. In fact, in mouse experimental models of autoimmunity/chronic inflammation, IDO2 is pathogenetic in arthritis (20, 43) and protective in psoriasis (22). In humans, the presence of an IDO2-deficient functional status exerts protective effects in PDAC (29) but increases the risk of developing NSCLC (this study). As a whole, these data would suggest that IDO2 plays a context-dependent effect. In other words, the presence of cell- or microenvironment-specific factors as well as the direct interaction with specific protein partners would dictate the outcome of IDO2-associated effects. In this regard, the determination of the IDO2 interactome may be of great help. Unfortunately, at this time, we just know which known IDO1 partners do not interact with IDO2 (Table 2). These include SHP-1 and SHP-2 phosphatases that interact with IDO1 ITIM1 (mediating immunoregulatory IDO1 signaling activity in DCs (10); i.e., absent in IDO2) and class I PI3Ks that bind IDO1 via the YENM motif (mediating early endosome localization and thus the signaling function of IDO1 in DCs and tumor cell transfectants (12); also absent in IDO2). The ITIM2 motif is instead present in both mouse and human IDO2, but its role is still unknown. Interestingly, a recent study indicated that, upon treatment with lipopolysaccharide (LPS), IDO2 exerts negative regulatory effects on the IL-6 signaling pathway by reducing STAT3 expression in macrophages and possibly in other cell types in vivo (44). Notably, this effect occurred without changes in Kyn levels (44) and therefore it could be of much interest to clarify the molecular mode of action of IDO2 in this context.

In human neoplasia, although studies in only two types of tumor have been performed, a relevant issue appears to be the IDO2 genotype, whose analysis could provide a valuable biomarker for informing treatment decisions (29). However, even in conditions such as PDAC in which the IDO2 loss-of-function seems to be protective, the fact that we do not know the true function/s of IDO2 in distinct cells and cellular microenvironments may have important consequences. As just an example, the use of IDO2 catalytic inhibitors may induce effects also in immune cells that should mount an effective anti-tumor response in neoplastic patients. Moreover, given the lack of information of a validated function, allocation of distinct profiles of IDO2 expression to the identified molecular subtypes of PDAC (45) cannot be performed yet.

In conclusion, although compounds that simultaneously inhibit IDO1 and IDO2 have already been identified (46), we believe that there is still a long road ahead before drug targeting of IDO2 can be effectively and safely used in cancer immunotherapy.
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Background

Osimertinib belongs to the third-generation epidermal growth factor receptor tyrosine kinase inhibitor that has shown positive effects in treating lung adenocarcinoma cancer. However, the subsequent resistance to Osimertinib has become a clinical challenge.



Case Presentation

We present two lung adenocarcinoma cases that developed a resistance to Osimertinib. Among them, one patient attained both KRAS exon 2 and exon 3 mutations and was given paclitaxel (albumin-bound) plus carboplatin. The other patient exhibited a KRAS exon 3 mutation, so the paclitaxel (albumin-bound) plus nivolumab was administered. Eventually, the second patient manifested a better clinical outcome than the first.



Conclusion

These results provide supporting evidence that KRAS exon 3 (R68S) mutations may be associated with Osimertinib resistance in lung adenocarcinoma patients. This further reveals the relationship between subtypes of acquired KRAS mutations and the effect of therapeutic approaches. Moreover, the combination of chemotherapy and immune checkpoint inhibitors may generate a satisfying disease control.
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Introduction

For non–small cell lung cancer (NSCLC) patients harboring epidermal growth factor receptor (EGFR)-activating mutations, the EGFR tyrosine kinase inhibitors (EGFR-TKI) are normally recommended as treatment. As a third-generation EGFR-TKI, Osimertinib is effective in most NSCLC cases. AURA, a phase II clinical trial, had shown that Osimertinib (over response rate [ORR], 71%) was more effective than platinum-based chemotherapy (ORR, 31%) in patients with the EGFR T790M mutation. However, resistance to Osimertinib has gradually emerged in recent years and become an essential challenge in clinical practice as it leads to poor prognosis and has limited treatment options.

KRAS mutations have been considered as one of the underlying mechanisms of Osimertinib resistance (1–5). Typically, 15% to 20% of lung adenocarcinoma patients present with a primary KRAS mutation (6), which occurs mostly in exon 2 and less in exon 3. However, the association between subtypes of acquired KRAS mutations and the effect of therapeutic approaches has yet to be fully established. Here, we presented two such cases and compared the treatment regime and prognosis of the patients.



Case Presentation


Case 1

A 55-year-old female who has never smoked sought consultation for a cough in October 2016. Her chest computed tomography (CT) showed a lesion in the upper lobe of the left lung (Figure 1A) and the patient was diagnosed with lung adenocarcinoma. This patient underwent a right upper lobectomy in November 2016, during which a visceral pleural involvement was detected (pT2aN0M0, stage IB). Postoperative pathology revealed TTF-1 (+), NapsinA (+), TG (−), ALK (−), ROS-1 (−) invasive adenocarcinoma. Afterward, the patient accepted four cycles of adjuvant chemotherapy (pemetrexed plus cisplatin) at a three-month interval. A follow-up contrast-enhanced CT scan showed a spinal metastasis in April 2017 (stage IV). Memorial Sloan Kettering-Integrated Mutation Profiling of Actionable Cancer Targets (MSK-IMPACT) sequencing on the tumor tissue identified an EGFR exon 19 deletion without KRAS mutation. The patient was given gefitinib (250mg/d) and achieved a stable disease state on January 2018 when another contrast-enhanced CT scan detected a spinal metastasis. Molecule genetic testing confirmed EGFR T790M mutation and a negative PD-L1 expression. Then, the patient received Osimertinib (80 mg/d) for 12 months, after which an extensive bone metastasis was found using bone isotope scanning (Figure 1B). Re-biopsy of bone metastasis (not decalcification) and another genetic test indicated that the patient was negative for the EGFR-T790 mutation, but positive for the KRAS exon 2 (G12D, MAF:13.34%) and exon 3 (Q61H, MAF:0.43%) mutations, as well as for an EGFR exon 19 deletion (MAF:22.58%) mutation (Figure 2). The plasma circulating tumor DNA (ctDNA) confirmed the above results by next Generation Sequencing (NGS). The patient underwent two cycles of paclitaxel (albumin-bound) plus carboplatin for six weeks, which unfortunately did not lead to any apparent benefits. The patient gave up further anti-tumor treatments, including immune checkpoint inhibitors (ICIs), due to his poor physical conditions.




Figure 1 | Patient’s imaging before and during anti-tumor treatment. (A) The baseline chest computed tomography (CT) scan before treatment. (B) Bone isotope scanning suggested extensive bone metastases after 12 months of Osimertinib treatment.






Figure 2 | Memorial Sloan Kettering-Integrated Mutation Profiling of Actionable Cancer Targets (MSK-IMPACT) sequencing on tumor tissues of case 1. Wild type KRAS (top) and acquired KRAS mutations. (A) Wild type KRAS before treatment (top) and a KRAS Q61H mutation (bottom) after receiving Osimertinib. (B) Wild type KRAS before treatment (top) and a KRAS G12D mutation (bottom) after receiving Osimertinib.





Case 2

In March 2017, a 54-year-old male non-smoker was diagnosed with NSCLC adenocarcinoma metastasizing to double lung, mediastinal and the cervical lymph nodes (cT3N3M1a, stage IV). The pathological biopsy revealed TTF-1 (+), NapsinA (+), CK5/6 (-), TG (−), ALK (−), ROS-1 (−) invasive adenocarcinoma. Next generation sequencing (NGS) on tumor biopsy tissues revealed an EGFR exon 19 deletion without a KRAS mutation. The patient then accepted gefitinib (250 mg/d) which, as shown in contrasted CT, produced a partial response in the right lung (Figure 3A). In September 2017, a new lesion in the middle lobe of right lung was found and NGS-based re-biopsy identified both EGFR exon 19 deletion and ERBB3 mutation. Based on these findings, the treatment was changed to afatinib (40 mg/d); however, disease progression in the right lung was soon identified (Figure 3B). In December 2017, the patient began receiving a six-cycle chemotherapy regimen with pemetrexed, cisplatin, and bevacizumab, which was partially effective, but new lesions quickly appeared in both lungs (Figure 3C). The re-biopsy showed a T790M mutation but tested negative for PD-L1 expression. Osimertinib was administered as the fourth treatment in June 2018. In October 2018, a progression disease (PD) arose in the right lung. Re-biopsy of the right lower lung of the patient revealed no EGFR mutation but tested positive for the KRAS exon 3 (R68S, MAF:5.4%) mutation by MSK-IMPACT sequencing (Figure 3D). The plasma ctDNA confirmed the above results by NGS. Therefore, the patient received four cycles of paclitaxel (albumin-bound) plus nivolumab treatment and acquired a partial response (Figure 3E).




Figure 3 | Five lines of treatment for case 2. (A) CT scan before (top) and after (bottom) receiving gefitinib, which produced a partial response (PR) in the right lung with 5 months of progression-free survival (PFS). (B) CT scan before (top) and after (bottom) receiving afatinib, which showed no objective response with less than one month of PFS. (C) CT scan before (top) and after (bottom) receiving pemetrexed, cisplatin and bevacizumab which brought a PR effect with 6 months of PFS. (D) CT scan before (top) and after (bottom) receiving Osimertinib, which induced no objective response with four months of PFS. (E) CT scan before (top) and after (bottom) receiving paclitaxel (albumin-bound) plus nivolumab which induced a PR effect with more than 18 months of PFS.






Conclusion

The relationship between acquired KRAS mutations and Osimertinib resistance, as well as various therapeutic approaches, have yet to be explored in detail (7, 8). Here we identified two cases where the patients acquired a KRAS mutation after taking Osimertinib and subsequently experienced quick disease progression. These findings are consistent with previous reports. Ortiz et al described a patient who acquired a KRAS G12S mutation with the administration of Osimertinib. Cellular investigation showed that, compared to KRAS wild type transduced cells (PC9KRAS-wt), G12S mutation cells (PC9KRAS G12S) appeared less sensitive to Osimertinib (9), suggesting that KRAS mutations underlie the resistance to Osimertinib (10–12). Although KRAS and EGFR mutations are thought to exist in a mutually exclusive manner (13), with the introduction of high-sensitivity large-scale mutation analysis, multiple studies have unveiled the co-existence of EGFR mutations and other dominant mutations such as those of KRAS (14). In the current report, both the KRAS mutation and EGFR 19 exon deletion were detected in case 1, suggesting that the KRAS mutation might rescue lung cancer cells from the lethal potency of EGFR TKIs. In addition, it can be inferred that the EGFR TKIs may functionally deplete oncogenic EGFR signal to a degree that would allow co-expression of mutant KRAS and EGFR (15). In addition, the heterogeneity of lung adenocarcinomas may account for these results, and may lead to diversified gene sequencing consequences in different locations of the same primary tumor tissue (16, 17).

In the two cases reported here, the genetic setting and therapeutic outcome showed overt discrepancies. Case 1 exhibited both KRAS exon 2 (G12D) and exon 3 (Q61H) mutation but case 2 only a KRAS exon 3 (R68S) mutation. An R68S mutation is a rare type of KRAS exon 3 mutations (18, 19) and its prognostic role remains controversial (20, 21). A KRAS R68S mutation was reported to be associated with aggressive property of colorectal tumor and acquired resistance to the EGFR inhibitors cetuximab or panitumumab (22). To the best of our knowledge, this is the first study reporting that the KRAS exon 3 (R68S) mutation may be associated with Osimertinib resistance and revealing the relationship between subtypes of acquired KRAS mutations and the effect of therapeutic approaches. It has been previously observed that the KRAS G12D mutation led to the short survival outcome of a never-smoking adenocarcinoma patient (23). This may be due to the change in tumor biological behavior and the sensitivity to treatment that resulted from the differential activation of downstream signaling pathways. Aredo et al also found that KRAS G12D mutations conferred a poor prognosis in NSCLC patients, and moreover acted as a biomarker to predict the benefit of immunotherapy (24). In case 2, when Osimertinib induced disease progression, nivolumab, a type of ICI targeted for PD-L1 was combined with chemotherapy and manifested as a clear favorable consequence. PD-L1 tends to be up-regulated by KRAS mutations through p-ERK signaling which accelerates the apoptosis of CD3-positive T cells. In vitro studies using a co-culture system demonstrated that ICI recovered the anti-tumor immunity of T cells and reduced survival rates of KRAS-mutant NSCLC cells (25). It is on this premise that the immunotherapy may give more flexibility in treating lung cancer with KRAS mutations.

In conclusion, our study provides further evidence supporting the KRAS mutations acting as one of the novel mechanisms for Osimertinib resistance. Moreover, the combined treatment of chemotherapy and ICI exhibits apparent advantages for NSCLC patients with acquired KRAS mutations.
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Neuroblastoma is the most common extracranial childhood solid tumor. The majority of high-risk neuroblastoma is resistant/refractory to the current high intensity therapy, and the survival of these patients remains poor for the last three decades. To effectively treat these extremely unfavorable neuroblastomas, innovative immunotherapy approaches would be the most promising. In this article, we discuss the identity of tumor-infiltrating effector cells and immunosuppressive cells in high-risk neuroblastoma. Neuroblastoma is unique in that it expresses little or no classical HLA Class I and II. In contrast, high-risk neuroblastomas express the stress-responsive non-classical Class I, HLA-E molecule. HLA-E is the ligand of activating receptors NKG2C/E that are expressed on memory NK cells, CD8+T cells and CD4 CTLs. By examining a comprehensive RNA-seq gene expression dataset, we detected relatively high levels of CD4 expression in high-risk neuroblastoma tissues. The majority of CD4+ cells were CD3+, and thus they were likely tumor-associated CD4+T cells. In addition, high-level of both CD4 and NKG2C/E expression was associated with prolonged survival of the high-risk neuroblastoma patients, but CD8 levels were not, further suggesting that the CD4+ NKG2C/E+ T cells or CD4 CTL conferred cytotoxicity against the neuroblastoma cells. However, this T cell mediated- “protective effect” declined over time, in part due to the progressive formation of immunosuppressive tumor microenvironment. These observations suggest that to improve survival of high-risk neuroblastoma patients, it is essential to gain insights into how to enhance CD4 CTL cytotoxicity and control the immunosuppressive tumor microenvironment during the course of the disease.
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Introduction

Neuroblastoma is the most common extracranial childhood solid tumor and is known for its biological and clinical heterogeneity. There are two distinct biological types of neuroblastoma: favorable neuroblastoma (known by tumor spontaneous regression or curable simply by surgery) and unfavorable neuroblastoma that are deadly malignant tumors. Based on established prognostic factors, including age, disease stage, MYCN amplification status, ploidy, segmental chromosomal aberrations at 1p and 11q, and international neuroblastoma pathology classification (INPC), neuroblastoma is divided into three risk-based categories: low-, intermediate- and high-risk groups (1). Among those prognostic factors, INPC is the strongest prognostic factor that categorizes the tumors into Favorable Histology (FH) and Unfavorable Histology (UH) groups (2). Survival of UH neuroblastoma is essentially the same as that of high-risk neuroblastoma (3, 4). The majority (>50%) of high-risk/UH neuroblastoma will resist or refract the current high intensity multimodal therapy (3–6).

Recently, we have described an immunohistochemistry-based sub-classification of the UH neuroblastoma, which subcategorizes them into UH and Extremely Unfavorable Histology (EUH) subsets (7). As shown in Figures S1A, B, the EUH subset includes (i) MYC-driven neuroblastoma expressing high MYC and/or MYCN protein (8), (ii) Neuroblastoma with TERT overexpression due to genomic rearrangements (9–11), and (iii) Neuroblastoma of the ALT group due to ATRX loss (12, 13). The remaining tumors of the UH is called the Null group, which does not have the above three characteristics of the EUH tumors (7). The MYC-driven neuroblastoma group includes both MYCN-amplified and non-amplified tumors with high MYCN and MYC expression, respectively, and they are among the worst tumors that ultimately kill the patients. Collectively, the EUH neuroblastoma represents the most malignant and chemotherapy-resistant/refractory disease. Within the scope of this article, we discuss the identity of tumor-infiltrating effector cells and immunosuppressive cells in high-risk neuroblastoma tumor tissues. In addition, we propose an antibody-based approach that can maximize the effector’s killing activity against the tumor cells.

As described below, our data suggest that CD4 CTLs are important effector cells against high-risk neuroblastoma. CD4 CTLs can develop from TH0 (14, 15), TH1, TH2 (16), TH17 (17), and Treg (18) subsets. However, CD4 CTLs derived from TH1 cells represent the majority of CD4 CTLs (19). A hallmark of CD4 CTLs is the expression of the transcription factor EOMES (19). Previous studies have pointed that at least in some cases, CD4 CTLs are better effectors than CD8 CTLs (20–22). CD4 CTLs kill target cells by two cytotoxic effector mechanisms (23). The first involves the death receptor/ligand pathway. In that, the effector cells express the death ligands (e.g., FASLG), which bind to their cognate receptors (e.g., FAS) on the target cells to induce apoptotic cell death (24–26). The second cytotoxic mechanism is the directed exocytosis of Granzymes and Perforin into target cells to induce apoptosis (27). Others have suggested that CD4+ T cells can reject MHC Class II negative tumor cells through interplay with other infiltrating macrophages (28) and NK cells (20). In addition, it has been shown that CD4 CTLs can target tumor cells in two different ways: an MHC-restricted fashion (21, 22) and MHC-independent manner (29). Nonetheless, it is not clear how CD4 CTLs can directly engage target cells at the molecular levels when MHC Class II restriction is not applied or the tumor lacks HLA Class II expression.



Immunophenotype of Neuroblastoma

Neuroblastoma is a neural crest-derived tumor, which lacks classical HLA Class I and II expression (30, 31) and exhibits low mutation rates (32, 33). These characteristics help neuroblastoma cells evade CD8+ T cell-mediated immune surveillance. In contrast, there have been conflicting data on PD-L1 expression in neuroblastoma. Aoki et al. first showed that neuroblastoma was PD-L1 negative (34). Later, others suggested that neuroblastoma cells per se expressed PD-L1 (35–38). Recently, Shirinbak et al. reported that PD-L1 protein was expressed predominately on tumor-associated macrophages (TAMs) infiltrating into neuroblastoma tissues at diagnosis and a very few neuroblastoma cells became PD-L1 positive after chemotherapy (39). PD-L1 is an important immune checkpoint molecule; we thus carefully examined this issue by multiplex immunohistochemistry assay. As shown in Figure S1C, neither FH nor UH neuroblastoma cells expressed PD-L1, and PD-L1 positive staining was in fact detected on the cell membrane of stromal TAMs (see Discussion).



The Study Cohort

The majority of high-risk neuroblastoma is resistant to the current multimodal therapy, and this group of the tumors is our particular interest. The study cohort includes 176 high-risk neuroblastoma specimens collected at diagnosis (40, 41), and its subsets are shown in Figure 1A.




Figure 1 | Clinical relevance of CD4 CTL in high-risk neuroblastoma. (A) The study cohort and its UH subgroups. The study cohort is composed of 176 high-risk neuroblastoma specimens (40, 41), which include the Null group and EUH groups (MYC-driven, TERT over-expression, and ATRX loss). The proportion of each subset was estimated based on expression levels of MYCN, MYC, TERT and ATRX. (B) HLA-E is highly expressed in high-risk neuroblastoma. HLA-E expression was correlated with PHOX2B expression (a marker of neuroblastoma) in the study cohort. All tumors were PHOX2B positive and co-expressed HLA-E. (C) The effect of HLA-E expression on survival of high-risk neuroblastoma. High HLA-E expression was associated with better outcome of high-risk neuroblastoma. Survival of high-risk neuroblastoma patients with high or low expression of HLA-E was analyzed by the R2: Genomics Analysis and Visualization Platform (http://r2.amc.nl). (D–F) The effect of NKG2E, CD4 and CD8 expression on survival of high-risk neuroblastoma. (D) High NKG2E and (E) high CD4 expressions were associated with prolonged survival of high-risk neuroblastoma. Difference in High expression (Blue) vs. Low expression (Red) was statistically significant up to 130 months after diagnosis as indicated by the arrows in (D, E). (F) No association between CD8 expression and disease outcome was found. CD8 expression is represented by CD8 β chain (CD8B). (G) Correlation between CD4 and CD3E expressions in the high-risk neuroblastoma. The expression of CD4 and CD3E were highly correlated each other, suggesting the presence of tumor-infiltrating CD4+ T cells. CD3E (encoding the CD3ε chain) expression represents CD3 expression. The horizontal bar represents the cutoff value to separate the cohort into high and low CD4 subsets, which were used in the survival analysis shown in (E). (H) The effect of CRTAM expression on high-risk neuroblastoma. High CRTAM expression, encoding a CTL activating receptor, was associated with prolonged survival of high-risk neuroblastoma. (I) High-risk neuroblastoma expresses both HLA-E and CADM1. All the high-risk tumors examined expressed both HLA-E and CADM1. CADM1, encoding the CRTAM ligand, expressed at high levels in high-risk neuroblastoma. CADM1 expression also showed a trend of being associated with better survival (p=0.096) (not shown). Unit of expression levels is expressed as Reads Per Million (RPM). Expression levels of genes shown in the figures were expressed as log2 of RPM.





Clinical Relevance of HLA-E Expression in High-Risk Neuroblastoma

HLA-E is a stress-induced molecule (42, 43), and its expression is significantly associated with high-risk neuroblastoma (Stage 4 and MYCN amplified cases) (44). We also found that all high-risk neuroblastoma examined expressed HLA-E (Figure 1B). These observations suggest that high-risk neuroblastoma are under the environmental and/or oncogenesis-associated stress, which in turn forces neuroblastoma cells to express HLA-E. HLA-E is the ligand of activating receptors NKG2C and NKG2E that are expressed on CD8+T cells, CD4 CTLs, and memory/adaptive NK cells (45–48). HLA-E is also the ligand of the inhibitory receptor NKG2A on CD8 T, CD4 CTLs, late immature and mature NK cells (19, 49). It is known that the NK cells can effectively kill HLA-E+ target cells by the ligation of NKG2C/E and HLA-E, followed by the release of effector molecules (Granzymes, Perforin) (47, 50–53). However, little is known whether CD8 T cells and CD4 CTLs would use the same molecular mechanism to directly engage and ultimately lyse the HLA-E+ target cells. To investigate a possible involvement of HLA-E in the anti-tumor immune response against high-risk neuroblastoma, we first examined survival of the patients based on HLA-E expression. As shown in Figure 1C, high HLA-E expression was significantly associated with longer survival of high-risk neuroblastoma, suggesting HLA-E is a target of the effector cells.



CD4 CTL as Effector Cells Against High-Risk Neuroblastoma

Because of the limited availability of tumor specimens, it is virtually impossible to perform live cell-based analyses on a large high-risk human neuroblastomas cohort. To gain an insight into the identity of immune effector cells against high-risk neuroblastoma, we analyzed a comprehensive RNA-seq gene expression dataset of neuroblastoma (40, 41), using the R2 Genomics Analysis Platform (http://r2.amc.nl).

Neuroblastoma tissues contain the majority of neuroblastoma cells and various stromal cells, including lymphoid and myeloid cells, endothelial cells, Schwann cells and fibroblasts. RNA-seq analysis can detect low-level transcripts from the stroma and tumor-infiltrating immune cells. As shown in Figure 1D, we detected expression of the activating receptor NKG2E in high-risk neuroblastoma, and high NKG2E expression was significantly associated with prolonged survival of high-risk neuroblastoma patients, suggesting the presence of tumor-infiltrating NKG2E+ effector cells in the high-risk neuroblastoma tissues. We also observed that high CD4 expression (Figure 1E), but not CD8 expression (Figure 1F), was associated with better outcome of the patients. Correlation analysis indicated that CD4 and CD3E expressions were significantly associated with each other in the tumor tissues (Figure 1G), suggesting the presence of tumor-infiltrating CD4+ T cells. Of note, there was a population of CD3Enegative-low and CD4low cases (Figure 1G), which could represent non-T CD4+ cells. Even when these cases are excluded from the analysis, association of survival with CD4 expression still holds. Specifically, excluding 12.5% and 25% of CD3Enegative-low cases from the survival analysis gives rise to p values of 0.021 and 0.03, respectively.

Similar to NKG2E, high-level expression of NKG2C showed a trend (p=0.09) toward being associated with prolonged survival of high-risk neuroblastoma patients (data not shown). Furthermore, high CRTAM expression was associated with better outcome of the patients (Figure 1H). CRTAM is known as an activating receptor expressed on CD4 CTLs, CD8 T cells, and NK cells and therefore a collective marker of CTLs (54, 55). On the other hand, neuroblastoma cells expressed CADM1, the ligand of CRTAM (56) (Figure 1I). The results shown in Figure 2A further suggested the presence of CRTAM+CD4+ cells in high-risk neuroblastoma tissues, which were more abundant than CRTAM+ CD8+ cells (Figure 2B) and CRTAM+ NCR1+ cells (i.e, NK cells) (Figure 2C). Together, the data suggest that the effector cells of high-risk neuroblastoma are CD4+ CD3+ NKG2C/E+ CRTAM+, namely CD4 CTLs.




Figure 2 | The relationship between CRTAM expression and CTL marker expression. CRTAM is an activating receptor of cytotoxic lymphoid cells: CD4 CTLs, CD8 T cells, and NK cells (19, 55) and therefore represents a collective marker of CTLs. (A) CRTAM and CD4 expressions were highly correlated each other in high-risk neuroblastoma tissues, suggesting the presence of CRTAM+ CD4+ T cells. (B) The expressions of CD8B (a CD8 T cell signature) and (C) NCR1 (an NK cell signature) were also found correlated with that of CRTAM, although the expression levels of these genes were much lower than that of CD4. Taken together, the results suggest that CD4 CTLs are the main CTL subset in high-risk neuroblastoma. CTL exhaustion and the dysfunctional immune response against high-risk neuroblastoma. High-level expression of T-cell exhaustion markers, TOX (D) and LAG3 (E) was associated with rapid progression and worse outcome of high-risk neuroblastoma, suggesting T-cell exhaustion had occurred in the high-risk neuroblastoma. Blue: High TOX/LAG3 expression, Red: Low TOX/LAG3 expression. Unit of expression levels is expressed as Reads Per Million (RPM). Expression levels of genes shown in the figures were expressed as log2 of RPM.



Of note, the protective effect of high NKG2E expression, high CD4 expression and high CRTAM expression declined over time with a similar kinetics (~130 months after diagnosis) as indicated by the arrows in Figures 1D, E, H. This observation suggests the progressive development of the immunosuppressive tumor microenvironment (TME) during the course of high-risk disease.



A Proposed Model for How CD4 CTLs Engage Neuroblastoma Cells Lacking HLA Class II

Based on our observations, we hypothesize that CD4 CTLs use two additive signals to directly engage neuroblastoma cells lacking HLA Class II: first, ligation between the activating receptors NKG2C/E on CD4 CTLs and the ligand HLA-E on neuroblastoma cells, and second, CRTAM of CD4 CTLs and CADM1 on neuroblastoma cells. Thus, CD4 CTLs act like NK cells and their effector mechanism would be TCR- and HLA Class II-independent. Our observation that almost all the high-risk neuroblastomas examined highly expressed both HLA-E and CADM1 lends support for this hypothesis (Figure 1I). In addition, a previous report suggests that CADM1 is a candidate of tumor suppressors for neuroblastoma at the chromosome 11q23 (56), and the patients with tumors having lost CADM1 expression on cell surface have poor prognosis (56). These observations are consistent with our hypothesis that CRTAM is an important receptor on the effector cell against high-risk neuroblastoma.

To further address the hypothesis, we examined the likely cytotoxic pathway involved in the tumor killing of high-risk neuroblastoma. We first found that FAS expression was not associated with survival of high-risk neuroblastoma patients (Figure S2A). This was in part due to the low expression of FAS on the tumor cells compared to HLA-E (Figures S2B, C). Thus, it is unlikely that CD4 CTL use the FASL/FAS pathway as an effector mechanism. In contrast, GZMA/GZMB expression was associated with longer survival of high-risk neuroblastoma patients (p=0.026 for both, not shown). Expression of OX40, encoding a co-stimulatory molecule on CD4 CTLs, was also associated with better outcome (Figures S2D, E). A similar trend was observed for 4-1BB, which was expressed at lower levels than OX40 (Figures S2F, G). Together, these observations suggest that the anti-neuroblastoma effect of CD4 CTLs relies on the perforin/granzyme pathway.



The Immunosuppressive Cells in the TME of High-Risk Neuroblastoma

Tumor-associated macrophages (TAMs) include M1 and M2 TAMs. TAMs tend to polarize toward an M2 state (anti-inflammatory, pro-tumor) in the TME and mediate immune exclusion and suppression, and ultimately promote tumor growth. Myeloid-derived suppressor cells (MDSCs) represent a heterogeneous population of immature myeloid cells that inhibit anti-tumor activities of T and NK cells and stimulate Treg, leading to tumor progression (57). As shown in Figures S3A, B, we detected the significantly correlated expression of M2 TAMs marker genes (CD163, CD204, CD206) and M-MDSC marker genes (CD11B, CD14, CD33) in the high-risk neuroblastoma examined, suggesting that the various numbers of M2 TAMs and MDSCs are present in the high-risk neuroblastoma TME.

Based on the gene expression profiling analysis, high-risk neuroblastoma tissues express relatively high levels of CCL2, CXCL12, and TGFB1, which could influence the recruitment and polarization of myeloid cells (58–65). We therefore addressed whether the various quantities of M2 TAMs and M-MDSCs linked to the variation in the cytokine/chemokine levels in the TME. To this end, we found that expressions of M2 TAMs markers (CD163, CD204 and CD206) and M-MDSC markers (CD11B, CD14 and CD33) were all correlated significantly with the expression of CCL2, CXCL12 and TGFB1 (Figure S3C). Moreover, the expression levels of TGFB1, CXCL12, and CCL2 were also highly correlative to each other in all the tumors specimens (Figure S3D). Taken together, these observations suggest that the production of these cytokines and chemokines by neuroblastoma and cells in the TME likely determines the quantity of M2 TAMs and M-MDSCs in high-risk neuroblastoma.

Tregs are a subset of CD4+T cells, which maintain peripheral tolerance and suppress anti-tumor immune responses. Tregs interact with infiltrating lymphocytes, stromal cells and tumor cells to exert their immunosuppressive effects (66). CD4+Treg cells are distinguished from other TH lineages via FOXP3 expression. FOXP3 stabilizes the suppressive phenotype and capabilities of Treg. CD4+ FOXP3+ Treg express characteristic receptors including CTLA4, GITR, and CD25 (67). Our analysis showed that FOXP3 expression correlated with CTLA4 (r=0.837 p= 2.14e-47) (Figure S3E), GITR (r=0.769 p= 1.28e-35) and CD25 (r=0.490 p= 4.92e-12) (data not shown), indicating the presence of Tregs in the TME of high-risk neuroblastoma.

TOX has been recognized in driving the epigenetic enforcement of exhaustion (68, 69). Exhausted T cells also express inhibitory receptors: PD-1, CTLA4, LAG3, and TIM3 (70). As shown in Figures 2D, E, high TOX and LAG3 expression was associated with adverse outcome of high-risk neuroblastoma, suggesting the exhaustion of CD4 CTLs. Taken together, our analysis suggests the roles of M2 TAMs, MDSCs, Treg, and T cell exhaustion in high-risk neuroblastoma in promoting tumor progression. The results also suggest that the HLA-E reactive CD4 CTL effector cells are functionally compromised in the TME of high-risk neuroblastoma.



Discussion

There have been several studies examining the immune cell profile in neuroblastoma tissues (71–73). In these reports, the emphasis was on the relationship between immune cell gene expression signatures and clinical outcomes. An additional study employed the immune-related gene expression signature to subdivide the high-risk group into further subsets (74). In this report, we conducted a series of analyses to determine the identity of specific immune effector and immunosuppressive cells in the high-risk neuroblastoma TME. Furthermore, we were particularly interested in the expression of HLA-E, which was expressed on high-risk neuroblastoma (44) (Figure 1B). Therefore, identification of effector cells against HLA-E+ tumors would help advance therapeutic strategy against these most malignant tumors.

This study suggests that CD4 CTLs are important effector cells against high-risk neuroblastoma, but their “protective effect” declines over time in part due to the progressive formation of the immunosuppressive TME, leading to the death of the patients. To improve survival of high-risk neuroblastoma patients, therapeutic strategy should include two essential tasks simultaneously: one to enhance the cytotoxicity of CD4 CTLs, and the other to remove the immunosuppressive TME.

Current understanding on cell surface molecules expressed on CD4 CTLs can provide significant insight into the first task. CD4 CTLs express not only the activating receptors NKG2C/E, but also the inhibitory receptor NKG2A, and these activating and inhibitory receptors NKG2C/E/A share the same ligand HLA-E expressed on neuroblastoma cells. CD4 CTLs also express other co-stimulatory molecules on their surface: CRTAM, 4-1BB and OX40. The biological functions of these CD4 CTLs’ cell surface molecules suggest that activating signals by NKG2C/E, CRTAM, 4-1BB, OX40 and the inhibitory signal by NKG2A determine the overall cytotoxicity of CD4 CTL. Thus, blocking of the inhibitory signal NKG2A by anti-NKG2A antibody would enhance the tumor killing of CD4 CTL. On the other hand, the use of agonistic antibodies against 4-1BB and OX40 would maximize the activating signals. This antibody-based approach via agonistic/antagonistic antibodies could in turn augment cytotoxicity of CD4 CTLs and result in a robust anti-neuroblastoma immune response.

Effective immunotherapy against solid tumors depends on how to remove the activity of the immunosuppressive TME. To date, there have been numerous studies describing innovative strategies to inactivate the immunosuppressive TME in adult cancers, and each of these studies has focused on one immunosuppressive cell type: TAMs (75–80) or MDSCs (81–83). Our analysis suggests that multiple immunosuppressive cells exist in the high-risk neuroblastoma tissues (M2 TAMs, MDSCs, Treg, exhausted T cells). In addition, a previous study reported that there were protumorigenic cancer-associated fibroblasts in the TME in neuroblastoma (84). Basic understanding of the biology of high-risk neuroblastoma, their metastatic/biological behavior, and knowledge on metabolism of the immune cells would help advance our strategy toward how to systematically remove the immunosuppressive TME and restore effector functions of the immune cells.

Intriguingly, our data show that neuroblastoma cells do not express PD-L1 (Figure S1C). The PD-1/PD-L1 ligation inhibits T-cell receptor signaling in effector T cells. Therefore, the lack of classical HLA Class I expression makes it unnecessary for the neuroblastoma cells to utilize the PD-1/PD-L1 pathway to avoid the killing by PD-1+ CD8 CTLs. On the other hand, we propose that in the absence of CD8+ T-mediated immunity, CD4 CTLs can target the HLA-E+ high-risk neuroblastoma cells in a TCR- and HLA-independent manner, which in turn would be unaffected by the PD-L1 expression status on the neuroblastoma cells.

Because of the biological heterogeneity of high-risk neuroblastoma, multiple immunotherapy protocols would be required to treat the patients. Currently, GD2, a surface glycolipid is the most common target for neuroblastoma immunotherapy. Anti-GD2 monoclonal antibodies have improved event-free survival and overall survival in patients with high-risk neuroblastoma (85, 86). However, some neuroblastomas intrinsically lack GD2 expression (87). Furthermore, in response to anti-GD2 therapy, tumor cells can down-regulate GD2 (88). In this study, we have found that the majority of high-risk neuroblastoma expresses both HLA-E and genes responsible for GD2, but ~5% of the tumors were HLA-E+ and likely GD2 negative (Figures S4A–C). Combination treatment against HLA-E and GD2 or an alternative therapy to anti-GD2 antibodies would be beneficial to these patients. Therapeutic interventions based on other cell surface molecules on neuroblastoma, including 4Ig-B7-H3 (89) and CD57 (90, 91), might be worth investigating, although these molecules are known to be expressed on both the tumor cells and immune cells.

It should be mentioned that antibody-based approaches targeting tumor surface molecules (e.g., GD2) are mediated by ADCC, which requires immune-active NK cells or macrophages (M1 TAMs). Thus, enhancing the immune-active status of tumor-infiltrating immune cells is a key strategy for anti-neuroblastoma immunotherapy. Lastly, because high-risk neuroblastoma is a metastatic disease, therapeutics given to these pediatric patients should be delivered systemically but tumor-specific with little toxicity to the normal cells. Immunotherapy would be a desirable approach to treat high-risk neuroblastoma patients, as it can target the tumor cells. This is in fact a basic principle underlying how the immune system works.
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Supplementary Figure 1 | (A) Neuroblastoma subsets in a general cohort. In a general cohort, about 50% of the tumors are Favorable Histology (FH) group. The remaining 50% tumors belong to the Unfavorable Histology (UH) group, which is further divided into subcategories: the Null group (chemotherapy-sensitive; ~10%) and the Extremely Unfavorable Histology (EUH) group (chemotherapy-resistant/refractory). The EUH tumors include MYC-driven neuroblastomas (high MYCN and/or MYC protein expression; ~30%), TERT overexpression tumors (~7%), and ALT tumors (ATRX loss; ~4%). The proportional distribution of these subsets was estimated based on previous publications from our group (8) and others (9, 10, 92). (B) Immunohistochemical phenotypes of UH neuroblastoma subgroups. Examples of immunohistochemistry images of the EUH and Null group neuroblastomas are shown, which was performed as previously described (8, 93, 94). (C) Neuroblastoma at diagnosis does not express PD-L1. Multiplex IHC was performed to detect PD-L1 (brown, membrane staining) and PHOX2B (red, nuclear staining, one of the most reliable markers for neuroblastoma cells (95) on FH (5 cases) and UH (5 cases) neuroblastomas at diagnosis. PHOX2B positive neuroblastoma cells were always negative for PD-L1. In contrast, only PHOX2B negative cells, the majority of them appeared to be macrophages, showed positive staining for PD-L1 (see the inset in the UH tumor image). Representative cases of FH and UH IHC images of PD-L1 and PHOX2B staining are shown. The scale bar represents 20μm.

Supplementary Figure 2 | Effects of FAS, OX40 and 4-1BB expressions on survival of high-risk neuroblastoma. (A) FAS expression was not associated with survival of the high-risk neuroblastoma patients. This was likely due to low-level expression of FAS in high-risk neuroblastoma (B) as compared to HLA-E expression (C). HLA-E and PHOX2B expression in (C) is the same as Figure 1B, and it is shown here for the comparison of FAS expression to HLA-E expression. PHOX2B expression was used as a gene expression control for neuroblastoma. (D) High OX40 expression was significantly associated with better survival of the high-risk patients, and high 4-1BB expression showed a similar trend (F). The difference in the effects of OX40 and 4-1BB expressions on the patient survival was likely due to expression levels of OX40 and 4-1BB as shown in (E, G), respectively. EOMES expression signifies CD4 CTLs (19, 55, 96), and it was used to assess expression levels of OX40 and 4-1BB in tumor-infiltrating CD4 CTLs. (E) OX40 expression among the tumors with EOMES expression over 1.0 RPM was significantly higher than that of 4-1BB (G) (p=4.8e-04). Statistical analysis was done using a Student’s t-test. Unit of expression levels is expressed as Reads Per Million (RPM). Expression levels of genes shown in the figures were expressed as log2 of RPM.

Supplementary Figure 3 | M2 TAMs, M-MDSCs and Tregs in the TME of high-risk neuroblastoma. (A) The expression of M2 TAM signature genes (CD163, CD204, and CD206) (97, 98) was examined by 3D-correlation analysis in high-risk neuroblastoma. The signature gene expression was tightly associated each other, suggesting that various numbers of M2 TAMs were present in high-risk neuroblastoma tissues. (B) The expression of M-MDSC signature genes (CD11B, CD14 and CD33) (99) was also examined by 3D-correlation analysis in high-risk neuroblastoma. Based on histological observations, monocytic MDSCs (M-MDSC) appeared to be the main subset of MDSCs in neuroblastoma. Therefore, only the M-MDSC signature genes were analyzed. As shown, there was a tight association among CD11B, CD14, and CD33 gene expressions in high-risk neuroblastoma tissues, suggesting that various amounts of M-MDSCs were present in the TME. (C) Expression of M2 TAM and M-MDSC marker genes was highly correlated with the expression of cytokine and chemokines genes indicated. (D) The expression levels of chemokine and cytokine genes (CCL2, CXCL12 and TGFB1) are also highly correlated to each other in all tumors examined. These observations suggest that the establishment of M2 TAMs and M-MDSCs in the TME are dependent on the cytokine and chemokines. (E) Expressions of Treg signature genes (FOXP3 and CTLA4) in the high-risk neuroblastoma. The expressions of these genes were highly correlated each other, suggesting the presence of Treg cells in the tumor tissues. Unit of expression levels is expressed as Reads Per Million (RPM). Expression levels of genes shown in the figures were expressed as log2 of RPM.

Supplementary Figure 4 | The majority of high-risk neuroblastomas co-expressed HLA-E and genes responsible for GD2 synthesis (B4GALNT1 and ST8SIA1). GD2 is a glycolipid and an immunotherapy target of neuroblastoma, but its expression cannot directly be measured by gene expression. We thus examined the expression of B4GALNT1 encoding GD2 synthase and ST8SIA1 encoding GD3 synthase as surrogates of GD2 expression in high-risk neuroblastoma. Of note, GD3 synthase is the rate-limiting enzyme for GD2 synthesis, and therefore, expression of ST8SIA1 was included in the analysis (A, B). The result showed that the vast majority of high-risk neuroblastomas co-expressed HLA-E together with B4GALNT1 and ST8SIA1. In other words, most tumors are both HLA-E+ GD2+. (C) The majority of high-risk neuroblastomas expressed both ST8SIA1 and B4GALNT1. However, about 5% of the tumors expressed very low levels of both B4GALNT1 and ST8SIA1 (the red circle), suggesting these tumors (~5%) were negative for GD2 at diagnosis. Expression levels of genes shown in figures were expressed as log2 of RPM. (D) Average expression levels of genes examined in the study are shown. Unit of expression levels is expressed as Reads Per Million (RPM). Expression average was calculated based on the high-risk neuroblastoma cases (n=176) (40, 41). TOX is expressed in non-T cell lineage cells (e.g., B cells, NK cells, and granulocytes) and its expression levels appear higher than other T cell markers in tumor tissues (https://www.proteinatlas.org/ENSG00000198846-TOX/tissue). Housekeeping genes (HKGs) include RPL5, RPL28, TBP, RPL13A, RPLP0 and TFRC.
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Cancer immunotherapy is a highly successful and rapidly evolving treatment modality that works by augmenting the body’s own immune system. While various immune stimulation strategies such as PD-1/PD-L1 or CTLA-4 checkpoint blockade result in robust responses, even in patients with advanced cancers, the overall response rate is low. While immune checkpoint inhibitors are known to enhance cytotoxic T cells’ antitumor response, current evidence suggests that immune responses independent of cytotoxic T cells, such as Natural Killer (NK) cells, play crucial role in the efficacy of immunotherapeutic interventions. NK cells hold a distinct role in potentiating the innate immune response and activating the adaptive immune system. This review highlights the importance of the early actions of the NK cell response and the pivotal role NK cells hold in priming the immune system and setting the stage for successful response to cancer immunotherapy. Yet, in many patients the NK cell compartment is compromised thus lowering the chances of successful outcomes of many immunotherapies. An overview of mechanisms that can drive NK cell dysfunction and hinder immunotherapy success is provided. Rather than relying on the likely dysfunctional endogenous NK cells to work with immunotherapies, adoptive allogeneic NK cell therapies provide a viable solution to increase response to immunotherapies. This review highlights the advances made in development of NK cell therapeutics for clinical application with evidence supporting their combinatorial application with other immune-oncology approaches to improve outcomes of immunotherapies.
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Introduction

Cancer immunotherapy is a rapidly evolving treatment modality that works by augmenting the body’s own immune system. The dramatic successes of cancer immunotherapies have led to a paradigm shift in oncology (1, 2). While various immune stimulation strategies such as checkpoint blockade of PD-1/PD-L1 or CTLA-4 have been a major step forward leading to durable responses even in patients with advanced cancers, the overall response rate is low. Responses to anti-PD-1/PD-L1 therapies were shown to correlate with expression of PD-L1 on tumors and with preexistence of inflamed (“hot”) tumors infiltrated with functional cytotoxic lymphocytes, which accounts for a minority of patients (3, 4). While the application of immune checkpoint inhibitors is known to mount the potent antitumor response by cytotoxic T cells, there is a robust body of science suggesting that immune responses independent of cytotoxic T cells also play critical roles in the efficacy of immunotherapeutic interventions.

Natural Killer (NK) cells are a small subpopulation of lymphocytes that are a part of the innate immune response and are key effectors of immunosurveillance and immunoregulation. NK cells are the first responders of the immune system and have an inherent ability to recognize and lyse virally-infected, stressed, or cancerous cells without prior sensitization or antigen presentation (Figure 1). NK cells perform this differential surveillance of malignant or compromised cells from normal “self” cells through the balance of signaling from surface activating receptors [e.g. NKG2D, natural cytotoxicity receptors (NCRs), 2B4, DNAM-1, activating killer cell immunoglobulin like receptors (KIRs)] and inhibitory receptors (e.g. inhibitory KIRs, NKG2A) that recognize a large repertoire of up- or downregulated molecules including major histocompatibility complex (MHC) class I chain-related proteins A and B molecules, and human leukocyte antigens (HLAs), nectin family proteins such as PVR and many others. The NK cell cytotoxic response is triggered when the activating signals are in excess of inhibitory signals (8). They also express the FcγRIII receptor (CD16) that recognizes antibodies to specific tumor antigens and triggers antibody-dependent cell-mediated cytotoxicity (ADCC) (Figure 1). Thus, rather than searching for one unique antigen on a target cell as the T cells do, NK cells recognize patterns of expression indicative of transformation into malignant cells. This broad recognition allows NK cells to preferentially kill tumor cells over healthy tissue without the need for prior training and without being dependent on one unique molecule that when downregulated could lead to a tumor escape from NK cell killing.




Figure 1 | NK cells are key effectors of anti-tumor response and direct both the innate and the adaptive arms of the immune system. 1) NK cells are the first responders of the immune system and can directly recognize and lyse tumor cells. Activating receptors on NK cells recognize ligands that are mostly expressed on compromised cells while inhibitory receptors bind to self-ligands that mark healthy, normal cells. 2) NK cells also express the CD16 FcγRIII receptor that binds antibodies and triggers antibody-dependent cellular cytotoxicity (ADCC). This response contributes to efficacy of many of the antibody-based cancer therapeutics (e.g. Herceptin or Erbitux). 3) NK cells not only directly lyse compromised cells causing release of tumor antigens, but when activated release cytokines such as TNF-α and IFN-γ, the later known to induce PD-L1 expression, that can recruit other immune cells and inflame or “heat up” the tumor microenvironment priming it for immunotherapy. 4) Intratumoral NK cells produce chemoattractants CCL5 and XCL1 (5) as well as FLT3LG, the formative cytokine of rare intratumoral stimulatory dendritic cells (cDC1) (6) that can activate the adaptive immune response. NK cells have also been shown to directly recruit T cells by releasing cytokines such as IL-8, CCL3, and CCL5 (7). 5) Additionally, NK cells can release exosomes with cytotoxic activity and can contain effector miRNAs, cytokines, and display NK cell surface receptors.



Cytotoxicity by NK cells is carried out by releasing cytoplasmic granules containing perforin and granzymes. However, NK cells not only directly kill compromised cells, but when properly activated, can be potent producers of TNF-α and IFN-γ, the last one being a known inducer of PD-L1 expression. Alternative mechanisms by which NK cells were shown to carry out their anti-tumor function involve expression of death receptor ligands FasL and/or TRAIL (9–12) and release of extracellular vesicles, such as exosomes, with cytotoxic activity (13) that contain effector miRNAs [reviewed in (14)], cytokines, and display NK cell surface receptors (15–17). In addition to direct killing, NK cells secrete chemokines and cytokines to recruit and coordinate responses by other immune cells, such as T cells (7) and dendritic cells (DCs), in the tumor microenvironment or site of infection and can prime the adaptive immune response for better viral or tumor control (5–7, 18–23) [reviewed in (24)] (Figure 1).

Recent studies have highlighted the importance of functional NK cells for the success of immunotherapies, including a critical role in successful PD-1/PD-L1 blockade treatment (25, 26). For example, presence of NK gene signatures defined by GNLY, KLRC3, KLRD1, KLRF1, NCR1 genes correlated with FLT3LG levels and presence of BDCA-3+ stimulatory DCs along with improved overall patient survival in all cancer types examined (6). Furthermore, in melanoma patients this study found NK cell frequency correlated with response to anti-PD-1 treatment and improved overall survival while no correlation was found for Treg cells, CD4+ TH cells, CD8+ T cells and PD1+ CTLA4+ T cells (6). Similar correlation between higher density of intratumoral NK cells and response to therapy was found in a study of 25 patients with metastatic melanoma treated with anti-PD-1 (27). Studies examining the mechanisms of action of checkpoint inhibitors in humans and mice have shed light on the complex interface between the innate and adaptive immune responses, expanding the traditional NK cell functional domain. NK cells join DCs and not only bridge but rather orchestrate the innate and adaptive immunity. NK cells hold a distinct role in potentiating the innate immune response and activating the adaptive immune system through the secretion of pro-inflammatory cytokines and chemokines, including regulating T cell responses. NK cells can directly affect T cells by cell-to-cell contact, and indirectly by secretion of cytokines or by recruitment of DCs and modulation of antigen-presenting cells. NK cells can target activated T cells for elimination and promote differentiation of naïve CD4 T cells [reviewed in (28)].

Most cancer patients have NK cells that are dysfunctional or low in frequency and are further negatively impacted by surgery and standard chemotherapy treatments (29) [reviewed in (30)]. For example, dysfunction of  NK cells can be caused by induction of the glycolysis-inhibiting enzyme fructose-bisphosphatase 1 (FBP1) which leads to tumor progression in KRAS-driven models of lung cancer (31). In this model at later stages, tumor growth could only be slowed by transfer of functional NK cells. Additionally, dysfunctional NK cell response can be caused by altered make up of proteins expressed on surface of tumor cells (31–34). For example, it was shown that radiation increased the expression of PD-L1 but decreased expression of activating ligands for NKG2D NK cell receptor through IL-6-MEK/ERK signaling in non-small cell lung cancer (NSCLC) cell lines, protecting the tumor cells from NK cell cytotoxicity (32). Thus, the lack of functional NK cells and/or effective NK cell response may be a potential cause behind the limited response to immunotherapies or other targeted therapies (e.g. therapeutic antibodies) that rely on NK cells for efficacy (31–34). To address this, adoptive NK cells therapies could provide a viable solution to increase response to immunotherapies (35, 36). Over the past decade advancements have been made to generate highly cytotoxic NK cells as an “off-the-shelf” cell therapy treatment that have the potential to mount a functional response in the setting of altered tumor environment that poses a critical barrier for endogenous NK cells. These cells can be further modified to enhance their targeting (e.g., with chimeric antigen receptors) and decrease their sensitivity to tumor immunosuppression (e.g. NKG2A knock-out). Thus, appropriate NK cell-based therapeutics could be effectively applied with immunotherapies to increase response rates and duration.

This review highlights the importance of the early actions of the NK cell response and the pivotal role NK cells hold in priming the immune system and setting the stage for successful response to cancer immunotherapy with focus on approved immunotherapies or those in late-stage clinical trials. The mechanisms that can drive NK cell dysfunction are reviewed with the intent to demonstrate how this can negatively impact subsequent immunotherapy response and how there is a need for prospective studies with focus on the role of NK cell compartment in immunotherapeutic response. The last part will highlight the advancements in NK cell therapeutics and how NK cell-based therapeutics can provide a viable solution to increase success of most immunotherapeutic therapies (and beyond).



NK Cells and Immune Checkpoint Inhibition

The success of monoclonal antibodies targeted to block immune regulatory checkpoint receptors or ligands has shifted immune checkpoint inhibitors and immunotherapy to the forefront of oncology [reviewed in (37)]. A Phase III clinical trial (NCT01866319) of the checkpoint inhibitor Pembrolizumab (anti-PD-1) produced overall response rates (ORR) in 33% of patients with advanced-stage melanoma (38). Since then, Pembrolizumab has been indicated for the treatment of twenty cancer types (39) and a search of the NCT database using the keyword ‘Pembrolizumab’ showed over 100 Phase III or IV interventional clinical trials that are currently active determining the efficacy of Pembrolizumab in more cancer types and in combination therapies. Although there are reports of durable objective response rates for many patients, the overall response rates are still low, and many patients eventually relapse. For example, in the ongoing Phase IB clinical trial NCT02054806 studying the efficacy of pembrolizumab in patients with advanced solid tumors, while treatment of patients with some tumor types have resulted in preliminary overall response rates over 30%, most are much lower (40–42). Preliminary results from NCT02054806 and the completed Phase 1 Clinical Trial NCT01848834, showed Pembrolizumab treatment of patients with colorectal cancer resulted in ORR of only 4.3% (43), while for patients with triple negative breast cancer, head and neck squamous cell cancer, gastric cancer, and urothelial carcinoma the ORR were between 15.6% and 21.2% (40, 44–47). Thus, the scope of the clinical success of immune checkpoint blockade therapies is limited to a select subset of patients typically with cancers expressing high levels of PD-L1 and infiltrated with lymphocytes. Current strategies have focused on combination therapies with PD-1 checkpoint inhibitors, and in fact over 3000 clinical trials are ongoing (48). Many of these combination therapies are showing success. For example, the PD-L1 inhibitor Atezolizumab plus Tiragolumab, an anti-TIGIT antibody (TIGIT is a highly expressed receptor both on T cells and NK cells) has shown early clinical activity with on ORR of 46% in patient with advanced solid tumors and is currently in phase I clinical trials (49). Many checkpoint inhibitor combinations have failed as well. Understanding mechanistically the variables contributing to the heterogeneity of response to checkpoint blockade is necessary for better rational design of these therapies in order to increase efficacy of combination therapies and to achieve more widespread responses and/or longer response duration.

Current strategies to improve immune checkpoint blockade therapies predominantly focus on cytotoxic CD8+ T cells, however emerging evidence suggests contributions from other immune cells to the efficacy of checkpoint inhibitors. Many cancer types have adopted mechanisms to suppress and evade detection by the immune system, commonly through the loss of major histocompatibility complex (MHC) molecules or depressed neoantigen load [reviewed in (50)]. While down regulation of MHC expression may render tumors camouflaged from detection and lysis by CD8+ T cells, tumors that express high levels of PD-L1, even with lower MHC expression, are still responsive to PD-1/PD-L1 blockade (51, 52). These findings challenge the prevailing view that T cells are the exclusive mediators of the anti-tumor response and suggest the involvement of other immune cell populations that are also unleashed by PD-1 blockade and provide a critical support for the overall success of the treatment. Recent studies have supported this idea that multiple effector cell populations, including NK cells, are impacted by immune checkpoint inhibition and treatment efficacy hinges on the collective contributions of these populations (53, 54) [reviewed in (55) and (56)].

NK cells share similar effector functions and roles as cytotoxic T cells but are able to direct the immune response towards resistant tumor cell populations. Contrary to CD8+ T cells, loss of MHC removes inhibitory interaction with KIRs on NK cells and thus makes tumor cells more susceptible to lysis by NK cells. Thus, NK cells have shown to be uniquely capable of targeting highly aggressive cancer stem-like cells and undifferentiated tumors, which are highly refractory to chemotherapy. In addition, NK cells are capable of catalyzing differentiation of tumor cells via secreted and membrane-bound IFN-γ (57). Differentiation prompts remodeling of the surface receptor profile – an increase in MHC class I and CD54 and decrease in CD44 expression – and reins in tumor growth and metastasis (58). These differentiated tumors should be also better targets for T cell recognition and elimination. NK cells have been shown to selectively target senescent tumor cells. A study led by Ruscetti et al. determined that the observed reduced proliferative capacity of KRAS-mutant lung tumors in mice treated with a cytostatic drug regimen resulted primarily from the natural senolytic activities of NK cells (59). Although NK cells have been less heavily studied in the context of checkpoint blockade, current evidence supports NK cells involvement and impact on the response to immunotherapy.


NK Cells in PD-1/PD-L1 Checkpoint Blockade

The presence of PD-L1 in tumors has been shown to be a predictor of tumor response to PD-1/PD-L1 checkpoint blockade and NK cells have an intricate interplay with the PD-1/PD-L1 axis. NK cells have been shown to increase PD-L1 expression on tumor cells, express PD-L1 and PD-1 in some contexts and be directly inhibited by interaction with PD-L1 positive tumors or indirectly by changes in the tumor milieu in response to PD-L1 induction. Additionally, blockade of the PD-1/PD-L1 axis have been shown to increase NK cells anti-tumor response. This is summarized in Figure 2 and discussed in detail below.




Figure 2 | NK cells interact with the PD-1/PD-L1 immune checkpoint axis. NK cells can increase the expression of PD-L1 on tumor cells through release of cytokines such as IFN-γ, promoting PD-1/PD-L1 driven stimulation of Treg production which in turn can inhibit NK cell function. 1) NK cells have also been shown to express both PD-L1 and PD-1 themselves. PD-L1 expression can be induced in NK cells by direct interaction with tumor cells via the p38/NF-κB pathway and by stimulation with cytokines IL-12 and IL-18 (25). 2) PD-1 expression in NK cells has been shown to be upregulated in a variety of cancers (26, 60, 61) and to be inducible in response to IL-2 stimulation (60) and glucocorticoid signaling (62). 3) Treatment with PD-1/PD-L1 blockade therapy can help prevent Treg inhibition of NK cells and counteract PD-1/PD-L1 driven NK cell dysfunction. 4) PD-L1 expression on tumors correlates with response to PD-1/PD-L1 checkpoint blockade therapies, thus induction of PD-L1 by NK cells should improve outcomes of this treatment.



Melanoma patients who responded to anti-PD-1 therapy had higher intratumoral and peritumoral NK cell densities, and these NK cells had increased cytotoxic signatures of elevated CD16 expression and granzyme B versus NK cells in non-responders (27). Activated NK cells are a major source of IFN-γ, which drives cancer-induced inflammation and leads to induction of PD-L1 expression on tumor cells. As an example, particle activated NK cells (PM21-NK cells) were shown to induce PD-L1 on tumors both in vitro and in vivo (63). Presence of PD-L1 on tumors has been so far the most reliable marker of treatment response (64) and is used for patient selection for treatment of NSCLC. Presence of PD-L1 expression on tumors is typically associated with improved response to anti-PD-1/PD-L1 treatment (65, 66). In fact, Avelumab failed to show survival advantage over docetaxel in patients with platinum treated NSCLC when all patients (i.e., with PD-L1 tumor expression of ≥1%) were included but survival advantage was observed in exploratory analysis when patients were stratified based on PD-L1 expression on their tumors (65). Median survival was 10.5 months (95% CI 9.2-12.9) in the entire Avelumab group with the PD-L1 ≥1% versus 9.9 months (8.1-11.8) in the docetaxel group, but in stratified analysis of the Avelumab group median survival was 13.6 (10.1-18.5) when PD-L1 expression cutoff was set to ≥50% and 17.1 (10.6-25.0) with cutoff of ≥80% (67). NK cells as the first responders are likely one of the main populations that drives the induction of PD-L1 on tumors yet, as will be discussed in detail in later section, are frequently dysfunctional in cancer patients. Adoptive transfer of activated NK cells with high IFN-γ could potentially improve response to PD-1/PD-L1 blockade via induction of PD-L1.

As described above PD-L1+ tumors show favorable responses to PD-L1 blockade, however responses were also observed for patients with tumors lacking PD-L1 expression (68, 69). PD-L1 can be expressed on cells other than tumors including on immune cells such as e.g. dendritic cells or myeloid derived suppressor cells within the tumor microenvironment and thus inhibiting anti-tumor response by effector immune cells (70). Anti-PD-1/PD-L1 treatment can lead to reactivation of inhibited effector cells with subsequent IFN-γ secretion as a result of an anti-tumor response (71) and likely induction of PD-L1 on initially PD-L1- tumor cells. Recent publication by Dong et al. identified PD-L1+ NK cells as the cytolytic effector cell population that may provide alternative explanation to the efficacy of anti-PD-L1 antibody therapy in these settings where tumors lack PD-L1. PD-L1 expression is inducible on activated NK cells through direct interaction with tumor cells via the p38/NF-κB pathway and by stimulation with cytokines IL-12 and IL-18 (25). In vitro, PD-L1+ NK cells display heightened cytotoxicity compared to their PD-L1- counterparts which is further enhanced by engagement with anti-PD-L1 antibodies. In response to anti-PD-L1 treatment with Atezolizumab, mice engrafted with human NK cells and PD-L1- K562 myeloid leukemia cells demonstrated significantly elevated levels of granzyme B, IFN-γ, and CD107a, contributing to notable reductions in tumor burden and significant improvement in survival over the placebo controls (25). Survival advantages were lost both in mice lacking PD-L1+ NK cells and in NK cell-depleted mice. Congruent with the above findings, acute myeloid leukemia (AML) patients who achieved complete remission were found to have a higher proportion of PD-L1+ NK cells at complete remission compared to at the time of diagnosis as well as compared to AML patients who failed to reach complete remission (25). Taken collectively, these studies suggest the PD-L1 status of NK cells should be an important consideration in determining the efficacy of PD-1/PD-L1 checkpoint blockade therapy.

Effector cells such as T cells have been shown to benefit from checkpoint blockade through the inhibition of the PD-L1 receptor PD-1 on their surface. NK cells isolated from healthy donors do not constitutively express PD-1, however PD-1 expression is inducible in response to IL-2 stimulation (60) and glucocorticoid signaling in the stress response has been linked to PD-1 upregulation on NK cells (62). PD-1 has also been found to be upregulated on activated NK cells in a variety of cancers with mean expression levels ranging widely from 9% to 64% dependent on the cancer setting (26, 60, 61). Yet, PD-1 expression on NK cells appears to be context dependent and thus different observations were made dependent on the experimental conditions used. A recent study that extensively examined the PD-1 expression on NK cells from human and mouse in context of tumor and viral models found that as opposed to T cells, NK cells mostly lacked PD-1 expression arguing for a more indirect interaction with the PD-1/PD-L1 axis (72). More in-depth studies on the mechanisms regulating PD-1 receptor expression on NK cells are needed.

The presence of PD-1 on NK cells affects their function. While PD-1 expression on NK cells can initially activate them, it drives expression of PD-L1 on tumor cells which can lead to NK cell exhaustion. PD-1+ murine NK cells compared to PD-1- murine NK cells demonstrate an activated signature, characterized by expression of NK cell activation markers SCA-1 and CD69, CD107a expression, and intracellular accumulation of IFN-γ after tumor engagement (26). However, PD-L1 ligation leads to dysfunction of IL-2-activated PD-1+ NK cells, marked by blanket downregulation of CD16 and CD107a (61), transitioning NK cells from an activated to exhausted phenotype. To combat this, immunomodulation via the PD-1/PD-L1 axis checkpoint inhibitor Nivolumab was shown to restore cytotoxicity of PD-1+ NK cells co-cultured with tumors expressing high levels of PD-L1 (27, 61) and reestablish the IFN-γ response of NK cells (61). Restoration of NK cell faculties correspond with improved clinical outcomes in head and neck cancer patients (61).

As suggested earlier, even in context where NK cells lack PD-1 or PD-L1 expression, checkpoint inhibitors can also indirectly influence anti-tumor NK cell functions through the modulation of other immune cell populations (63, 73) (Figure 2). Crosstalk between CD4+ T cells and NK cells is requisite for optimal NK cell activity. CD4+ T cells activate NK cell function two-fold: directly through the secretion of stimulatory IL-2, and indirectly by stimulating antigen presenting cells to secrete IL-12, with both cytokines working synergistically to positively regulate IFN-γ production by NK cells. The importance of CD4+ T cell/NK cell interaction is highlighted by the observed correlation between CD4+ T cell exhaustion in chronic infections and impaired NK cell-mediated lysis of target cells (74). PD-1 signaling on T cells is independently capable of converting CD4+ T helper cells into regulatory T cells (Tregs) by inducing Foxp3, a transcription factor that drives this conversion and is critical in the maintenance of immunosuppressive Treg functions (75, 76). Surface expression of transforming growth factor beta 1 (TGF-β) on CD4+ CD25+ Foxp3+ Tregs controls the expression of key NK cell activation receptors – NKp30, NKG2D, and CD16 (77–80)– and neutralizes the potent anti-tumor NK cell response. There is a dual effect amplifying the negative impact of PD-L1 on NK cells whereby expanded Tregs directly inhibit NK cells and also their expansion depletes CD4+ T cells and thus diminishes the positive effects of CD4+ T helper cells on NK cell function. PD-1/PD-L1 blockade indirectly offers improved NK cell survival and function by preventing the expansion and persistence of inhibitory Tregs in the tumor microenvironment (63) and potentially by mitigating CD4+ T helper cell exhaustion. Accordingly, PD-L1 blockade enhanced anti-tumor efficacy of expanded PD-1- NK cells that were previously otherwise unaffected by anti-PD-L1 treatment in vitro. CD4+ T cell exhaustion is mediated dually by IL-10 and the PD-1. In the context of an HIV infection, combined blockade of the PD-1 and IL-10 pathways reinvigorates CD4+ T cell effector functions, resuming NK cell degranulation and cytolysis (74). This strategy of immunomodulation boosting CD4+/NK cell cooperativity may prove beneficial in cancer therapy. Sequestration of IL-2 by Tregs via their high-affinity IL-2R receptor is an alternative mechanism by which Tregs weaken NK cell anti-tumor activities (81). Various strategies to engineer recombinant human IL-2 that is biased toward low-affinity IL-2 receptors present on NK and CD8+ T cells in efforts to mitigate Treg-driven immunosuppression have been developed (82–84). They are currently being tested in Phase I and II clinical trials after yielding promising results in murine models, both alone and as combination partners for checkpoint inhibitors in cancer therapy (82–84).

Rejuvenation of impaired NK cell activity holds broader implications regarding the immune response as NK cells are involved in the priming of the adaptive immune system via recruitment of other immune cells, such as DCs. NK-DC cross-talk is an important interaction involved the innate immune response. Cross-talk between NK and DC cells leads to DC maturation and NK cell activation. NK cells release IFN-γ and TNFα which promote DC maturation (85). In turn mature DCs can secrete cytokines such as IL-12 and IL-15 that stimulate NK cell proliferation and survival and IFN-γ production (85, 86). Activated NK cells also have the ability to kill DCs that do not properly mature by engagement of the activating receptor NKp30, term DC editing (87). DC-NK cross-talk is an important player in the immune response to tumors and should be considered in evaluating the effects of cancer immunotherapy. This topic has been widely investigated in recent years, see (24, 88) for a review of this topic. Conventional type 1 dendritic cells (cDC1) serve in cross-priming T cells in tumor-draining lymph nodes through the secretion of chemo- and cytokines regulating T cell survival, effector functions, and their trafficking to the tumor microenvironment. The importance of cDC1 in oncologic immunity is highlighted by the abolishment of tumor rejection and responsiveness to adoptive T cell therapy and immune checkpoint blockade in mice lacking cDC1 (89, 90) and it has been shown that induction and activation of tumor-residing cDC1s can help overcome resistance to anti-PD-L1 therapy (91). Activated NK cells are paramount in producing cDC1 chemoattractants and mobilizing them to the tumor microenvironment, which in turn recruit T effector cells and launch the adaptive immune response (5) (Figure 1). Increased presence of both NK and intratumoral cDC1 cell populations, and not T cells, in the tumor microenvironment was a predictive biomarker of tumor responsiveness to anti-PD-1 immunotherapy and prolonged overall survival in melanoma patients (6). In support of this, new evidence challenges the widely accepted theory that PD-1 blockade reinvigorates pre-existing, exhausted, tumor-infiltrating T cells and suggests that de novo recruitment of T cells is the main mechanism of PD-1 blockade. Comparing single-cell RNA sequencing and T cell receptor (TCR) sequencing data of tumor-infiltrating T cells before and after PD-1 blockade in patients with basal cell or squamous cell carcinoma, Yost et al. found that tumor-infiltrating TCR clones present prior to administration of PD-1 blockade are neither activated nor enriched in the tumor microenvironment following treatment (92). Rather, the prevailing T cell population present post-treatment expresses novel TCR specificities not identified in the pre-treatment tumor sample, suggesting anti-PD-1 therapy does not reactivate existing exhausted tumor-infiltrating T cells, but rather recruits new, activated T cells from the peripheral blood to the tumor (92). Given the seminal role NK cells hold in directing the adaptive immune response outlined above, it is likely NK cells are responsible for the recruitment of novel T cells to the tumor microenvironment. Verification of this hypothesis in future studies would add to the evidence that NK cells are important early organizers of the body’s anti-tumor response.

Collectively, these findings provide evidence that PD-1 is an important checkpoint in NK cell activation acting upon NK cells via multiple direct and indirect mechanisms summarized in Figure 2 and that PD-1/PD-L1 immunotherapy not only revives NK cell-mediated lysis of tumor cells and cytokine production, but concurrently supports the NK cell-directed priming and recruitment of the adaptive immune response. Thus, addition of adoptive NK cell therapy to treatments targeting PD-1/PD-L1 axis has the potential to improve outcomes. In support of this, results from a completed Phase II clinical trial of combination PD-1 inhibitor Pembrolizumab and allogeneic ex vivo expanded NK cells showed significant improvement of survival of patients with previously treated advanced NSCLCs that received combination therapy as compared to Pembrolizumab alone (93). Phase I/IIa clinical trial (NCT03937895) for combination therapy of allogenic NK cells and Pembrolizumab is ongoing for treatment of biliary tract cancer.



NK Cells in CTLA-4 Checkpoint Blockade

Another breakthrough checkpoint therapy relies on targeting the CTLA-4 molecule, also known as CD152. Ipilimumab is a highly successful antibody against CTLA-4 approved by the FDA for treatment of melanoma [reviewed in (94)] and for combination therapy with Nivolumab (anti-PD-1) for advanced renal cell carcinoma, MSI-H/dMMR metastatic colorectal cancer, hepatocellular carcinoma, metastatic NSCLC, and malignant pleural mesothelioma (95) [reviewed in (96)]. CTLA-4 is an inhibitory receptor constitutively expressed in Tregs and upregulated in activated T cells. Stojanovic et al. found that CTLA-4 and the T cell activating receptor CD28 also regulate the NK cell response in mice (97). CD28 and CTLA-4 are found to be upregulated in murine NK cells in response to IL-2 activation(97). These receptors work antagonistically to regulate IFN-γ production by NK cells: CD28 promoting IFN-γ synthesis while CTLA-4 suppresses it.

A correlation between higher frequencies of CTLA-4+ Tregs in the tumor microenvironment and abrogated NK cell activation and cytotoxicity in head and neck cancer patients treated with Cetuximab (anti-EGFR) was reported by Jie et al. (98). Anti-CTLA-4 pathway blockade mediates selective depletion of CTLA-4+ tumor-infiltrating Tregs and could therefore indirectly rescue NK cells from Treg suppression. This evinces that NK cells are also potential targets of CTLA-4 blockade (99). Anti-CTLA-4 was effective in eliminating intratumoral Tregs and initiating the recovery of NK cell ADCC following Treg suppression (98, 100). Combinatorial administration of anti-CTLA-4 with IL-2Cx, a complex of IL-2/anti-IL-2 which directs IL-2 to NK and CD8+ T cells but not Tregs, or IL-15/IL-15Ralpha complexes further tips the tumoral effector/regulatory cell ratio in favor of activated NK cells and enhances tumor control (82, 101). A Phase I clinical trial (NCT04290546) is ongoing to evaluate combination therapy of Ipilimumab, IL-15 superagonist N-803, and adoptive NK infusion for head and neck cancer.



NK Cells in NKG2A Blockade

As opposed to PD-1 and CTLA-4, the inhibitory NKG2A receptor is expressed predominately on NK cells and a select subset of CD8+ T cells has also been identified as a prospective target for this checkpoint blockade. Engagement of human leukocyte antigen-E (HLA-E) by the NKG2A receptor sends a strong signal inhibiting NK cell-mediated lysis of the target cell (102). Upregulation of the NKG2A ligand, HLA-E, by malignant cells in response to IFN-γ secreted by tumor-reactive immune cells is a common mechanism by which tumors thwart NK cell surveillance (103). NKG2A signaling blockade or downregulation of NKG2A receptor expression should bypass HLA-E-induced NK cell inhibition and restore normal NK cell function. In vitro studies showed anti-NKG2A Monalizumab treatment prompts increased CD107a expression, a marker for activated NK cells, and IFN-γ production by IL-2 activated NK cells and CD8+ T cells, yielding significant improvements in tumor growth control and prognosis (104). The beneficial effects observed with anti-NKG2A blockade are magnified when used in conjunction with anti-PD-1 Durvalumab (104). Furthermore, combining anti-NKG2A Monalizumab with anti-EGFR Cetuximab was shown to promote ADCC, evidenced by the higher density of CD137 activation markers on NK cells (104).

Two recent studies that used engineered NK cells lacking functional NKG2A underscore that NKG2A is a critical inhibitor of NK cell responses, and an important target for immunotherapies. A new study by Berrien-Elliott et al. has shown NKG2A is transcriptionally induced in cytokine-induced memory-like NK (CIML NK) cellular therapy and a dominant checkpoint, but not in conventional NK cell anti-tumor response (105). Anti-NKG2A treatment or NKG2A knock-out returned CIML NK IFN-y production and response to HLA-E+ K562 cells. NKG2A blockade or elimination also restored CIML NK cell anti-leukemia response. Secondly, Kamiya et al. (106). engineered NK cells to express single-chain variable fragment from an anti-NKG2A antibody linked to an endoplasmic reticulum-retention domain (106). This approach prevents nascent NKG2A from migrating out of the endoplasmic reticulum, effectively blocking its de novo expression. Experiments using immunodeficient mice engrafted with Ewing’s sarcoma or osteosarcoma cell lines transduced with HLA-E found that the majority of immunodeficient mice receiving NKG2Anull NK cell infusions achieved long-term survival, with the median overall survival exceeding 269 days following Ewing’s sarcoma injection and median survival not reached after 60 days follow-up for osteosarcoma injection (106). Control NK cells only delayed tumor development with median survivals of less than 40 days (106). These two studies highlight the importance of NKG2A blockade and present this NK inhibitory receptor as an important target for future immunotherapeutics. In fact, the safety and efficacy of adjunct therapy combining Monalizumab with Cetuximab is currently being assessed in a Phase II clinical trial (NCT02643550) in patients with recurrent or metastatic squamous cell carcinoma of the head and neck.



Other Checkpoints

Many therapeutics targeting other immune checkpoint are being developed and evaluated clinically and are reviewed elsewhere. Some of these checkpoints are highly expressed on NK cells such as IL-1R8, TIGIT, TIM-3, and KIRs and the efficacy of therapies targeting these molecules will depend on the functional state of NK cells. Future studies to evaluate combination therapy of these inhibitors with adoptive NK cell transfer could provide methods for enhanced cancer treatment and tumor control. The role adoptive NK therapy plays in the use of checkpoint inhibitors is summarized in Figure 3A.




Figure 3 | Combination treatments of adoptive NK cells with other Immunotherapies could improve outcomes. (A) Adoptive transfer of NK cells combined with checkpoint inhibitor blockade could increase overall NK cytotoxicity and cytokine production and help control tumor and activate the adaptive immune response. (B) NK cell therapy combined with oncolytic virotherapy (OV) could improve therapeutic efficacy. Depletion of endogenous NK cells would reduce the natural antiviral response and increase OV mediated tumor lysis, and adoptive transfer of NK cells would increase NK cell effector functions and enhance the antitumor response. (C) STING-dependent tumor rejection activated by cGAS expression from tumor cells (107) can be enhanced by combination therapy of STING agonists with NK cells. This would provide enhanced tumor lysis through further activation of the STING pathway, not only activating the innate immunity by stimulating expression of cytokines and Type I IFNs, but by increasing the presence of NK cell activating receptors ligands, which could enhance adoptive NK cell therapy antitumor responses.






NK Cells and Oncolytic Viruses

Oncolytic viruses (OVs) are a novel class of drugs that are rapidly gaining traction in cancer treatment. Exploiting cancer cells’ defective antiviral defenses, viral replication within cancer cells causes cell lysis. In 2015, the field marked a major milestone with the first FDA-approved oncolytic virus, Talimogene laherparepvec, a modified type I herpes simplex virus, for treatment of advanced melanoma [reviewed in (108)]. Numerous other clinical trials are currently ongoing. Initially therapeutic efficacy of OVs was thought to be derived solely from the direct killing of tumor cells. Now, the field recognizes a split mechanism of OV action: in addition to direct lysis of cancer cells, induction of the adaptive and innate immune system by OVs largely contributes to the observed efficacy of OV agents, questioning the previously held belief that pre-existing antiviral immunity poses a major impediment to this treatment modality. Moving forward, a better understanding of the interplay between the established immune system and OVs is necessary to optimize antitumor immunity and improve therapeutic interventions.

In addition to their role in oncolysis, OVs prime the immune system to overcome the suppressive pressures of the tumor microenvironment. Fujihara et al. show that intratumoral injection of an inactivated Sendai virus (hemagglutinating virus of Japan-Envelope; HVJ-E) in mice enhanced local production of the IFN-inducible chemokine CXCL10 by DCs, which promoted intratumoral trafficking of activated IFN-γ-secreting NK cells and led to a reduction in renal cell carcinoma growth (109). In a follow up mouse study, systemic administration of IL-12-conjugated HVJ-E was found to further appreciate regional IFN-γ production and the magnitude of cytotoxic T lymphocyte activation (110). The resultant recruitment of activated innate and adaptive lymphocytes into the tumor milieu due to OV-mediated inflammation transitioned immunologically “cold” tumors into “hot” tumors that are responsive to immunotherapy. Conditioning of the tumor microenvironment and immune system reveals a significant corollary of therapeutic delivery of OVs and provides the rationale behind adjuvant oncolytic virotherapy.

NK cells are potentially a clinically relevant determinant of the therapeutic efficacy of oncolytic virotherapy. In a recent report by Leung et al. NK cells show contact-dependent activation and anti-cancer cytotoxicity against adenovirus-infected ovarian cancer cells (111). The immune system activation cascade is set into motion by the antiviral response of the NK cell compartment. In a study by Ricca et al. when testing if pre-existing immunity to Newcastle Disease Virus (NDV) increases the therapeutic efficacy of the oncolytic virus, they found that depletion of NK cells prior to initial immunization to NDV, decreased the therapeutic efficacy of NDV against tumors and NK cells are likely important for early tumor clearance, and recruitment and activation of CD8 T cells (112). However, given NK cells’ dual role in the body’s innate defense against malignancies and virally compromised cells, killing of virus-infected cancer cells by NK cells could also limit the extent of viral oncolysis and thus tumor clearance. A mathematical model developed by Kim et al. sheds light on how exogenous NK cell therapy would affect the use of OVs. Using a combination therapy coupling oncolytic herpes simplex virus and bortezomib, a proteasome inhibitor that amplifies viral replication, the model predicts both depletion of endogenous NK cells and injection of exogenous NK cells would yield enhanced antitumor efficacy (113). Depletion of endogenous NK cells reduces the friction applied by the antiviral immune response, increasing OV-mediated lysis of tumor cells, whereas, adjuvant injection of exogenous NK cells grants an advantage to the immune system, boosting tumor cell killing by NK cells (114). These predictions were validated in primary glioma mouse models, granting a significant survival advantage to mice receiving either endogenous NK cell depletion or exogenous NK cell injection. The combination of oncolytic measles vaccine virotherapeutics with activated human NK cells led to enhanced sarcoma cell lysis and increased NK activation markers (115) and provides further justification for clinical trials to test this combination therapy. Engineering of NK cells and OVs have also been suggested to further enhance the combinatorial therapeutic potential. Blockade of NK inhibitory receptor TIGIT was shown to increase the activity of adenovirus in ovarian cancer (111). Enhanced efficacy was seen when matching chemokine and receptor were incorporated into NK cells and vaccinia virus (116). CCR5-engineered NK cells combined with CCL5-expressing oncolytic vaccinia virus enhanced NK cell homing and therapeutic effects (116).

Combinations of OVs with other immunotherapies could have enhanced therapeutic benefits. Initial studies evaluating combination OV and checkpoint blockade therapy in mice generated data that underscores the notion that the therapeutic efficacy of oncolytic virotherapy is primarily contrived from the tumor-specific immune response coordinated by NK cells and carried out by CD8+ T cells, rather than direct virus-mediated lysis. Several pre-clinical studies describe potent therapeutic synergy when OVs and checkpoint inhibitors were administered jointly in mice (112, 117). The use of combinatorial OV and immune checkpoint therapy as well as engineering OVs for delivery of immune checkpoint inhibitors into the intratumoral environment is currently being investigated (118–122). Testing has also progressed to early-phase clinical trials and early reports remain promising (123, 124). Future research directed at probing the therapeutic variables including the nature of the virus, the checkpoint inhibitor, cancer setting, and dosing regimen and the impact adoptive NK cell therapy could have on these variables, and the identification of response biomarkers are necessary to optimize this multimodal therapy. The interaction between adoptive NK cell therapy and OV treatments is summarized in Figure 3B.



NK Cells and STING Activators

Stimulation of interferon genes (STING) is a relatively new immunotherapeutic strategy. STING is a transmembrane protein localized to the endoplasmic reticulum that was first discovered as a cytosolic DNA sensor. Sources of cytosolic DNA can be nuclear, mitochondrial, or exogenous in origin. Tumors have a high incidence of chromosomal instability, driving the formation of micronuclei. These micronuclei can rupture and release DNA into the cytosol. Binding of cytosolic DNA and cyclic guanosine monophosphate (GMP)-adenosine monophosphate (AMP) synthase (cGAS) generates the STING-activating second messenger cyclic GMP-AMP (cGAMP) (125). STING activation produces NF-κB and interferon regulatory factor 3 (IRF3) which induce the transcription of type I IFNs (IFN-α and IFN-β) and other chemokines and cytokines that activate innate immunity (126, 127). Recently, STING activation has also demonstrated its essential involvement in priming NK cell-mediated antitumor immune responses. STING is an absolute requirement for the rejection of tumor cells that are sensitive to NK cell lysis and NK cell depletion abolished any STING-mediated protection in mice with RMA-S lymphoma or B16-BL6 melanoma (107). Intriguingly, Marcus et al. also found that cGAS expression by tumor cells, and therefore, tumor-originating cGAMP, is compulsory for STING-dependent tumor rejection (107). Strong relationships were observed between cGAS expression and NKG2D ligands (107). These findings are consistent with data previously reported by Lam and colleagues that activation of the cGAS-STING pathway increases expression of RAE-1 ligands for the activating NKG2D receptor on NK cells (128). Inactivation of cGAS in some tumors may serve as a mechanism of STING-mediated immune escape (129, 130) and delivery of exogenous cGAMP or STING agonists may stimulate intrinsic STING signaling, disabling cGAS-deficient tumor-driven immune suppression [reviewed in (131)].

The clinical significance of the cGAS-STING pathway was investigated in a gastric cancer by Song et al. The group observed a positive correlation between low STING expression and several clinical factors including tumor size, TNM stage, and patient survival (132). The group’s findings parallel conclusions from Marcus  et al. that elevated cGAS expression positively correlated with prolonged survival in melanoma patients (107, 126, 127). These reports indicate that STING expression may be a useful prognostic tool, further evaluated in multiple tumor types in a recent study by An et al. (133). Moreover, STING agonists may “heat up” tumors, functioning as a precursor to immune checkpoint inhibitor treatment. STING activation catalyzes type I IFN production, stimulating the release of CXCL9 and CXCL10, which, as previously mentioned, draft the prerequisite tumor-infiltrating lymphocytes and precondition the immunological landscape for a robust checkpoint inhibitor-led anticancer response. In pre-clinical studies, intratumoral administration of the STING agonist, ADU-S100 (S100), provoked potent antitumor responses (134–136). Treatment of mice bearing poorly immunogenic B16 tumors with co-administration of S100, anti-PD-1, and anti-CTLA-4 yielded significant increases in IFN-γ-secreting tumor-specific T cells and conferred a significant survival benefit over mice receiving single-agent regimens (136). Despite CXCL9 and CXCL10 recruiting both NK cells and T cells, these studies predominately examined the antitumor impact of combined STING agonists and immune checkpoint blockade from a T cell perspective. The contributions of NK cells are often overlooked, however, based on our knowledge of the overlapping immunological niches of NK cells and T cells, it is not unreasonable to hypothesize that NK cell behavior mirrors that of T cells in these settings. A recent publication highlights the role of NK cells in response to STING agonists, showing STING-activating cyclic dinucleotides induce NK cell mediated tumor rejection in several tumor models independent of CD8+ T cells (137). Overall, further investigation aiming to uncover additional contributions the STING pathway may add in optimizing immunotherapy treatments and the effects on NK cell therapy are needed. Figure 3C summarizes these potential effects.



Mechanisms Driving NK Cell Dysfunction

New and emerging studies clearly demonstrate a link between NK cell function and the success of many cancer immunotherapies. NK cells are either direct targets of the immunotherapeutics or are indirectly affected by cells upon which the immunotherapies act on, and positive responses to these immunotherapies are linked to having a functional NK cell population to initiate and prime the immune system for productive anti-tumor response. Thus, understanding mechanisms that can cause dysfunction of NK cells is important for developing and further improving immunotherapeutic strategies for treating cancer (Figure 4). Not only does NK cell dysfunction occur due to immunosuppressive environment progressively established during tumor development, but many of the first-line treatment options also negatively impact NK cell function. The following section will review mechanisms of dysfunction induced by cancer and responses to it.




Figure 4 | Mechanisms Driving NK Cell Dysfunction During Cancer. Many processes that occur during cancer and cancer therapy can cause dysfunction of NK cells. The tumor microenvironment itself creates a setting full of NK cell inhibitory mechanisms. Impaired cellular metabolism increased inflammatory stimuli, hypoxia, and the localized immunosuppressive cells all can promote NK cell deactivation and impair NK cytotoxicity. Secreted molecules like cytokines, adenosine, TGF-β, prostaglandin E2 (PGE2) (5), and Indoleamine 2,3-dioxygenase (IDO) in the tumor milieu also promote NK cell downregulation, exhaustion, and apoptosis [reviewed in 138)]. Secondary effects of cancer and cancer therapy, such as depression can also affect NK cell function. Stressors can activate glucocorticoid hormone production via the hypothalamic-pituitary-adrenal axis which can induce PD-1 expression on NK cells and impairs NK cell cytotoxicity and cytokine release. Cancer therapies such as chemotherapy, radiation, and surgical resection can all cause NK cell dysfunction. Both chemotherapy and radiation have been shown to decrease NK cell population and impair NK cell cytotoxicity and IFN-γ levels. Surgical resection and perioperative factors have been shown to impair NK cell function. For example, increases in immunosuppressive cell populations such as MDSCs induce scavenger receptor expression on NK cells which promotes lipid accumulation which negatively regulates NK cell receptors and results in NK cell dysfunction.




NK Cells and Cancer-Induced Dysfunction

NK cells clearly fill a seminal role in orchestrating the body’s immunological defenses, thus when the NK cell compartment becomes dysfunctional or damaged, serious health problems can ensue. In an eleven-year prospective cohort study investigating natural immunological host defenses in healthy individuals, participants with low peripheral blood lymphocyte cytotoxic activity had a significantly higher risk for cancer incidence relative to those with medium or high cytotoxic lymphocyte activity (139). In this study, select lifestyle factors such as maintaining a healthy body weight, consuming green vegetables, and not smoking made minor attributions to heightened cytotoxic activity (139). Cytotoxic activity may be used as biomarkers to identify new lifestyle-centered cancer interventions. NK cells are an important brake preventing initial stages of tumor growth, however, as tumors development progresses, NK cell antitumor forces gradually wane as tumor factors promote NK cell exhaustion (31).

Immune evasion is a hallmark of cancer. Tumors employ an arsenal of tactics to escape destruction – either by eluding immunosurveillance or disabling the immune response – several of which were previously touched upon in this review. Chronic exposure to inflammatory stimuli is a major factor driving NK cell dysfunction by compromising proliferative capacities and crippling effector functionality, ultimately resulting in pathogenesis. Tumor-associated NK cells exhibit an altered activation receptor repertoire and a diminished cytotoxic capacity compared to NK cells from healthy donors, supporting the assertion that the tumor microenvironment remodels the immune profile (33, 140–142). Tumors secrete cytokines that localize Tregs, myeloid-derived suppressor cells (MDSCs), tumor-associated macrophages, and cancer-associated fibroblasts – major components of the immune-suppressive network – to the tumor milieu (143, 144). These cells are a primary source of immunosuppressive cytokines that are responsible for the subdual of the anti-cancer immune response, importantly TGF-β. TGF-β signaling exerts direct effects over the downregulation of several NK cell activation receptors in an array of cancers (141, 145, 146). Recent studies report that TGF-β participates in additional immune-obstructive mechanisms, constructing stromal barriers that exclude lymphocytes from the tumor parenchyma, disrupting NK cell tumor-trafficking by negatively modulating the CX3CL1/CX3CR1 chemokine/chemokine receptor axis, curbing NK cell cytotoxicity in metastatic breast cancer by restricting NK cell metabolism and regulating leukemia cell susceptibility against NK cell targeting by down regulating expression of CD48 (147–151). It has also been reported that TGF-β signaling within the tumor microenvironment promotes the conversion of NK cells into intermediate type I innate lymphoid cells that are unable to control local tumor growth and metastasis, driving tumor evasion from the innate immune system (152). Elevated TGF-β was also found to upregulate FBP1 in KRAS-mutant lung cancer (31). FBP1-blunted glucose metabolism reduces NK cell viability and disarms the hold NK cells have over tumor initiation (31). Combination anti-PD-L1 and TGF-β agonist therapy is now being evaluated (153).

While some methods of immune evasion are more universally applied, cancers exploit a diverse battery of tumor-specific evasion methods as well. Production of soluble IL-2Rα (sIL-2R/sCD25) by Reed-Sternberg (RS) cells in classic Hodgkin lymphoma, binds IL-2, reducing its bioavailability for NK cell activation and proliferation; elevated serum sIL-2R levels are linked to more aggressive disease states and poorer clinical outcomes (154, 155). The estrogen pathway is also engaged in the management of the innate and adaptive immune system. Elevated levels of estrogens promote proteinase inhibitor 9 expression, which protects breast cancer cells from granzyme B-induced apoptosis in vitro (156). For a more detailed review of additional tumoral mechanisms shaping NK cell anti-tumor functions, see (144, 157, 158) .

The immunosuppressive tumor microenvironment is also a dominant force in cancer resistance to immunotherapy and checkpoint inhibitors. There is a growing body of evidence that identifies hypoxic stress as a mechanism by which tumors elude immune surveillance. Hypoxia in the tumor microenvironment has broad spectrum debilitating effects that are evident at every level of the anticancer response: impairing T-cell infiltration, blunting the cancer attack mounted by NK cells, attracting immunosuppressive Tregs, and promoting intratumoral heterogeneity (159, 160). Hypoxia-driven suppression of NK cell activity has a complex, multimodal mechanism of inhibition. Secretion of TGF-β and hypoxia-inducible factor-1α by tumors decreases the NKG2D activating receptor on NK cells and NKG2D ligand on tumor cells, respectively, tipping the scale in favor of NK cell inhibition (161). NK cell proliferation and cytotoxicity are further checked by adenosine A2A receptor-mediated signaling. The accumulation of extracellular adenosine in the tumor microenvironment by CD39 and CD73 ectonucleotidases is an additional method that protects tumors from the NK cell response (160). The effects of the tumor microenvironment on NK cell dysfunction are summarized in Figure 4.



NK Cells and Surgery

Surgical resection of primary tumors and metastatic lymph nodes is often the first-line treatment of cancer. While surgical tumor debulking has immediately apparent benefits, the lingering adverse aftereffects of surgery present a concern for postoperative recovery, residual tumor control, and relapse-free survival. To this effect, a retrospective study on breast cancer, evaluating the mortality distribution for patients undergoing mastectomy versus untreated patients, found a bimodal death-specific hazard distribution in patients receiving mastectomies (162). In patients with underlying malignancies the immune system is already compromised. The postoperative stress response further weakens NK cell-led immunity, opening an immunological window of opportunity conducive to immune evasion, metastasis development, and accelerated residual tumor outgrowth, which provides a logical explanation for the observed double-peaked pattern (162). A host of perioperative factors – surgical trauma, anesthetics, analgesics, and blood transfusions – provoke stress-related factors, anti-inflammatory cytokines, and immunosuppressive cell populations that shape the postoperative immune climate. Tai et al. observed an expanded MDSC population in surgically-stressed mice (163). MDSCs induce scavenger receptor upregulation on NK cells which results in lipid accumulation. Postoperative lipid accumulation in NK cells negatively regulates the mouse MHC receptor repertoire – Ly49A, Ly49E/F, and Ly49G2 – and activating receptor NKG2D, resulting in NK cell dysfunction and impaired tumor lysis (164). Hypercoagulability is an intrinsic response to surgically-induced platelet activation. In this state, fibrin and platelets form peritumoral aggregates around tumor cell emboli, shielding tumor cells from NK cell-mediated extermination and promoting tumor metastasis (165). Surgical support efforts such as anesthetics, analgesics, and allogenic blood transfusion also have direct and indirect effects on immune effector cells, the hypothalamic-pituitary-adrenal (HPA) axis, and sympathetic nervous system. These effects can induce a stress response, contribute to postoperative immune system attenuation, poorer prognoses, and have been identified as risk factors for cancer recurrence (166–170). NK cells isolated from a small cohort of patients receiving transfusions exhibit a decline in NK cell-mediated lysis that is likely shaped by TGF-β and soluble HLA-type I and FasL (171). A number of studies report that NK cell impairment can persist for up to thirty days postop (163, 172–174). The mechanisms governing postoperative NK cell dysfunction, summarized in Figure 4 are incompletely understood, however, further insight will aid in honing new clinical interventions.



NK Cells and Chemo/Radiation

Chemotherapy and radiation are also conventional oncologic interventions. As targeted immunotherapies are gaining traction, there is increasing interest in utilizing these strategies secondary to initial tumor reduction using traditional chemotherapy and radiation techniques. Exploring the largely unstudied immunological consequences chemotherapy and radiation bear on the immune system is important to gauge the potential for success of these treatment pairings. The current body of literature examining the functionality of the immune system after chemotherapy and radiation largely focuses on the immune system as a whole. Following the first round of chemotherapy, the total lymphocyte population showed a significant reduction compared to baseline populations (175, 176). The survival outcome of these patients was dependent on the capacity for T cell populations to recover in the wake of chemotherapeutic-induced immunological changes (175, 176). In line with the observed effects of chemotherapy on lymphocytes, absolute levels of NK cells and intracellular IFN-γ levels were significantly higher prior to radiation or radiation and chemotherapy (177). Supporting this observation, a recent study using an established murine hepatic irradiation model, showed that hepatic irradiation decreased the number of liver resident NK cells and the effect correlated with hepatic irradiation dose (178). Liver resident NK populations did not recover by two months post irradiation and the irradiation prevented differentiation of precursor cells into liver resident NK cells, however adoptive transfer of activated NK cells could alleviate metastatic growth (178).

In patients with hematologic malignancies receiving haploidentical hematopoietic stem cell transplants, cyclophosphamide, a potent immunosuppressive agent, is commonly administered post-transplantation to eliminate alloreactive donor T lymphocytes and mitigate potential graft-vs-host disease (179–181). Russo et al. observed decreases in donor-derived NK cell counts following cyclophosphamide infusion, suggesting that highly proliferating graft NK cells are also targets of cyclophosphamide’s selective elimination, potentially attenuating the NK cell-mediated graft-vs-leukemia attack (182). Two weeks after cyclophosphamide infusion, a second, less mature and less cytotoxic population of donor NK cells begins to emerge, and full reconstitution of a mature NK cell compartment may not be complete for up to a year after transplant (182, 183). These studies highlight the need to consider the consequences of chemotherapeutics and radiation treatment on immune cell populations and immunotherapies and potential need for adoptive cell therapies. The effects of chemotherapy and radiation on NK cells is summarized in Figure 4.



NK Cells and Depression

Depression is a common occurrence in cancer patients and has been highlighted as an important co-morbidity to understand (184). One study showed pooled mean prevalence of depression in cancer patients ranged from 8-24% (185) and another has shown the odds of being depressed are five times higher in cancer patients (186). Some cancers can release chemicals that are thought to cause depression and even certain cancer treatments, such as chemotherapy and corticosteroids, are associated with depression (187). Glucocorticoids are steroid hormones released following activation of the HPA axis and are key regulators of the innate and adaptive immune responses, including NK cell activity (188), forging a link between the neuroendocrine and immune systems (Figure 4). Interestingly, hyperactivity of the HPA axis is observed in patients with depression, resulting in excessive glucocorticoid release, impairment of NK cell cytotoxicity, and subsequent cancer progression (62). Glucocorticoids bind the ubiquitously expressed glucocorticoid receptor (GR), curbing immune-mediated inflammation via suppression of the cytolytic activity of and the production of pro-inflammatory cytokines by immune cells. A study by Yang et al. examining glucocorticoid release in response to psychological distress found that stress-induced glucocorticoids led to upregulation of the immunosuppressive factor Tsc22d3, resulting in repression of the dendritic cell-mediated type I IFN response required for the activation of adaptive anticancer surveillance efforts (189). Endogenous glucocorticoids are also associated with increased de novo PD-1 expression on NK cells. Glucocorticoids in combination with IL-15 and IL-18 selectively induce PD-1 expression on splenic NK cells, which negatively regulates the IFN-γ response of NK cells (187). These results establish the GR-PD-1 axis as a novel mechanism of neuroimmune regulation.

Glucocorticoids are often prescribed to palliate some of the side effects of chemotherapies and radiation, however, the data presented above suggests exogenous glucocorticoids may actually obstruct therapy-driven immune stimulation and control of tumor growth. Further research is required to modify current standard patient management strategies. In light of favorable data, pharmacologic and psychosocial therapies targeted to decrease glucocorticoid pathway activity may be considered as supplemental therapies to harness the full potential of immunotherapies and checkpoint inhibitors.




Current Advances in NK Cell Therapies

A functional NK cell population is imperative to improving the efficacy and durability of cancer immunotherapies and combination treatments with adoptive NK cell therapies is an emerging strategy. NK cells comprise a minor portion of the circulating lymphocyte population. Devising protocols to selectively expand sufficiently large numbers of NK cells ex vivo for clinical infusion therapies has precluded NK cell-based therapies until recently, the recent advances are summarized in Figure 5. Co-culturing NK cells with K562 feeder cells engineered to express membrane bound 4-1BBL and IL-15 or IL-21 has proven to be an effective method for attaining robust NK cell expansion (190, 191). Preliminary data from a Phase I clinical trial evaluating the feasibility, safety, and dose-escalation response of high-dose infusion of haploidentical NK cells, expanded ex vivo using membrane bound IL-21 (mbIL21)-K562 feeder cells, in high-risk leukemia patients has generated encouraging data, with low observed rates of relapse, viral reactivation, graft-vs-host disease, and no dose-related toxicity (35). Updates from the Phase II extension of the study have continued to be positive, with one year relapse at 8% and two year progression-free survival at 66% in the 25 patients enrolled to date (192). Two additional Phase I studies are currently underway for patients with relapsed/refractory myeloid leukemias. With 13 patients treated thus far, 69% have achieved complete remission (193).




Figure 5 | Sources and Cultivation of NK cells. NK cells can be extracted from peripheral blood or be differentiated from CD34+ stem cells sourced from cord blood, placenta or manufactured from iPSCs. Tumor-derived NK cell lines are also being developed to expand large numbers of NK cells ex vivo. NK cells can be engineered to express cytokines, natural or modified receptors, or transformed to knock out inhibitory receptors and other molecules to enhance their cultivation, targeting and activity under TME. Unmodified or genetically engineered NK cells can be further activated and/or expanded by culturing in the presence of cytokines or antibodies alone or in combination with co-culturing with feeder cells or accessory cells, which themselves can be modified for greater activation. Feeder cell-free NK expansion methods have also been developed such as using plasma membrane particles that provide robust expansion of highly cytotoxic NK cells comparable to feeder cell- based methods without the drawbacks and safety concerns.



Despite taking precautions, concerns over the risk feeder cell-expanded NK cells carry for the potential infusion of tumor-derived feeder cells or tumorous material to patients have led to the exploration of feeder cell-free NK expansion methods. Oyer et al., pioneered a novel, feeder cell-free NK cell expansion method using plasma membrane particles (PM-particles) derived from K562 feeder cells genetically engineered to express 4-1BBL and mbIL21 or mbIL15 (194, 195). Ex vivo NK cell expansion and cytotoxicity levels using particles were comparable to levels achieved using feeder cell methods (195). Haploidentical PM21- NK cells are currently tested in Phase II clinical trials (NCT 04395092) as post-transplant relapse prevention in AML and myelodysplastic syndromes.

An alternative approach that avoids the use of feeder cells utilizes short preactivation with cytokines. The combined IL-12, IL-15, and IL-18 in vitro preactivation of NK cells does not lead to expansion of NK cell in vitro but is capable of provoking a durable memory-like IFN-γ response upon secondary stimulation (196). These memory-like NK cells, referred to as cytokine induced memory-like (CIML) NK cells, demonstrated heightened antileukemia responses that persisted for one month after infusion into patients, propelling four out of nine patients into complete remission (197, 198). There are currently seven ongoing clinical trials listed in the NCT database using CIML NK cells in combination treatments for AML and multiple myeloma. NK cell cytokine pre-activation may be incorporated into current ex vivo therapeutic NK cell manufacturing practices, allowing for NK cell memory to be harnessed and exploited to further amplify other immunotherapies.

The above mentioned methods utilize PBMCs as source of NK cells but other sources such as cord blood, placental or iPSCs derived stem cells have also been utilized as starting source for NK cells (199, 200) [reviewed in (201)]. Current trends in NK cell therapy are also focused on using genetic and non-genetic methods to improve NK cell expansion, cytotoxicity, targeting, homing, and to increase lifespan (189, 202) [reviewed in (203, 204)]. Among them, chimeric antigen receptor (CAR)-engineered NK cells have been a major emerging method for cancer therapy. For example, an ErbB2 (HER2)-specific CAR-NK is currently being used in a phase I clinical trial for treatment of glioblastoma patients (205). In a phase I and II clinical trial HLA-mismatched anti-CD19 CAR-NK cells derived from cord blood was administered to patients with B-Lymphoid malignancies and saw a 73% response (206) and now early phase I clinical trials are further investigating CD19 and CD22 CAR-NK cells in Refractory B-cell Lymphoma patients, NCT03690310 and NCT03692767. Recently an open label pilot study also began to evaluate the safety and feasibility of CAR-NK cells targeting NKG2D ligands in the treatment of metastatic solid tumors, NCT03415100. Many recent reviews on the subject have been published, see (207–211). For a more detailed review of the current state of NK cell ex vivo cultivation see (207) and the use of adoptive NK cell immunotherapies, see (212).



Conclusion

The immune system’s carefully orchestrated anti-tumor response draws its power from the concerted contributions of the innate and adaptive immune arms. The NK cell kicks off the first leg of the immunological response: patients lacking a robust NK cell compartment are unable to mount strong killing of malignant cells and fail to harness the full therapeutic effects of immunotherapies.

This presents a strong argument in favor of employing adoptive NK cell transfer prior to or concomitantly with immunotherapies to jumpstart the immune response. Precursory adoptive NK cell transfer may reconstitute the NK cell compartment, providing the necessary priming of the immune system for optimal activity of subsequent effector populations and maximizing therapeutic efficacy.

Immunotherapy is a promising new frontier in cancer treatment. Great strides are being made in the breadth and availability of cancer therapeutics, however, variability in patient responses remains a chronic barrier to further success. Cytotoxic T lymphocytes are a major focus of immunotherapies, however, increasing reports suggest other effector populations are critical to a positive therapeutic response and should be given equal attention in study design. Dually tasked with effector and regulatory functions, the NK cell is the linchpin of the complex immune response: directly responsible for lysis of tumor cells through ADCC and the clearance of MHC-compromised cells in the primary immune response and priming of the tumor microenvironment through PD-L1 induction on tumors and recruitment of DCs and subsequently T cells for the secondary adaptive immune response. Future immunotherapy treatment protocols should consider deeply the synergy of the innate and adaptive immune system in order to further improve cancer treatment and long-term tumor control.
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DNA damage repair (DDR) pathways play an essential role in maintaining genomic integrity. DDR dysfunction leads to accumulated DNA damage, predisposition to cancer, and high sensitivity to chemotherapy and radiotherapy. Recent studies have demonstrated that DDR status is associated with response to immune checkpoint inhibitors (ICIs). Among the DDR pathways, mismatch repair is one of the most recognized predictive biomarkers for ICIs. Furthermore, preclinical and early clinical studies suggest the rationale of combining agents targeting the DDR pathways, such as poly (ADP-ribose) polymerase (PARP) inhibitors, cyclin-dependent kinase 4/6 (CDK4/6) inhibitors, and ataxia telangiectasia and rad3-related (ATR) kinase inhibitors, with ICIs. In the present review, we describe the predictive role of DDR pathways in ICIs and summarize the advances in potential combination strategies of novel agents targeting DDR with ICIs for cancer treatment.
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Introduction

Immunotherapy, especially immune checkpoint inhibition (ICI), has reshaped the cancer treatment landscape and has become a standard therapy for multiple cancer types owing to its robust and durable anti-tumor response (1–3). However, the efficacy of immune checkpoint inhibitors (ICIs) varies widely, and only few cancer patients can benefit from ICIs. Currently, ICIs are expensive, and accurate predictive biomarkers for ICIs are lacking. Therefore, identifying patients who will benefit from ICIs and how to further improve the clinical outcome of ICIs represent the most significant challenge during the clinical application of immunotherapy.

DNA damage repair (DDR) pathways, which repair DNA damage caused by endogenous and exogenous factors, are essential for maintaining DNA fidelity in actively replicating cells. Consequently, a dysfunction of the DDR pathways induces genomic instability and tumor evolution, which is a hallmark of cancer. To date, accumulating preclinical and clinical evidence indicates that alterations in tumor DDR pathways are highly correlated with tumor susceptibility to ICIs (4, 5). Additionally, DDR machinery dysfunction has been demonstrated to elicit the host immune system’s activation, suggesting a potential treatment strategy for combining agents targeting DDR with ICIs (6–8).

In recent years, new agents targeting DDR pathways have been developed and explored extensively (9). Furthermore, there is an increasing number of ongoing clinical trials focusing on the combinational therapy of DDR targeted agents with ICIs. In this review, we address the predictive role of DDR pathways in ICIs and the attractive strategies of combining agents targeting DDR with ICIs for cancer treatment.



Predictive Role of DDR in ICI

The established biomarkers for ICB include programmed death-ligand 1 (PD-L1) expression, tumor mutation burden (TMB), and mismatch repair (MMR) deficiency. However, neither is sufficient to precisely select beneficiaries for immunotherapy. For instance, the response rate of ICIs in high-TMB (≥20 mutations per Mb) cases is only 58%, whereas 20% of patients have intermediate and low TMB response to ICIs (10). Increased somatic copy number alteration (SCNA), which is positively associated with high TMB, has been demonstrated to be an immune suppression marker (11). Increased SCNA is also associated with poor clinical outcomes from anti-programmed death-1 (PD-1) or anti-cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) blockade therapy (12, 13). Despite these findings, the threshold of PD-L1 expression and TMB for predicting response to ICI is still not definitive.

Recent studies have revealed that DDR profoundly impacts the interaction between the host immune system and cancer cells. Alterations in the DDR pathways could thus serve as reliable predictive biomarkers for the clinical application of ICIs (14). In total, over 450 proteins identified in the DDR pathways have been reported. These proteins are involved in five major functional pathways, including MMR, nucleotide excision repair (NER), base excision repair (BER), homologous recombination repair (HR), and non-homologous end joining (NHEJ) (Figure 1). MMR deficiency is one of the best-established predictive biomarkers of ICI therapy (15).




Figure 1 | DNA damage repair pathways. SSB is repaired by the BER, NER, or MMR machineries. DSB is repaired by HRR, an accurate DNA repair pathway, or NHEJ, which is an error-prone pathway. SSB, single strand break; DSB, double strands break; MMR, mismatch repair; NER, nucleotide excision repair; BER, base excision repair; HR, homologous recombination repair; NHEJ, non-homologous end joining; DDR, DNA Damage Repair.




MMR

MMR is essential for correcting errors in DNA replication. Deficient expression of any of the genes involved in the MMR pathway, including MSH2, MSH6, MLH1, and PMS2, leads to increased acquisition of mutations and either a gain or loss of nucleotides from microsatellite tracts, which exhibit a molecular feature of microsatellite instability-high (MSI-H) status (16). MSI-H status has been shown to contribute to Lynch syndrome and vulnerability to cancer (17). The most frequent MSI-H phenotype has been reported in endometrial and colorectal carcinomas, and more than 20 tumor types harbor the MSI-H phenotype at lower levels (16). The MSI-H phenotype presents high TMB and neoantigen burden, increased expression of PD-L1, and prominent immune cell infiltration, which are all associated with a remarkable response to ICIs (18, 19).

Owing to the favorable response of ICIs in cancers with MSI-H from clinical trials (4, 20), the anti-PD-1 drug pembrolizumab was approved for advanced MMR-deficient/MSI-H solid cancers, regardless of the tumor origin. Nivolumab, another anti-PD-1 drug, alone or in combination with ipilimumab, was also approved for advanced colorectal cancers with MMR deficiency.



BRCA1/2 and HR

HR, an important pathway for the precise repair of DNA double-strand breaks (DSBs), plays an essential role in maintaining genome stability. Germline mutations of the core members of HR, such as BRCA1 and BRCA2, have been revealed to be vulnerable to hereditary breast and ovarian cancer syndromes (21). Recent studies have also demonstrated that HR deficiency is correlated with accumulated neoantigen load, high PD-L1 expression, increased levels of cytosolic DNA, and increased numbers of tumor-infiltrating lymphocytes (TILs) (22, 23). Therefore, the relationship between HR status and response to ICIs has been widely explored. Deleterious mutations in BRCA2 were found to be enriched in anti-PD-1 responders with melanoma, which encouraged further research (24). Nonetheless, another study demonstrated that ovarian cancer, even with BRCA1/2 mutations, had a modest response to anti–PD-1/PD-L1 (25). Therefore, the effect of BRCA1/2 mutations and HR status on ICI response remains unclear. It seems that cancer types and molecular backgrounds have impact on the predictive role.



DNA Polymerase Genes ε (POLE) and δ (POLD1)

POLE and POLD1 encode exonuclease domains of major nuclear polymerases responsible for the NER function. The mutational prevalence of POLE is reported to be 2.79%, while that of POLD1 is 1.37% across various cancer types (26). Studies have demonstrated that tumors with mutations in POLD1 and POLE had remarkably high point mutation burden (27) and increased TIL numbers and PD-1/PD-L1 expression, suggesting deep and durable benefits from ICI therapy (28–30). A recent study investigated 47,721 patients with multiple cancer types and demonstrated a potential predictive role of POLE/POLD1 mutations in beneficial outcomes for ICIs (26). Consistently, Junjun He et al. retrieved the genomic data of 21,074 Chinese patients with different cancer types and revealed the predictive value of POLE/POLD1 mutations, especially those in the proofreading domain, in positive outcomes for ICIs. They further suggested that POLE/POLD1 proofreading deficiency led to the MSI phenotype (31). Another study reported that POLE proofreading mutations elicited intra-tumoral immune responses in 295 patients with stage II colorectal cancer. These tumors with POLE proofreading mutations were more prone to be MSI-H and were assessed as extremely high TMB. Patients with POLE proofreading mutations had excellent outcomes, regardless of MSI status, suggesting that sequencing of all the exonuclease domains of POLE gene is recommended for patients with colorectal cancer (32). More prospective large-scale clinical trials are warranted to verify the predictive role of POLE/POLD1 mutations for ICI, especially those in the proofreading domain. As the FDA has approved pembrolizumab for MSI in various cancer types, it would certainly be interesting to further explore the underlying relationship between POLE/POLD1 mutations with MSI. Given patients with colorectal cancer and endometrial cancer harbor the most frequent POLE mutations (33), they should be addressed more on this issue.



MutY Homolog (MUTYH)

MUTYH is involved in the BER pathway, which is best known for MUTYH-associated polyposis (MAP). MAP is an autosomal recessive condition that confers a 63% risk of colorectal cancer by age 60 (34). Preclinical studies have revealed that mutations in MUTYH represent distinct C>A transversion and increased lymphocytic infiltration in colorectal cancer, suggesting that tumors with MUTYH mutations may efficiently respond to ICIs (35, 36). However, the predictive role of MUTYH mutations in ICIs is still being explored.



Genome of DDR

As more than 450 proteins have been identified in the DDR pathways, alterations in single gene contribute limitedly to the entire function of DDR. Therefore, the status of the genome of DDR or multiple key genes in DDR, would provide more comprehensive insights into the whole DDR capacity and achieve a more precise prediction of the response to ICIs. This hypothesis has been investigated for urothelial carcinoma (UC). Previous studies have revealed that the most common alterations in DDR genes in UC, including ERCC2, ATM, and others, were associated with increased mutation burden, high neoantigen load, and improved response rates to gemcitabine, cisplatin, and ipilimumab (anti-CTLA-4) (37–40). Teo et al. focused on 34 DDR genes, grouped into several major functional DDR pathways, in patients with metastatic UC treated with atezolizumab (anti-PD-L1) or nivolumab and reported that the presence of deleterious DDR alterations was associated with an improved response rate and survival (5). Interestingly, the DDR alterations are absent in patients with liver metastases (5), a well-known predictive factor for inadequate response to ICI therapy (41, 42), suggesting the molecular mechanism underlying the insufficient effect of ICI on liver metastases.




DDR as a Potential Target for Combination With ICI

Although ICIs are approved for indications across different tumor types, the durable response rate for ICIs is only 10–20% (43). As a result, combinational strategies have been extensively explored to improve the clinical outcomes of ICI.

Several recent studies have shown significant survival benefits from the combinational therapy of ICIs with chemotherapy or radiotherapy (44, 45). Based on the findings of the KEYNOTE189 trial, pembrolizumab combined with chemotherapy has been approved as the first-line treatment for advanced non-small cell lung cancer (NSCLC) (44). Durvalumab has also been recognized as the standard maintenance treatment after concurrent chemoradiotherapy for locally advanced NSCLC, according to the results of the PACIFIC study (45, 46). Mechanically, chemotherapy and radiotherapy cause DNA damage, increase cytosolic DNA, and induce neoantigens, which trigger the host immune response (14). Nonetheless, cytotoxic chemotherapy and radiotherapy also kill host immune cells, which are required for an anti-tumor immune response. Moreover, chemotherapy and radiotherapy create subclonal mutations that are correlated with immune escape and inadequate response to ICIs (47). Therefore, basic and clinical research studies are increasingly focusing on ICIs combined with targeted therapy.

In addition to the predictive roles of the DDR pathways in ICI therapy, agents targeting DDR have important therapeutic implications in cancer, either as a monotherapy or in combination with other drugs, such as chemotherapy and ICIs. According to preclinical experiments, dysfunction of the DDR pathways reshapes the immune environment and contributes to the sensitization of ICIs (14) (Figure 2). The underlying mechanisms of the synergy are as follows: 1. DDR deficiency results in the accumulation of impaired DNA damage, including somatic mutations in exons, and yields mutant proteins called neoantigens. Neoantigens can elicit an anti-tumor immune response, including intratumoral CD8+ T-cell infiltration and cytolytic activity, and are associated with clinical response to ICIs (48–50); 2. Independent of neoantigens, accumulated damaged DNA, which transfers from the nucleus to the cytoplasm and is known as cytosolic DNA, can directly activate the stimulator of interferon genes (STING)/TBK1/IRF3 pathway to induce type I interferon (IFN) response and trigger the innate immune response (51, 52). For instance, cancer cells with DDR dysfunction, such as mutations in BRCA1/2 or ATM, show high levels of cytosolic DNA, which activates the STING pathway and innate immune response correlated with a durable response to ICIs (8, 53).




Figure 2 | Agents targeting DNA damage repair synergize with immune checkpoint inhibitors. SSB, single strand break; DSB, double strands break; DDR, DNA damage repair; MMR, mismatch Repair; HR, homologous recombination; BER, base excision repair; PARP, poly ADP-ribose polymerase; NHEJ, non-homologous end Joining; cGAS, cGAMP synthase; STING, stimulator of interferon genes.



Based on preclinical results, many clinical trials are currently exploring novel agents targeting DDR pathways combined with ICIs (Figure 3). Among these trials, PARP inhibitors combined with PD-1/PD-L1 inhibitors are the furthest in clinical development. Preliminary results have demonstrated that the combination of DDR-targeting agents with ICIs is a promising therapeutic strategy for cancer. These agents are summarized as follows:




Figure 3 | The percentage of clinical trials on combinational therapy with agents targeting DDR and immune checkpoint inhibitors. The total number of the clinical trials is 92.




Poly (ADP-Ribose) Polymerase Inhibitors

Dysfunction of BRCA1/2 or other genes in the HR pathway yields an HR-deficient phenotype and shows sensitivity to PARP inhibitors, which are classic examples of synthetic lethal therapy. Four PARP inhibitors, including olaparib, rucaparib, niraparib, and talazoparib, have been approved by the FDA to treat metastatic breast cancer, ovarian cancer, fallopian tube cancer, prostate cancer, and primary peritoneal cancer harboring deleterious germline mutations in BRCA1/2 or with platinum-sensitivity properties (54). Nonetheless, PARP inhibitors only afford a progression-free survival (PFS) benefit of 2-4 months as a monotherapy. Even in patients with germline BRCA mutations, the overall survival (OS) benefit was not statistically significant (55). The incidence of intrinsic and acquired resistance to PARP inhibitors is high; therefore, studies assessing combinational strategies to improve efficacy are encouraged. PARP inhibitors in combination with ICIs are promising and have attracted extensive attention (Table 1).


Table 1 | Clinical trials combining PARP inhibitors with immune checkpoint inhibitors.



In terms of the mechanism, PARP inhibitors inhibit DNA repair and aggravate DNA damage, which induces neoantigens and cytosolic DNA, activates the interferon pathway, triggers anti-tumor immunity, and converts immunologically “cold” tumors to “hot” tumors. Therefore, they could sensitize tumor cells to ICIs, especially under a BRCA-deficient background (55, 56). Despite these factors, PARP inhibitors upregulate the expression of PD-L1 through the inactivation of glycogen synthase kinase 3α/β, providing another rationale for the combination of PARP inhibitors with ICIs (56, 57). Moreover, accumulated evidence suggests that cancer stem cells (CSCs) are resistant to PARP inhibitors (58). However, CSCs exhibit a high expression of PD-L1 compared to non-CSCs in breast and colon cancer (59), and may be more sensitive to ICIs, which is one possible reason for the durable response and long survival benefit of immunotherapy. Consequently, combined ICIs may reverse the resistance of CSCs to PARP inhibitors, although direct evidence is still lacking (60).


Breast Cancer

In metastatic breast cancer, several trials have been designed to explore the combination of PARP inhibitors with ICIs, especially in triple-negative breast cancer (TNBC), which is enriched with BRCA1 (70%) and BRCA2 (20%) mutations, and is considered the most immunogenic subtype of breast cancer (61). The phase 2 trial, KEYNOTE-162/TOPACIO (NCT02657889), exploited the combination of niraparib with pembrolizumab in patients with advanced metastatic TNBC and recurrent ovarian cancer (62). In the TNBC cohort, among the 45 evaluable patients, three (6.67%) achieved complete response (CR), and 10 (22.22%) achieved partial response (PR). Patients with germline BRCA mutations had a higher objective response rate (ORR) of 66.67% (8/12) than others (62).

Additionally, patients with PD-L1-positive tumors responded better than those with PD-L1-negative tumors (33 vs. 15%). In the MEDIOLA trial (NCT02734004), a phase 1/2 open-label basket study, olaparib combined with durvalumab was investigated in solid tumors, including TNBC, ovarian cancer, small-cell lung cancer (SCLC), and gastric cancer. Patients received 300 mg olaparib as monotherapy daily for 4 weeks, and intravenous durvalumab was added at 1.5 g per 4 weeks (63, 64). The disease control rate (DCR) at 12 weeks was reported to be 80% in HER-2 negative and BRCA1/2 mutated metastatic breast cancer (63). The most commonly reported grade 3–4 adverse events were anemia, fatigue, neutropenia, and pancreatic enzyme elevation.



Ovarian Cancer

Higuchi et al. compared treatment with CTLA-4 or PD-1/PD-L1 antibodies alone or in combination to PARP inhibitors in BRCA-mutated ovarian tumors. They found that the CTLA-4 antibody, but not the PD-1/PD-L1 blockade, synergized therapeutically with PARP inhibitors, which led to immune-mediated tumor clearance and long-term survival (65). However, a phase 1 trial that evaluated olaparib combined with durvalumab in female cancers reported an ORR of 17% and a DCR of 83%. Notably, 11 of the 12 response tumors were negative for BRCA mutations. Inconsistently, in the KEYNOTE-162 study, a phase 2 trial exploiting the combination of niraparib with pembrolizumab, among the 60 recurrent ovarian cancer patients, the ORR was 25% and the DCR was 68%, whereas among the 11 patients with BRCA mutation, the ORR was 45% and the DCR was 73%. Thus, it is unclear whether BRCA mutation predicts a positive response to PARP inhibitors combined with ICIs, ultimately warranting further explanation.

A recent study using advanced genomic analyses and single-cell imaging reported that mutational signature 3 (a specific mutational signature reflecting defective HR) and positive immune score (a surrogate of interferon-primed exhausted CD8+ T-cells in the tumor microenvironment) determined response to niraparib plus pembrolizumab in patients with platinum-resistant ovarian cancer enrolled in the TOPACIO trial (66). Presence of one or both features associated with significantly prolonged PFS (HR = 0.32), while concurrent absence yielded no response. This study suggests that both biomarkers for PARP inhibitors and ICIs should be considered to predict the response to the combinational treatment.

Another focus of ovarian cancer is maintenance therapy using PARP inhibitors combined with ICIs. Three phase 3 randomized, double-blind, placebo-controlled multicenter studies have explored the effect of chemotherapy ± anti-PD-1/anti-PD-L1 followed by maintenance with anti-PD-L1 and olaparib/niraparib in newly diagnosed advanced ovarian cancer (NCT03737643/DUO-O), BRCA non-mutated advanced epithelial ovarian cancer (NCT03740165/KEYLYNK-001/ENGOT-ov43), and recurrent ovarian, tubal, or peritoneal cancer (NCT03598270). The results of the three phase 3 trials are worth expecting. Owing to the high tolerance of PARP inhibitors combined with ICIs, the maintenance strategy showed appealing preliminary results and potential for preventing tumor recurrence.



Lung Cancer

Despite the high TMB in small cell lung cancer (SCLC), most patients respond modestly to ICI therapy (67). Preclinical experiments suggested that olaparib activated the STING/TBK1/IRF3 pathway in SCLC, but did not lead to T-cell recruitment or anti-tumor efficacy in vivo. Nonetheless, a recent study revealed that the addition of PD-L1 blockade could reverse these effects (7). The MEDIOLA study also included a cohort of patients with SCLC (67). In this cohort, patients received durvalumab 1,500 mg every 4 weeks and olaparib 300 mg twice daily. Among the 19 evaluable patients, two patients (10.5%) achieved PR or CR, including a patient with EGFR-transformed SCLC, and four patients (21.1%) had clinical control with confirmed responses or prolonged stable disease (≥8 months). However, this effect does not meet the preset bar, as the ORR of 10.5% failed to reject the null hypothesis that the ORR should be not less than 35%. The treatment-related adverse effects included anemia (80%), lymphopenia (60%), and leukopenia (50%). Notably, all tumors with an inflamed phenotype (CD8-positive T cells directly contacting the tumor) responded to the combination. The results suggest that the tumor immune phenotype plays a predictive role in response to the combination of PARP inhibitors with ICIs in SCLC, which should be confirmed in larger cohorts.

In NSCLC, two phase 3 studies are being conducted to explore the effect of pembrolizumab combined with olaparib in maintenance therapy following pembrolizumab combined with chemotherapy as the first-line treatment (NCT03976323 for non-squamous, NCT03976362 and MK-7339-008/KEYLYNK-008 for squamous NSCLC). A phase 2 study using durvalumab combined with olaparib in patients with NSCLC who did not respond to anti-PD-1/PD-L1 therapy is also in progress (NCT03334617). The results of these studies will be worth exploring. Furthermore, predictive biomarkers are warranted to select patients to improve the clinical outcomes of combinational therapy.



Prostate Cancer

In prostate cancer, several clinical trials are currently being conducted. The KEYNOTE-365, a phase 1b/2 umbrella study, evaluated pembrolizumab with olaparib in heavily pretreated metastatic castration-resistant prostate cancer (mCRPC). Among the 39 evaluable patients, the PSA response rate (reduction of ≥50% in serum PSA levels) was 13%, while the radiological ORR was 7%, and the DCR was 29%. None of the tumors harbored mutations in the HR genes. A phase 2 clinical trial (NCT02484404) demonstrated that olaparib combined with durvalumab was effective for mCRPC, and the toxicity was acceptable (68). The PSA response rate was 53%, while the radiological ORR was 24%, and the PFS rate at 1 year was 51%. Interestingly, patients with DDR gene alterations achieved a PFS rate at 1 year of 83% compared to 36% in those without DDR gene alterations (p = 0.031). These results suggest that DDR gene alterations may be used as predictive markers for guiding combinational therapy in patients with prostate cancer.



Other Cancers

In the MEDIOLA study, 40 patients with gastric cancer who relapsed after platinum-based chemotherapy received durvalumab and olaparib (64). The DCR was only 26% at 12 weeks, and the ORR was 10%. Due to the poor activity of olaparib as a single agent in this setting, all responses occurred after the addition of durvalumab, which suggests that the combination strategy deserves additional large-scale prospective investigation for recurrent gastric cancer.

The most recently published multicenter, open-label, phase 1a/b trial (NCT02660034) from Australia, investigated the safety and anti-tumor effects of pamiparib, an oral PARP1/2 inhibitor, combined with tislelizumab, a humanized anti-PD-1 monoclonal antibody, in patients with advanced solid tumors (60). Ten patients (10/49, 20%) achieved objective responses, including two CR and eight PR. Twenty-three patients (23/49, 47%) had immune-related adverse events, of whom nine (39%) had asymptomatic grade 3-4 hepatic injury, which was reversible with corticosteroid treatment.

The combination of PARP inhibitors with ICIs has also been widely explored in head and neck squamous cell carcinoma (HNSCC), soft tissue sarcoma, renal cancer, other solid cancers, and lymphoma (Table 1). More randomized trials are needed to confirm whether the efficacy of the combination is superior to PARP inhibitor or ICIs monotherapy.




Inhibitors of Cyclin-Dependent Kinase 4/6

Inhibitors of CDK4/6, including palbociclib, ribociclib, and abemaciclib, have been approved to treat patients with hormone receptor-positive, HER2-negative metastatic breast cancer (69–71). As outlined earlier, CDK4/6 inhibitors inhibit the proliferation of cancer cells by suppressing retinoblastoma (RB) phosphorylation and maintaining the repressive effect of RB on the E2F family, thereby reducing the transcription of pro-proliferative proteins and inhibiting cell cycle progression. Several studies have revealed that CDK4/6 inhibitors can inhibit DDR and enhance the radiosensitivity of NSCLC, glioblastoma, and HNSCC cells (72–74). Importantly, CDK4/6 inhibition was demonstrated to repress HR by inhibiting critical HR factors, such as Rad51 (75).

CDK4/6 inhibitors not only induce cell cycle arrest, but also enhance tumor immunogenicity, which provides the rationale for combination with ICIs (76). Several mechanisms underlying this synergy have been identified. The mechanisms include: CDK4/6 inhibitors reduce the proliferation of immunosuppressive T-reg cells (76), increase tumor antigen presentation in breast cancer cells, stimulate type III IFN production (76), and promote the infiltration and activation of T-cells. However, the proliferation of T-cells is suppressed (77). The inhibition of CDK4/6 increases the expression level of the PD-L1 protein by suppressing ubiquitination-mediated PD-L1 degradation (78). Additionally, the synaptonemal complex protein 3 (SCP3)-cyclin D1-CDK4/6 axis is activated during the immunoediting process, which drives tumor cells to generate acquired resistance to immunotherapy. However, CDK4/6 inhibitors could reverse the multi-aggressive phenotypes of SCP3 in immune-refractory cancer and lead to a long-term response to ICIs (79). Finally, the resistance program of ICI in melanoma, which is associated with T cell exclusion and immune evasion, could be repressed by CDK4/6 inhibitors (80).

Findings from a preclinical study showed that CDK4/6 inhibitors combined with anti-PD-L1 therapy led to tumor regression in animal cancer models (81). Similarly, Teo et al. demonstrated that the combination of CDK4/6 inhibitors with ICIs (targeting PD-1 and CTLA-4) and PI3Kα inhibitors induced complete and durable regression (>1 year) in established xenograft mouse models of human TNBC (82).

In a clinical trial, the first phase 1/2 study was designed to explore the potential of abemaciclib (LY2835219) plus pembrolizumab in patients with HR-positive metastatic breast cancer (NCT02779751) (83). A total of 28 patients were enrolled. The preliminary results showed that four patients (14%) achieved an objective response at 24 weeks, which was higher than the response rate (11%) reported in the MONARCH 1 study with abemaciclib monotherapy (70). Currently, a multicenter phase 2 study is being conducted to evaluate the combination of letrozole, palbociclib, and pembrolizumab in postmenopausal women with HR-positive advanced breast cancer (NCT02778685) (84). All three FDA-approved inhibitors of CDK4/6 are now in clinical trials in combination with ICIs to treat cancers, such as breast cancer, HNSCC, NSCLC, and liver cancer (Table 2).


Table 2 | Clinical trials combining CDK4/6 inhibitors with immune checkpoint inhibitors.





Inhibitors of Ataxia Telangiectasia and Rad3-Related (ATR) Kinase

ATR kinase is a known master regulator of DDR. Therefore, ATR is an attractive therapeutic target for cancer treatment, especially in combination with DNA-damaging agents. A previous study showed that ATR inhibition decreased the expression of PD-L1 by destabilizing PD-L1 in a proteasome-dependent manner to attenuate PD-1/PD-L1 interaction and sensitized cancer cells to T cell killing, which provided a rationale for the combination therapy of ATR inhibitors with other types of ICIs, such as anti-CTLA-4 or anti-TIM-3 (85).

Clinical trials exploring the ATR inhibitor, AZD6738, combined with durvalumab in patients with advanced solid tumors (NCT02264678, phase 1/2) and NSCLC who have progressed on anti-PD-1/PD-L1 containing therapy (NCT03334617, phase 2) are ongoing. The initial data showed an acceptable toxicity profile and promising preliminary anti-tumor activity. A patient with HNSCC and another patient with NSCLC also achieved PR (86). Another study recruited participants to evaluate the efficacy and safety of avelumab in combination with an ATR inhibitor (M6620) and carboplatin in PARP inhibitor-resistant, recurrent, platinum-sensitive ovarian, primary peritoneal, or fallopian tube cancer.



Inhibitors of WEE1

WEE1 is a protein kinase that activates the G2/M cell cycle checkpoint by inhibiting cyclin-dependent kinase 1 and 2 (CDK1/2) and provides time for DDR (87). Inhibition of WEE1 impairs G2/M cell cycle arrest, hampers DDR, and increases replication stress. To date, AZD1775 (MK1775, Adavosertib) is the only WEE1 inhibitor used in clinical trials. Currently, two clinical trials are exploring the combination of adavosertib with durvalumab. One is NCT02546661 (BISCAY), a phase 1b randomized multi-drug biomarker­directed study in patients with metastatic muscle-invasive bladder cancer. In this clinical trial, patients with any HR deficiency will receive durvalumab ± olaparib, and patients with CDKN2A or RB1 deficiency and/or amplifications of CCNE1, MYC, MYCL, or MYCN will receive durvalumab ± adavosertib (88). The other trial is NCT02617277, a phase 1 trial to assess the safety and pharmacokinetics of adavosertib plus durvalumab in patients with advanced solid tumors (89). In this trial, 54 patients with colorectal, lung, and breast cancer were enrolled. The overall DCR of the combination was 36%, and the dose-limiting toxicities were fatigue, nausea, and diarrhea. The promising results of this phase 1 clinical trial called for additional phase 2 study, and the schedule of adavosertib 150 mg twice per day on days 15-17 and 22-24 combined with durvalumab 1,500 mg on day 1 of a 4-week cycle was recommended for phase 2 study. The exploration of predictive biomarkers in the BISCAY study will help to select suitable patients for this combinational strategy.



Inhibitors of Checkpoint Kinase 1 (CHK1)

CHK1 plays a crucial role in DDR and genome stability. CHK1 inhibition has been explored as a potential anti-tumor therapy. Recently, the inhibitor of CHK1, prexasertib (LY2606368), was demonstrated to remarkably activate the STING/TBK1/IRF3 innate immune pathway and increase the expression of PD-L1, which contributes to the infiltration and activation of cytotoxic T lymphocytes and significantly potentiates the efficacy of ICIs in SCLC in vivo (7). Another preclinical study demonstrated that SAR737, an oral CHK1 inhibitor, combined with low-dose gemcitabine, enhanced the effect of PD-L1 blockade in SCLC by modulating the immune microenvironment (90). These findings suggest that the combination of CHK1 inhibitors and ICIs deserves further evaluation in clinical trials, especially for patients with SCLC.

Currently, there are no well-established predictive markers for CHK1 inhibitors. Sen et al. identified MYC as a biomarker of prexasertib through proteomic analysis and suggested that CHK1 inhibitors might be especially effective in SLCL with MYC amplification or MYC protein overexpression (91). The predictive marker of CHK1 inhibitors combined with ICIs is being explored in ongoing clinical trials. However, further investigation of the combination’s safety is needed, as preliminary results demonstrated that neutropenia was the most frequent and severe adverse event, which can be harmful, although manageable (92).



Inhibitors of ATM

ATM is an apical kinase of the DDR pathway, which makes it an attractive anti-tumor therapeutic target. Two ATM inhibitors, M3541, and AZD0156 are currently in phase 1 trials for the treatment of solid tumors. A recent study reported that the inhibition of ATM increased IFN signaling and sensitized pancreatic cancer to ICI therapy (93). We recently reported that the inhibition of the ATM/CHK2 pathway could activate the innate immunity of ARID1A-deficient cancers and enhance the anti-tumor effect of PD-L1 antibody (94). The promising effect of the preclinical studies demonstrated that the combination of an ATM inhibitor with ICIs is urgent to be investigated in clinical trials.



Inhibitors of DNA-PK

DNA-PK plays a crucial role in the NHEJ pathway of DDR. Currently, three inhibitors of DNA-PK, namely M9831 (VX­984), nedisertib (M3814, MSC2490484A), and CC­115, are being evaluated in phase 1/2 trials. Recent studies have reported that human DNA-PK activates a STING-independent DNA sensing pathway to drive a robust and broad immune response (95). For the combined treatment, a clinical trial, NCT03724890, is now being carried out to determine a safe and tolerable DNA-PK inhibitor (nedisertib) dose combined with ICIs (avelumab) ± radiotherapy for participants with selected advanced solid tumors.




Conclusions and Remaining Challenges

In conclusion, emerging evidence supports that alterations in the DDR pathways play potential predictive roles for ICIs. The combination of agents targeting DDR with ICIs has resulted in appealing anti-tumor effects in preclinical and clinical studies. These advances may contribute to a major step forward in cancer treatment. However, there are many questions still to be answered.

Although the FDA has approved MMR deficiency for the application of PD-1 blockade, the impact of DDR alterations on the response to ICIs is largely unknown. First, the underlying relationship between DDR gene alterations and other known biomarkers of ICIs, such as TMB, should be subject to intense investigation. Although DDR deficiency usually leads to a high TMB, it is not always the same. TMB refers to the overall quantity of tumor gene mutations, while a specific DDR deficiency may represent the quality of the gene alterations. It seems that only a small amount of tumor-specific neoantigens aroused from DDR alterations is highly immunogenic, which may explain why patients with low TMB still respond to ICIs. It is crucial to identify these neoantigens or the related DDR gene alterations, which will ultimately help to select patients for immunotherapies. Second, standardized and practical methods to assess DDR defects, such as HR deficiency (96), should be established.

For the combination strategy, developing predictive biomarkers to identify patients who will respond to agents targeting DDR combined with ICIs is essential (9). Although most ongoing clinical trials have been conducted with unselected patients, several clinical trials have been designed to explore the possible predictive markers for combinational therapy, including alterations in genes such as ARID1A, ATM, ATRX, BRCA1, BRCA2, CDK12, CHEK1, CHEK2, CCNE1, MYC, MRE11, MSH2, PARP1, PIK3CA, POLD1, PPP2R2A, PTEN, RAD51B, XRCC2, and MMR status (NCT03842228, NCT02546661). However, individual predictive biomarker for DDR-targeted agents or ICIs was unable to predict the response to the combinational therapy (66). The success of mutational signature 3 and immune score in selection of patients with ovarian cancer who would benefit from niraparib/pembrolizumab (66), suggests that the predictive biomarkers should be cooperated in future clinical trials of combinational therapy. Furthermore, the optimal combination timing and sequences, which should stimulate the anti-tumor immune response and improve anti-tumor efficacy with minimal toxicity, are still unclear. Various schedules of combinations have been utilized in multiple clinical trials. However, it is unlikely to find a unified pattern for all combination regimens. In fact, it seems to vary widely across tumor settings and genetic backgrounds. For example, in clinical trials, PARP inhibitors and CKD4/6 inhibitors were administered concurrently, before or after ICIs, in various situations. Briefly, concurrent administration of PARP inhibitors or CKD4/6 inhibitors with ICIs was carried out in most trials. However, when PARP inhibitors were used as maintenance therapy (for ovarian cancer, NCT03737643, NCT03740165 and NCT03598270; for NSCLC, NCT02944396), they were used following ICIs, while in some other clinical trials, PARP inhibitors and CDK4/6 inhibitors were used before ICIs (NCT03579784, NCT03842228 and NCT03781960).

Collectively, it is challenging to define the optimal predictive biomarker, clinical setting, and combining schedule. To answer these questions, it is essential to understand how tumor intrinsic genetic alterations affect anti-tumor immunology and how the drugs synergize with each other. In light of the recent promising preclinical and early clinical findings in this field, additional basic and clinical studies are warranted in the future.
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Glioblastoma is a highly lethal brain cancer with a median survival rate of less than 15 months when treated with the current standard of care, which consists of surgery, radiotherapy and chemotherapy. With the recent success of immunotherapy in other aggressive cancers such as advanced melanoma and advanced non-small cell lung cancer, glioblastoma has been brought to the forefront of immunotherapy research. Resistance to therapy has been a major challenge across a multitude of experimental candidates and no immunotherapies have been approved for glioblastoma to-date. Intra- and inter-tumoral heterogeneity, an inherently immunosuppressive environment and tumor plasticity remain barriers to be overcome. Moreover, the unique tissue-specific interactions between the central nervous system and the peripheral immune system present an additional challenge for immune-based therapies. Nevertheless, there is sufficient evidence that these challenges may be overcome, and immunotherapy continues to be actively pursued in glioblastoma. Herein, we review the primary ongoing immunotherapy candidates for glioblastoma with a focus on immune checkpoint inhibitors, myeloid-targeted therapies, vaccines and chimeric antigen receptor (CAR) immunotherapies. We further provide insight on mechanisms of resistance and how our understanding of these mechanisms may pave the way for more effective immunotherapeutics against glioblastoma.
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Introduction

Glioblastomas are grade IV gliomas of the central nervous system (CNS) and are the most common and most aggressive type of brain maligancy (1). Patient prognosis is extremely poor, with a median survival of less than 15 months with the current standard of care (SOC), which consists of surgical debulking followed by radiation and chemotherapy (temozolomide) (2). Glioblastomas are currently considered incurable, and all patients inevitably experience and succumb to tumor recurrence, highlighting the urgent need to identify new therapeutic options (3).

The 2016 World Health Organization (WHO) classification of CNS tumors broadly groups glioblastomas based on the mutational status of isocitrate dehydrogenase 1/2 (IDH) (4). Most glioblastomas are IDH-wildtype (wt), which typically arise in older patients (age >50) and are associated with poor prognosis (4). A small subset of glioblastomas (~10%) are IDH-mutant (mut), which are often secondary tumors that arise from the progression of lower grade gliomas and are associated with better survival compared to IDH-wt (4). Glioblastomas can be further classified into classical, mesenchymal, and proneural subtypes based on unique molecular signatures (5, 6). Classical tumors are characterized by EGFR amplification as well as lack of TP53 mutations and homozygous deletion of CDKN2A (5, 6). Mesenchymal tumors have the worst prognosis and are characterized by expression of NF1, often co-mutated with PTEN (5, 6). Proneural tumors have the best prognosis and are characterized by PDGFRA expression (5, 6). Whilst it was previously thought that a fourth subtype (neural) existed, this notion was revised after the neural signature could not be found in tumor cells (5, 6). Glioblastoma tumors are highly heterogenous, with multiple subtypes making up different regions of a single tumor (7, 8). Moreover, each subtype is functionally distinct with unique immunological landscapes including differences in T cell infiltration and macrophage/microglia composition (9). For example, loss of NF1 (i.e. mesenchymal subtype) is associated with a characteristic increase in tumor-associated macrophages (TAMs) (9). Recurrent glioblastomas tend to accumulate macrophages and resemble a mesenchymal state as they become increasingly aggressive and treatment-resistant (10). The immense heterogeneity and microenvironmental evolution of glioblastoma tumors must be considered when developing potential therapies.

Since the addition of temozolomide to glioblastoma SOC in 2005 (2), substantial research efforts and hundreds of clinical trials have been initiated to in an effort to further improve SOC, with very little success. Anti-angiogenic drugs such as bevacizumab, an inhibitor of vascular endothelial growth factor-A (VEGF-A), and cilengitide, an inhibitor of ⍺Vβ3 and ⍺Vβ5 integrin, have been highly pursued in glioblastoma clinical trials, however both of these compounds failed to improve survival of newly diagnosed and recurrent glioblastoma (11–13). In fact, out of the hundreds of clinical trials that have been initiated for glioblastoma in the last decade, few have improved overall survival. Among those that have been moderately successful is the tumor-treating fields (TTF) device, which was approved by the U.S. Food and Drug Administration (FDA) in 2011 for recurrent or refractory glioblastoma (14). TTF involves the local delivery of low-intensity electric fields to disrupt mitosis of glioblastoma cells. In phase III clinical trials, patients with newly diagnosed glioblastoma treated with TTFs in combination with maintenance chemotherapy had a median overall survival of 20.9 months compared to 16 months with maintenance chemotherapy alone (14). Despite this modest success, TTFs have not been incorporated into SOC due to ongoing skepticism amongst the medical community regarding the unblinded nature of TTF trials, as well as issues with patient compliance, which is critical for treatment efficacy (15).

Overall, the failure of past therapeutic candidates to improve glioblastoma SOC is in part a reflection of the rapid and aggressive progression of this disease. Therefore, major research efforts are being made to better understand the brain tumor microenvironment (TME), which holds untapped potential for novel cancer therapies. The immune compartment of glioblastomas is quite substantial, with the majority of cells coming from the myeloid lineage (16). Despite this, glioblastomas are effective at escaping host immune surveillance. Indeed, one of the hallmarks of cancer is the ability to evade cellular immunity (17). Immunotherapies seek to re-direct immune cells against a tumor by exploiting a patient’s immune system. Many immunotherapies such as immune checkpoint inhibitors (ICIs) and chimeric antigen receptor (CAR) T cell therapy have been enormously successful for other aggressive cancers and are now being investigated as potential therapies for glioblastoma (18–22). Herein, we review several ongoing immunotherapeutic approaches for glioblastoma with a focus on ICIs, myeloid-targeted therapies, tumor vaccines, and CAR immunotherapies. We further discuss some key challenges facing immunotherapy in glioblastoma including mechanisms of resistance, which must be overcome in order for the next generation of immunotherapeutics to bring meaningful benefit to patients.



Immune Privilege and the Central Nervous System: A Case for Immunotherapy

The unique relationship between the brain and the immune system is central to the use of immunotherapy in brain diseases such as glioblastoma. Historically, the brain has been viewed as a tightly sealed organ, guarded by a closely regulated blood brain barrier (BBB), and devoid of any lymphatics or immune surveillance. However, this notion of “immune privilege” was disputed when it was discovered that allo-antigens could illicit an immunological response in the brain (23). Several subsequent isograft versus allograft studies further substantiated this field-shifting discovery (24, 25). As a result of technological advances such as intravital imaging, it is now known that immune surveillance and specifically, the priming and activation of T cells, largely takes place in the meningeal compartment of the CNS (26). However, it only became clear in the last decade how the CNS connects to the peripheral immune system. In 2015, two seminal studies showed for the first time a network of functional lymphatic vessels that line the dural sinuses, which drain into the deep cervical lymph nodes, and serve as a gateway for T cell trafficking between the periphery and the cerebrospinal fluid (CSF) of the CNS (27, 28). While once thought to be immune privileged, it is now appreciated that the brain receives constant immune surveillance and communication with the peripheral immune system, allowing the possibility of immunotherapy as a means of treating diseases of the CNS.

Despite these potential opportunities, one remaining challenge for glioblastoma treatment efficacy is overcoming the BBB. This tightly regulated barrier between the peripheral blood and CNS functions to facilitate the movement of ions, neurotransmitters, and nutrients while shielding the CNS from neurotoxins and most macromolecules (29). Thus, while small (<400Da), lipid-soluble (<8 hydrogen bonds) drugs may be able to passively diffuse across the BBB (30), large or water-soluble drugs are largely excluded by a network of extremely tight junctions (29). This presents a significant challenge for systemic immune-based therapies that rely on effective antibody delivery into tumors or peripheral transfer of cells. Interestingly, one of the hallmarks of brain tumors is a loss of BBB integrity and subsequent increased tight junction permeability (31). In glioblastoma, this characteristic is attributed to loss of claudin-3 and altered levels of claudin-1 and claudin-5, which are the major structural proteins that regulate BBB tight junction permeability (32, 33). While disruption of the BBB may seemingly be advantageous for drug delivery, especially for drugs that depend on the recruitment of peripheral immune cells, loss of BBB integrity may also enhance tumorigenicity by enabling the infiltration of pro-tumorigenic cells such as peripherally-derived immunosuppressive macrophages (34). This double-edged sword is further complicated by the fact that the BBB is not ubiquitously disrupted, and in fact remains completely intact within specific regions of glioblastoma tumors (35). Therefore, systemic therapies for glioblastoma must be able to overcome these complex limitations in order to be effective.


Immune Checkpoint Inhibitors (ICIs)

The discovery of immune checkpoint molecules PD-1 and CTLA-4 has undoubtedly transformed the field of cancer immunotherapy (36, 37). Anti-CTLA-4 and anti-PD-1/PD-L1 ICIs have been extremely successful for aggressive cancers such as advanced melanoma and non-small cell lung cancer (NSCLC) (18–20), and there is growing interest in the utility of ICIs as a potential treatment for glioblastoma. In chronic inflammatory conditions such as cancer, prolonged T cell activation leads to increased CTLA-4-expressing Tregs and upregulation of CTLA-4 on cytotoxic T lymphocytes (CTLs), which interacts with the B7 family of receptors and leads to reduced T cell proliferation and survival (Figure 1) (38). In gliomas, this immunosuppression is bolstered by the upregulation of PD-L1 on tumor cells and circulating monocytes/macrophages, which further inhibits CD8+ and CD4+ T cell activation (39, 40). Prolonged T cell activation also causes upregulation of PD-1, which recognizes PD-L1 on antigen-presenting cells (APCs) and tumor cells, and results in T cell exhaustion and reduced survival (Figure 1) (38). These immune signatures, including the upregulation of multiple immune checkpoints and an increased fraction of Tregs, are highly characteristic of the glioblastoma TME, and warrant investigation of ICIs as a potential means of restoring T cell responses (41–44).




Figure 1 | The current landscape of major glioblastoma immunotherapies and mechanisms of resistance. Immune checkpoint inhibitors (ICIs) target T cell exhaustion through blockade of immune checkpoints PD-1 and CTLA-4 to restore T cell function and antitumor activity. Myeloid-targeted therapies such as CSF-1R inhibitors reprogram immunosuppressive microglia (MG) or monocyte-derived macrophages (MDMs) (pro-tumorigenic) to become more anti-tumorigenic. Peptide vaccines, dendritic cell (DC)-vaccines and personalized vaccines educate T cells to target tumor neoantigen(s). Chimeric antigen receptor (CAR) immunotherapies involve genetically engineering a patient’s own T cells or non-patient NK-92 cells to express neoantigen-specific CARs, which are expanded in culture and adoptively transferred to the patient. Glioblastoma is highly resistant to therapy, and currently, none of the depicted immunotherapies have succeeded in improving treatment, although many clinical trials are currently ongoing. The grey boxes outline major mechanisms of resistance that are barriers to each immunotherapeutic approach, including intrinsic, adaptive and iatrogenic mechanisms. Image made with BioRender.com.



Accordingly, several studies have explored the use of ICIs in experimental models of glioma and results have been promising (45–49). For example, in an implanted mouse model of glioma using SMA-560 cells, anti-CTLA-4 conferred long-term survival in 80% of mice, and reduced the fraction of infiltrating Tregs (49). Additionally, anti-PD-1 eradicated 44% of orthotopic GL261 tumors when used alone, and 100% when combined with temozolomide (45). In a glioblastoma stem cell (GSC) mouse model, triple combination therapy with anti-CTLA-4, anti-PD-1 and an IL-12 expressing oncolytic virus (G47Δ-mIL12) cured 89% of mice, with 100% of the cured mice alive at 96 days post-tumor re-challenge, suggesting establishment of immunological memory with this combination therapy (50).

Although preclinical work has been promising, ICI efficacy in glioblastoma patients has been limited. There have been a number of case studies reporting dramatic responses in glioblastoma patients receiving nivolumab (anti-PD-1) (51, 52), most striking of which is the case of a 60-year-old patient with recurrent glioblastoma who received nivolumab for 2 years without any progression, toxicity or need for corticosteroid treatment (52). Despite these exceptional cases, overall, ICI clinical trials in glioblastoma have been disappointing. Checkmate 143 trial was the first randomized trial testing ICIs for recurrent cases of glioblastoma. The initial phase I study assessed the safety of nivolumab (anti-PD-1) and ipilumamab (anti-CTLA-4) in 40 patients with recurrent disease, and results showed that nivolumab alone was better tolerated compared to the dual therapy, with adverse advents associated with ipilumumab (53). Unfortunately, the subsequent open-label randomized phase 3 trial comparing nivolumab to bevacizumab failed to improve overall survival in 369 patients with recurrent glioblastoma (54). Additionally, a recent phase II clinical trial assessing pembrolizumab (anti-PD-1) with or without bevacizumab in recurrent glioblastoma patients failed to meet the primary endpoint of 6 months progression-free survival (PFS) with either therapeutic approach (55). Attention has since shifted to newly diagnosed glioblastoma, where a pre-surgical dose of nivolumab followed by post-surgical continuation of treatment was reported to provide long-term survival benefit in two patients with newly diagnosed glioblastoma, who were alive at 33 and 28 months post-surgery (56). However, all clinical studies to-date evaluating nivolumab in primary glioblastoma, including Checkmate 498 and Checkmate 548 trials, have failed to meet primary endpoints.

Overall, ICIs have failed to demonstrate a significant benefit in glioblastoma thus far and several explanations have been proposed (Figure 1). Glioblastomas are inherently immunologically “cold”, containing few T cells and predominantly occupied by pro-tumorigenic TAMs, particularly in IDH-wt tumors (57, 58). While ICIs may initially restore T cell function, the overwhelming presence of immunosuppressive myeloid cells remains a prevailing source of resistance to treatment (59). Immunologically “hot” tumors, characterized by high T cell infiltration and immune activation, have generally been more responsive to ICIs, and there is ongoing research aimed at understanding how to turn immunologically cold tumors, like glioblastoma, into hot tumors, in order to improve ICI efficacy (60, 61). Moreover, only 3.5% of glioblastomas exhibit a high tumor mutational load (62), which influences sensitivity to ICIs (63), suggesting that a very small minority of glioblastoma patients are likely to benefit from this treatment.

Another potentially overlooked mechanism of resistance to ICIs is iatrogenic resistance in response to chemotherapy or steroids. The combination of ICIs with chemotherapy is receiving widespread attention as a mechanism to induce tumor mutations (neo-antigens) (64). However, systemic chemotherapy, including temozolomide, is inherently immunosuppressive and causes lymphodepletion and myelotoxicity in preclinical models and in cancer patients (64). This may be particularly harmful for glioblastoma patients as tumor-infiltrating lymphocytes are already rare. Studies have explored the possibility of local chemotherapy using implanted slow-release polymers (65, 66), which avoids systemic lymphodepletion and significantly enhances response to ICIs in preclinical models by increasing tumor antigen-specific T cells (67). In addition, corticosteroids are routinely prescribed for cancer patients to manage symptoms, including dexamethasone, which is given to glioblastoma patients to manage cerebral edema. However, corticosteroids are anti-inflammatory, and may antagonize the therapeutic effects of ICIs; in fact, they are used to treat immune-related adverse events from ICIs (68). Alternative therapies for cerebral edema have been proposed, such as bevacizumab or mannitol. However, both agents come with significant drawbacks, including the need for repeated intravenous infusions, elevated bleeding risk (69), impaired perioperative healing (69), hypertension (70), and diminished efficacy with prolonged use (71). Therefore, it is unclear how to effectively integrate ICIs with current SOC treatments that are critical for glioblastoma management.

Finally, glioblastoma tumors can adapt to immune checkpoint blockade by upregulating alternative checkpoints such as TIM-3 following ICI treatment (72). Combining anti-PD-1 with TIM-3 blockade may potentially overcome this acquired resistance. For example, combining anti-PD-1 with anti-TIM-3 improved overall survival from 28% (anti-PD-1 alone) to 60% (dual therapy) in preclinical GL261 models, and this was further enhanced to 100% when combined as a triple therapy with stereotactic radiosurgery (SRS) (73). In addition to the PD-1 pathway, recent work has identified expression of the inhibitory receptor CD161 on intratumoral T cells in glioblastoma, and blockade of CD161 enhanced T cell anti-tumor activity both in vitro and in GL261 transplantable mouse models (74). Interestingly, CD161 is encoded by the NK cell gene, KLRB1, highlighting NK cell receptors as potential targets for immunotherapy. Taken together, future studies should explore novel targets and combination therapies to improve ICI efficacy.



Myeloid-Targeted Therapies

Macrophages are the most abundant cell type in glioblastoma, accounting for up to 30% of the tumor, and are highly associated with disease progression (16, 75). In glioblastoma, macrophages can be either yolk sac-derived tissue-resident microglia (MG) or monocyte-derived macrophages (MDMs) from the periphery (34, 76, 77), with infiltrating MDMs representing the majority of TAMs (78). In addition to having distinct ontogenies, TAMs also adopt a variety of activation states that are not restricted to the conventional M1/M2 designations (77, 79). Interestingly, glioblastoma stem cells (GSCs) have been shown to recruit TAMs by secreting periostin and cytokines associated with alternative activation (80, 81). Once recruited, TAMs further drive disease progression by enhancing the invasion of GSCs through TGF-β1 signaling (82). In addition to the direct protumorigenic effects of TAMs, they can also indirectly mediate tumor progression by promoting T cell exhaustion via the PD-L1/PD-1 pathway (Figure 1) (83). Moreover, infiltrating TAMs in glioblastoma lack essential costimulatory molecules for T cell activation (CD80, CD86, CD40), which further contributes to an immunologically inactive tumor (84). Finally, TAMs play an important role in tumor angiogenesis and have been associated with resistance to anti-angiogenic therapies such as bevacizumab (Figure 1) (85–87). Angiogenic factors not only facilitate tumor progression, but also suppress APCs, DCs and T cells, while augmenting the effects of TAMs and Tregs, resulting in a continuous cycle of immunosuppression (88). Taken together, therapies that target the myeloid compartment may be an effective approach to reversing active immunosuppression in the TME and preventing tumor progression.

There are many approaches to targeting TAMs in glioblastoma, one of which is inhibition of colony stimulating factor 1 receptor (CSF-1R), an important receptor for macrophage differentiation and survival (89, 90). In mice, CSF-1R inhibition re-educates macrophages to adopt an anti-tumor phenotype, leading to tumor regression and increased survival, with a particularly profound effect in proneural glioblastoma (89, 90). However, despite dramatic improvements in survival, drug resistance eventually develops via alternative pathways such as PI3K signaling (Figure 1) (91). In a phase II clinical study, treatment with CSF-1R inhibitors in recurrent glioblastoma patients failed to meet primary endpoint of 6 months PFS (92), which may be attributable to the high frequency of PTEN and PI3K pathway mutations among glioblastoma patients (5, 93). Although CSF-1R inhibitors have generated little clinical success as monotherapies, emerging studies have suggested that TAM-targeted therapies may be synergistic with radiotherapy, which may serve as a more effective approach for targeting the myeloid compartment (94, 95). In GL261-implanted glioblastoma mice, irradiation enhanced survival when combined with local delivery of lipid nanoparticles directed against PD-L1-expressing TAMs and dinaciclib, a cyclin-dependent kinase 5 inhibitor (95). Moreover, in preclinical mouse models of glioblastoma driven by PDGFB overexpression and/or p53 knockdown, irradiation combined with daily CSF-1R inhibition drastically increased survival compared to either treatment alone (94). Despite these promising preclinical studies, a phase 1b/2 clinical trial evaluating CSF-1R inhibition in combination with radiotherapy and temozolomide for newly diagnosed glioblastoma did not improve median PFS or overall survival compared to historical controls (NCT01790503) (96). Although a comprehensive review of why this clinical trial failed is currently ongoing, preclinical studies demonstrated that daily dosing was critical to the efficacy of CSF-1R inhibition and unfortunately, patient tolerability restricted dosing to 5 days/week in the clinical setting (94).

In contrast to CSF-1R inhibitors, which target bulk macrophages, little is known about the potential benefit of targeting specific macrophage phenotypes and/or their recruitment. New studies have enabled the investigation of MG and MDMs and their distinct contributions to glioblastoma based on identifying distinguishing markers such as MDM-specific expression of CD49d and expression of Tmem119, CX3CR1 and SiglecH on MG (34, 97, 98). In accordance with these findings, anti-CD49d has been shown to selectively reduce tumor MDM numbers in preclinical glioblastoma models (94). Interestingly, while anti-CD49d monotherapy had no impact on survival, combining this treatment with irradiation prolonged survival in both mouse models, warranting further investigation (94). In the GL261 mouse model of glioblastoma, histological analyses have shown that MDMs are more readily recruited to perivascular tumor regions compared to MG, which is a niche for GSCs (78). Moreover, selectively limiting MDM infiltration through genetic Ccl2 reduction prolongs survival of GL261 tumor-bearing mice (78). Although targeting CCL2-mediated recruitment of MDMs has not yet been clinically explored, combining CCL2 inhibition with anti-PD-1 treatment prolonged survival in GSC glioblastoma-bearing mice, and may be a potential candidate for future studies (99). Interestingly, Tie2-expressing MDMs have been identified as a distinct hematopoietic lineage of cells that are actively recruited to glioblastoma tumors and were shown to drive tumor angiogenesis in an orthotopic xenograft model of human glioblastoma (87). Remarkably, loss of Tie2-expressing MDMs completely abrogated neovascularization in human glioblastoma-derived tumor-bearing mice, suggesting that selectively targeting Tie2-expressing MDMs may be another potential therapeutic avenue (87). Taken together, reprogramming macrophage phenotypes and targeting specific TAM recruitment may be a more effective approach to disease control that has yet to be clinically explored.



Vaccines

Oncogenic driver mutations and passenger mutations can give rise to new proteins (neoantigens), which contain unique sequences (neoepitopes) that can be recognized by T cells when presented by major histocompatibility complex (MHC) molecules on the surface of cancer cells or APCs (100). Vaccine-based therapeutics facilitate the education of tumor-specific CTLs by soliciting highly expressed tumor neoepitopes (Figure 1) (101). The most rudimentary approach to therapeutic vaccines is to directly administer one or more peptides that mimic the tumor neoepitope(s) of interest, although dendritic cell (DC)-based vaccines and personalized vaccines are also being explored as potential therapies in glioblastoma.

Approximately 40% of glioblastomas overexpress EGFR, with the most common variant being EGFRvIII, arising from the loss of exons 2-7 from the EGFR coding sequence (102–104). The high frequency of EGFRvIII across glioblastoma patients has led to the development of Rindopepimut (CDX-110), a synthetic 14-amino acid peptide that mimics the EGFRvIII mutational site coupled to keyhole limpet hemocyanin (KLH), an immunogenic carrier protein (105). In 2015, the FDA granted rindopepimut the “Breakthrough Therapy Designation”, supporting the expedition of its approval for glioblastoma, given that clinical studies demonstrate substantial benefit over other available therapies. The single arm multicenter phase II trial (ACT III), which administered rindopepimut and adjuvant chemotherapy for newly diagnosed EGFRvIII+ glioblastoma patients, had promising results with a median overall survival of 21.8 months compared to matched historical controls treated with SOC (106). However, the subsequent randomized double-blinded phase III trial (ACT IV) failed to demonstrate any increase in survival and was terminated (107). Loss of EGFRvIII expression following vaccination suggests that the recurrent tumor can become resistant to EGFRvIII-targeting memory T cells (Figure 1) (106). In fact, half of all glioblastomas that are initially EGFRvIII+ lose EGFRvIII expression upon recurrence (108). While overexpression of EGFRvIII was once believed to be predictive of poor prognosis (103), a recent study assessing the EGFR status of 106 patients found no association between EGFRvIII and overall survival or progression-free survival in either newly diagnosed or recurrent glioblastoma (104). Taken together, these observations may explain why EGFRvIII-targeted vaccines have failed to control disease and improve survival.

DCs are an essential component of vaccination because of their role in antigen presentation and the priming and activation of T cells (101). It was once thought that DCs played little to no role in the active immunity of the brain, with MG assumed to be the predominating APCs (109, 110). However, DCs are increasingly being recognized for their functional role in the brain as APCs and it has been reported that they can even arise from MG differentiation (111, 112). Interestingly, MG exhibit a great amount of plasticity and can be skewed towards macrophage-like or DC-like cells by M-CSF or GM-CSF, respectively (111). While traditional vaccines rely on the activation of DCs and other APCs in vivo, DC-based vaccines deliver DCs pre-loaded with antigen by pulsing patient-derived DCs ex vivo with either tumor lysate or predetermined neoantigens (101). For glioblastoma, DC-based vaccines have shown promise in early clinical studies (113, 114). A phase 1 clinical study investigating the dose-escalation of DCs pulsed with tumor peptides in 12 newly diagnosed glioblastoma patients demonstrated safety and tolerability of this therapy (113). The double-blinded randomized phase II trial of ICT-107, involving DCs pulsed with six synthetic peptides, increased overall survival of newly diagnosed glioblastoma patients by 2 months compared to placebo control, although it was not statistically significant (114). Another DC vaccine, DCVax®-L, demonstrated safety and tolerability in early studies and recently underwent phase 3 evaluation, but was unfortunately prematurely suspended due to lack of funds (115). Interestingly, there appears to be subtype-specific benefits of DC-based vaccines, whereby the mesenchymal subtype is associated with heightened responsiveness, including increased infiltration of CD3+ and CD8+ T cells compared to other glioblastoma subtypes, and increased survival compared to historical controls of the same molecular subtype (116). Therefore, molecular subtyping may be an important consideration for future study enrollment and design.

Neoantigen-targeted vaccines for glioblastoma are extremely limited by the high level of inter- and intra-tumoral heterogeneity of these tumors (Figure 1) (7, 8). Tumor cells also actively evade T cell immunosurveillance by altering surface MHC expression and antigen presentation pathways (Figure 1) (117). Thus, while the identification of neoantigens is critical, immunization against a single molecular target, such as EGFRvIII (rindopepimut), selectively eliminates neoantigen-expressing cells, leaving the remaining tumor resistant to the activated T cells (106, 118). As an alternative approach, personalized vaccines may be more appropriate in highly heterogenous tumors like glioblastoma (100). The personalized vaccine pipeline involves first characterizing the mutational profile of an individual’s tumor through comparative sequencing, followed by selection of patient-specific targets and finally, vaccine production (100). This personalized approach effectively circumvents patient-to-patient variability and seeks to maximize the affected tumor area by generating T cell immunity against many targets. Preliminary studies using personalized vaccines in newly diagnosed glioblastoma patients have been generally positive (119, 120). In a phase I/Ib trial, patients were immunized post-radiation with up to 20 synthetic long peptides generated based on tumor DNA/RNA sequencing, and given an immunostimulant, poly-ICLC. Neoantigen-specific T cell responses were observed in patients who did not receive dexamethasone and multiplex immunofluorescent staining of tumor specimens revealed increased CD8+ and CD4+ T cell infiltration in these responsive patients (119). Combining personalized neoantigen vaccines with vaccination against unmutated antigen (GAPVAC) have shown similarly promising results where immunization generated sustained central memory CD8+ T cell responses against unmutated antigen, as well as neoepitope-specific Th1 responses in CD4+ T cells (120). There are currently over 50 ongoing clinical trials for various forms of vaccines against glioblastoma, with results expected to be rolled out in the coming years.



CAR Immunotherapies

CAR T cell therapy is a highly personalized form of adoptive T cell therapy that takes advantage of a patient’s own T cells and strategically engineers them to express CARs, which target cancer cells (Figure 1). CARs consist of an intracellular T cell activation domain and an extracellular antigen-recognition domain, which are joined together by a transmembrane domain connected to a hinge (121). For refractory hematologic cancers such as acute lymphoblastic leukemia (ALL) and diffuse large-B-cell lymphoma (DLBCL), CAR T cell therapy has been transformational (21, 22), however translating this therapy to solid tumors comes with a unique set of challenges and no CAR T cells have been approved for solid cancers to-date (122). Since their inception, CARs have quickly evolved from basic CD3ζ-signaling in the first-generation, to incorporating co-stimulatory domains such as CD28, 4-1BB, OX40 and ICOS in second and third-generations, followed by the addition of cytokine-expressing domains in fourth-generation CARs (TRUCKs) and most recently, cytokine receptor-expressing domains in fifth-generation CARs (121–123). Despite the successful engineering of more potent and immunogenic CAR-T cells, off-target effects, poor tumor infiltration and a highly immunosuppressive TME remain major barriers to the clinical efficacy of CAR T cells for solid tumors (121).

There are several ongoing CAR T cell candidates for glioblastoma including CARs directed against EGFRvIII, IL13Rα2 and HER2. In an orthotopically transplanted human glioblastoma xenograft model, third generation EGFRvIII-specific CAR T cells prolonged survival of tumor-bearing mice by up to 55 days compared to untreated mice (124). However, clinical benefit has yet to be observed in patients where tumor adaptations, including loss of EGFRvIII expression and post-treatment infiltration of Tregs, invariably leads to resistance against EGFRvIII-directed CARs (118, 125). Alternatively, CAR T cell therapies can target IL13Rα2, which is overexpressed in 58% of glioblastomas and is associated with poor prognosis and a mesenchymal gene signature (126). IL13Rα2-specific CAR T cells have been clinically well-tolerated, and structurally optimized to prevent off-target Fc interactions (127, 128). This therapeutic candidate, which is currently being clinically evaluated (NCT02208362) (129), was reported to cause dramatic tumor reduction and a sustained complete clinical response (7.5 months) in a patient bearing seven highly aggressive recurrent glioblastoma tumors (128). HER2-targeted CAR T cells have demonstrated similar promise in early phase clinical trials, where careful engineering has improved tumor-specificity and reduced off-target effects (130, 131).

The propensity for glioblastoma tumors to quickly adapt through antigen escape remains a major barrier to CAR T cell therapy (Figure 1) (132). To minimize the risk of treatment resistance, it is likely that CAR T cells should target multiple antigens or be combined with a synergistic therapy. For example, a bispecific CAR molecule directed against both IL13Rα2 and HER2 (TanCAR) has been shown to promote tumor regression and increase survival in mice xenografted with a HER2+ IL13Rα2+ human glioblastoma cell line compared to CAR T cells against either target alone (133). IL13Rα2 CAR T cells are also currently being clinically evaluated in combination with nivolumab and ipilimumab for recurrent and refractory glioblastoma (NCT04003649) (134). Synergistic combinatorial approaches will be instrumental in improving CAR T cell efficacy, since CAR T cells alone have shown limited utility against solid tumors, including glioblastoma, thus far.

As CAR T cell therapy continues to advance, CAR-NK cell therapy has also gained attention as a potential tool for cancer immunotherapy. In glioblastoma, NK cells can mediate tumor cell killing and are associated with good prognosis (135). A notable advantage of CAR-NK cell therapy is the ability to be administered to an HLA-mismatched patient, thus allowing the possibility of an off-the-shelf therapy (136). However, the time and cost associated with NK cell expansion and manufacturing remain a barrier for CAR-NK cell therapy (137). Currently, NK-92 cells are the only NK cell line approved by the FDA and are compliant with good manufacturing practices (138). Remarkably, preclinical testing of HER-2-specific NK-92 cells (NK-92/5.28.z) in an orthotopic xenograft mouse model of glioblastoma demonstrated a dramatic increase in survival (200.5 days) compared to mice treated with control NK-92 cells (73 days) (139). Intracranial injection of NK-92/5.28.z cells are being evaluated in the ongoing CAR2BRAIN clinical trial for recurrent glioblastoma, with no toxicities reported thus far at three dose levels (NCT03383978) (140, 141). Although the field of CAR-NK cell therapy is still relatively new, preliminary results have been promising, and the first ever clinical trial of CAR-NK cells for glioblastoma will indeed shed light on whether this immunotherapy can bring benefit to patients.




Conclusions

The field of cancer immunotherapy is rapidly evolving to meet the unique requirements and challenges of diverse cancer types. While immunotherapies have revolutionized the clinical management of NSCLC, melanoma, renal cancer, and several hematological malignancies, it is becoming increasingly apparent that mechanisms of efficacy are not one-size-fits-all. For glioblastoma, conventional therapies provide limited benefit to patients and most attempts to incorporate immunotherapeutics have been futile thus far. Efforts to optimize immunotherapies need to overcome many obstacles to achieve efficacy, including physical barriers to drug delivery (e.g. BBB), prominent tumor heterogeneity, abundant GSC niches, lymphocyte scarcity, and the immunosuppressive effects of SOC treatments. Studying the dynamics of different glioblastoma subtypes, as well as long-term survivors, will be an important resource in understanding aspects of the TME that promote survival. Finally, a prevailing challenge in glioblastoma research is that the effects of immunotherapy in animal models rarely recapitulate clinical observations. Genetically-engineered and transplantable mouse models are the best tools available, however, they fail to fully reflect tumor heterogeneity and host antitumor immunity. Further efforts are needed to generate preclinical models that more accurately recapitulate human disease.

Taken together, there is a desperate need to identify new therapeutic opportunities in glioblastoma in order to improve SOC. While immunotherapies have the potential to transform glioblastoma treatment, many are limited by the unique and challenging characteristics of the tumor. With a better understanding of glioblastoma TME dynamics and improved preclinical tools, we can open doors for more personalized and targeted treatments that ultimately have the potential to have a meaningful impact on patient outcomes.
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The immune infiltrate within tumors has proved to be very powerful in the prognostic stratification of patients and much attention is also being paid towards its predictive value. In this work we therefore aimed at clarifying the significance and impact of PD-L1 and PD-1 expression on the prognostic value of CD8+ tumor infiltrating lymphocytes (TILs) in a cohort of consecutive patients with primary resected non-small cell lung cancer (NSCLC). Tissue microarrays (TMA) were built using one representative formalin fixed paraffin embedded block for every case, with 5 cores for each block. TMA sections were stained with PD-L1 (clone SP263), PD-1 (clone NAT105) and CD8 (clone SP57). Number of CD8+ cells per mm2 were automatically counted; median, 25th and 75th percentiles of CD8+ cells were used as threshold for statistical clinical outcome analysis and evaluated in patients subgroups defined by expression of PD-L1 and PD-1 within tumors. We found an overall strong prognostic value of CD8+ cells in our cohort of 314 resected NSCLC, especially in PD-L1 negative tumors lacking PD-1+ TILs, and demonstrated that in PD-L1 positive tumors a higher density of CD8+ lymphocytes is necessary to improve the prognosis. Our data strengthen the concept of the importance of the assessment and quantification of the immune contexture in cancer and, similarly to what has been carried on in colorectal cancer, promote the efforts for the establishment of an Immunoscore for NSCLC for prognostic and possibly predictive purposes.




Keywords: PD-L1, PD-1, lung cancer, immunoscore, CD8, TILs, prognosis



Introduction

Traditionally, tumor staging has always been performed according to the evaluation of the pathological features defined in the American Joint Committee on Cancer/Union for International Cancer Control (AJCC/UICC) tumor-node-metastasis (TNM) system (1).

However, the concurrent evaluation of the immune infiltrate within tumors has proved to be very powerful in the stratification of patients within different prognostic groups with higher precision. As a matter of fact, the “Immunoscore” has reached an advanced stage of development in colon cancer, where the evaluation of the immune infiltrate, namely CD3+ and CD8+ lymphocytes, has been demonstrated to be an important additional parameter to be integrated with the TNM (2). In this regard, multicenter prospective studies have been undertaken by an international task force with the aim to further implement the use of the Immunoscore with the TNM (designated TNM-I) in clinical practice (3). A similar effort has been promoted for the evaluation of the role of tumor infiltrating lymphocytes (TILs) in breast cancer (4). In non-small cell lung cancer, different studies have evaluated the prognostic impact of TILs using different approaches and methods in terms of types of cells, compartment, scoring and material (5).

Along with the growing awareness of the importance of the immune infiltrate as a variable for better prognostic stratification, much attention is being paid towards its predictive value. Immunotherapy targeting the PD-1/PD-L1 axis has shown remarkable efficacy in different tumor types and has become the standard of care for the management of locally advanced and metastatic NSCLC (6–9). Despite the great promise held by PD-1/PD-L1 pathway inhibitors, in clinical trials, only a fraction of unselected patients with advanced NSCLC showed sustained response (6, 7). Thus, the selection of patients with the highest chance of response is critical; however, so far, only the evaluation of PD-L1 expression has been approved for guiding treatment decisions for anti PD-1/PD-L1 therapy (8, 9). Strategies for implementing the predictive potential of PD-L1 testing are therefore urgently needed. In this regard, a better understanding of the interaction between the PD-1/PD-L1 axis and tumor-infiltrating lymphocytes is of critical importance. In this work we therefore aimed at clarifying such interaction by assessing the significance and impact of PD-L1 and PD-1 expression on the prognostic value of CD8+ TILs  in NSCLC.



Methods


Patients

The study cohort consisted of consecutive patients with primary NSCLC who had undergone surgical resection at the IRCCS Sacro Cuore Don Calabria Hospital of Negrar, Verona, Italy, between 2003 and 2018 and for whom slides and paraffin-embedded tissue blocks were available. None of the patients received neoadjuvant chemotherapy or radiotherapy prior to thoracic surgery. Tumors were classified according to the 2015 WHO classification, and staging was done by using the TNM staging manual (eight edition) (1). Patient demographics and clinical data were retrieved from the institution’s digital archives. The investigations were conducted according to the principles expressed in the Declaration of Helsinki



Tissue Samples and Immunohistochemistry (IHC)

For each case, all hematoxylin and eosin–stained slides were reviewed for confirmation of diagnosis; one block was then selected for tissue microarrays (TMAs) construction. For each block, five cores with a diameter of 1 mm were obtained from diverse areas of the tumor and randomly numbered from 1 to 5. From each TMA 5-μm sections were cut and stained with CD8 (clone SP57, Ventana Medical Systems, Tucson, AZ), PD-1 (clone NAT105, Roche, Basel, Switzerland) and PD-L1 (clone SP263, Roche, Basel, Switzerland) on an automated staining platform (Benchmark Ultra [Ventana Medical Systems]). An OptiView DAB IHC Detection Kit (Ventana Medical Systems) and an OptiView Amplification Kit (Ventana Medical Systems) were used according to the manufacturer’s recommendations for visualization of the primary anti-CD8, anti-PD-1 and anti–PD-L1 antibodies. Stained sections were scanned with a Ventana iScan HT slide scanner (Ventana Medical Systems). PD-L1 expression was evaluated independently by two pathologists (GB and GR) and calculated as the percentage of tumor cells with membrane staining of any intensity for each core; the final score was calculated as the average of all available cores. Cases were considered positive for PD-L1 when ≥1% of the tumor cells expressed PD-L1. Discordant cases were re-evaluated by both pathologist for consensus. PD-1 was evaluated by two pathologists (EM and GQ) and scored as the percentage of positive immune cells for each core, using the median as cut-off value for each case. Concerning CD8, the absolute numbers of CD8-positive cells per mm2 were automatically counted using QuPath version 0.2.0 (10). The cut-off value for CD8 expression was determined as the median absolute number. Subsequently, the 25th and 75th percentiles absolute number were used as threshold for statistical clinical outcome analysis.



Statistical Analysis

Data were imported and analyzed using STATA/IC for windows version 14.0.

Chi-square tests were used to statistically analyze the association between CD8 positive cells, clinicopathological variables and PD-L1 and PD-1 expression.

Disease-free survival (DFS) was calculated from the date of surgery to the date of recurrence or the date of death from any cause. Overall survival (OS) was calculated from the date of surgery to the date of death from any cause. For stage IV patients OS only was considered. Patients alive and not relapsing or alive regardless of relapsing were censored at the time of their last follow-up visit for DFS and OS, respectively. Long-term survivors were censored at 120 months of follow-up. Cumulative incidence of DFS and OS in the groups was described by the Kaplan–Meier method and compared with the log-rank test.

The Cox proportional hazard regression model was used to evaluate the associations between clinicopathological factors (sex, age, histology, surgery, stage, therapy) and clinical outcome.

A two-sided P value <0.05 was considered statistically significant.




Results


Clinico-Pathologic Features

Overall, 314 patients with tissue-confirmed resected NSCLC were included in this study. The median age at diagnosis was 70 (range 40–86) years and 221 (70.4%) patients were men. The most prevalent histology was adenocarcinoma (71.4%). The majority of patients underwent lobectomy (77.1%) and had stage I/II disease (76.1%). Adjuvant treatment, consisting of chemotherapy and/or radiotherapy, was performed in 44 patients; none of the patients received immunotherapy. PD-L1 expression was seen in 106 of 314 NSCLC (33.8%). The mean and median number of CD8-positive cells were 750 (SD: 635) and 575 (range: 10–3015) per mm2, respectively. The cut-off value for CD8 expression was determined as the median absolute number and cases were considered positive when CD8-positive cells ≥575 per mm2 were observed. The clinicopathologic features based on CD8 median expression are shown in Table 1, where it can be seen a clear association between amount of CD8 lymphocytes and PD-L1 expression on tumors cells, as well as a positive correlation with PD-1 expression (analysis possible for 297 cases). Indeed, PD-L1 expression in tumor cells and PD-1 expression in TILs showed a positive correlation (Supplementary Table 1). The median number of CD8 positive lymphocytes, in the PD-L1 negative and positive tumors, was 505 and 813 per mm2 respectively. Considering this different amount of CD8+ lymphocytes in the PD-L1 negative and positive subgroups, the DFS and OS analysis was performed using both the median (575 per mm2) and the first (300 per mm2) and third (950 per mm2) quartiles as the threshold.


Table 1 | CD8+ TILs in 314 NSCLC in relation to clinicopathologic variables.



There were no other significant differences in patients’ characteristics between groups based upon CD8 median expression except for gender.



Clinical Outcome

In the entire cohort, disease progression analysis could be performed in 234 patients: in 63 patients follow-up was unknown, while 16 were excluded because had distant metastases at the time of diagnosis. Disease progression occurred in 90 patients: 33 experienced loco-regional recurrence and 57 distant metastases. The median relapsing time was 12 months (95% C.I. 10-16). Overall survival analysis was possible in 293 patients: 120 patients were dead at the time of analysis. The median time to death was 27 months (95% C.I. 23-30). Patients alive and disease-free at the time of analysis had a median follow-up of 50 months (95% C.I. 41-56).


Survival Analysis According to CD8+ TILs Density

The group of patients whose tumors showed high CD8+ cell density (≥575 per mm2) showed a significant increase in DFS (median 34.5 months; 95% C.I. 26-47) compared to the group with low CD8+ cell density (<575 per mm2) (median DFS: 25 months; 95% C.I. 20-29; p=0.000) (Figure 1A). OS was also significantly increased in high CD8+ cell density group (median 41 months; 95% C.I. 37-49) as compared with the low CD8+ cell density group (median 32.5 months; 95% C.I. 28-37; p=0.014) (Figure 1B).




Figure 1 | Kaplan-Meier curves for DFS and OS based on CD8+ TILs using the median as the threshold in all (A, B), in PD-L1 negative (C, D) and PD-L1 positive (E, F) NSCLC.



Multivariate Cox proportional hazards regression analysis showed that both high density of CD8+ cells and stage I were favorable prognostic factor for DFS and OS while female sex was associated with significantly better OS (Table 2A).


Table 2 | Multivariate analysis of predictors of DFS and OS in all NSCLC (A) and in PD-L1 negative NSCLC (B) using the median of CD8+ TILs as the threshold.



Higher CD8 TILs density was associated with better DFS also using both 25th (300 per mm2) and 75th (950 per mm2) percentile cut-off (Supplementary Figures 1A, C).



Survival Analysis According to PD-L1 and PD-1 Expression

PD-L1 expression was associated neither with DFS (p=0.862) nor with OS (p=0.882), even after subgroup analysis according to low CD8+ TILs density (DFS: p=0.741; OS: p=0.853) or high CD8+ TILs density (DFS: p=0.346; OS: p=0.467).

PD-1 expression was associated with neither DFS (p=0.114) nor OS (p=0.142) when considering the entire cohort.



Survival Analysis According to CD8+ TILs Density Using the Median (575 CD8+ Cells per mm2) as the Threshold and PD-L1 and PD-1 Expression

When patients with PD-L1 negative tumors were considered, high density of CD8+ cells was associated with a significantly better DFS (median 37 months; 95% C.I. 26-50) and OS (median 45 months; 95% C.I. 37-52) compared to those with low CD8+ cells density (median DFS: 25.5 months, 95% C.I. 20-30, p=0.003; median OS: 34 months, 95% C.I. 30-39, p=0.017) (Figures 1C , D). The positive prognostic value of high CD8+ cell density was also maintained in multivariate analysis (Table 2B). Better DFS and OS was demonstrated also for patients with tumors with high CD8+ cells density lacking PD-1 expression, but not for cases with PD-1+ TILs (Supplementary Figures 2A, B). An even bigger difference in both DFS (p=0.000) and OS (0.003) emerged for patients with PD-L1 negative tumors with high density of CD8+ TILs lacking PD-1 expression (Supplementary Figure 3).

Conversely, there were not significant differences in DFS and OS within the of PD-L1 positive tumors subgroup (Figures 1E, F).



Survival Analysis According to PD-L1 Expression and CD8+ TILs Density Using the 25th Percentile (300 CD8+ Cells per mm2) as the Threshold

In this setting the results are superimposable to those observed previously, where the CD8 median was used as threshold. Within the PD-L1 negative tumors subgroup, patients with tumors with high CD8+ cell density showed significantly better DFS (median 32 months; 95% C.I. 26-39) and OS (median 40.5 months; 95% C.I. 33-46) compared to those with low CD8+ cell density (median DFS: 20 months, 95% C.I. 17-30, p=0.000; median OS: 35 months, 95% C.I. 23-41, p=0.004) (Figures 2A, B). The positive prognostic value of CD8 expression was also maintained in multivariate analysis (Table 3A). Conversely, there were not significant differences in terms of DFS and OS when PD-L1 positive tumors were considered (Figures 2C, D).




Figure 2 | Kaplan-Meier curves for DFS and OS based on CD8+ TILs using the 25th percentile as the threshold in PD-L1 negative (A, B) and PD-L1 positive (C, D) NSCLC.




Table 3 | Multivariate analysis of predictors of DFS and OS in PD-L1 negative NSCLC using the 25th percentile of CD8+ TILs (A) and in PD-L1 positive NSCLC using the 75th percentile of CD8+ TILs as threshold (B).





Survival Analysis According to PD-L1 Expression and CD8+ TILs Density Using the 75th Percentile (950 CD8+ Cells per mm2) as the Threshold

Here the results are opposite to the two previous settings. When patients with PD-L1 negative tumors were considered, there were no significant differences in terms DFS and OS with respect to CD8+ TILs density (Figures 3A, B). On the other hand, PD-L1 positive tumors with high CD8+ TILs density were associated with a significantly longer DFS (median 52.5 months; 95% C.I. 27-70) compared with low CD8+ TILs density (median 20 months; 95% C.I. 17-30; p=0.002). Regarding OS, there was also a trend towards a statistically significant difference between high CD8+ TILs density (median 52.5 months; 95% C.I. 39-73) and low CD8+ TILs density (median 27 months; 95% C.I. 23-36; p=0.058) (Figures 3C, D). The positive prognostic value of high CD8+ cell TILs density was also maintained in multivariate analysis (Table 3B).




Figure 3 | Kaplan-Meier curves for DFS and OS based on CD8+ TILs using the 75th percentile as the threshold in PD-L1 negative (A, B) and PD-L1 positive (C, D) NSCLC.







Discussion

Our study confirms the overall strong prognostic value of CD8+ TILs in NSCLC using a digital approach for automatic absolute quantification of CD8+ cell density and provide evidence that in PD-L1 positive tumors, a higher density of CD8+ lymphocytes is necessary to improve the prognosis. In other words, if tumors do not express PD-L1, even few CD8+ cells can exert their antitumor effect; on the contrary, if tumors do express PD-L1, a higher number of CD8+ TILs is required in order to improve survival. Moreover, the presence of an efficient population of cytotoxic cells with low PD-1 expression is associated with prolonged DFS and OS, especially within tumors lacking PD-L1.

Traditional tumor staging schemes are based on the TNM classification in order to evaluate the extent of cancer spread, estimate patient outcome and guide therapeutic approaches for a variety of tumor types (1). However, significant differences exist between patients within the same pathological stages, underlying the limitations of the TNM system. Different parameters have been thus taking into consideration to refine cancer classification, including tumor immunophenotype, molecular and genetic features, often underestimating the important role of tumor microenvironment.

The last years have witnessed a paradigm shift from a tumor-centric view, mostly focused at detecting tumor cell features through the extensive use of “omics” approaches, to a more comprehensive consideration of the tumor microenvironment (TME) and immune components. Indeed, understanding the critical role of the antitumor activity of both innate and adaptive immune system for patient’s survival and the development of the concept of “immune contexture” represent important advances in oncology (11). As a matter of fact, in recent years, many efforts have been made in order to assess the prognostic impact of multiple immune cell types within the microenvironment of different tumors. Among the most important achievements in this field of investigation is the immunoscore, an assay based on the digital quantification of CD3+ and CD8+ lymphocytes both at the edge and at the center of tumors, which provides a scoring system defined as low or high in both locations. Such combination proved to be more precise than the TNM in predicting disease free survival, disease specific survival ad overall survival in stage I, II and III colorectal cancer (3, 12).

In general, besides the combination of CD3+ ad CD8+ lymphocytes, it appears that the TILs subtype with the strongest positive prognostic impact is represented by CD8+ cytotoxic T cells, as demonstrated across several cancer types (11, 13). Also in lung cancer different studies have assessed the prognostic impact of TILs with different methodologies with regards to type of cell evaluated, compartment (stroma and/or intraepithelial cells), scoring (continuous vs semiquantitative), quantification (manual vs digital) and type of material (tissue microarrays vs whole sections); overall it appears that CD8+ cells are the most promising, regardless of the compartment analyzed, with some variation in the statistical trends (5). Although studies have demonstrated high concordance between manual and digital quantification (14), digital imaging may improve reproducibility in the assessment of TILs compared with visual semiquantitative methods, and is advocated by the authors of the immunoscore (2). We have therefore chosen a digital approach for automatic absolute quantification of CD8+ cell density, using tissue microarrays. PD-L1 was instead evaluated visually as recommended by guidelines while PD-1 was defined as the percentage of positive TILs. Considering the median of CD8+ cell density as the threshold, we found a significant improvement in terms of DFS and OS for patients with tumors with high CD8+ cells density compared with low CD8+ cells density and such difference proved to be significant in multivariate analysis. This result is in line with what reported by Donnem et al. (15). These authors evaluated stromal CD8+ lymphocytes in a total of 797 NSCLC using a three-tiered approach based on manual evaluation of the percentage of CD8+ cells over total amount of nucleated cells. These authors found that stromal CD8+ TILs density has independent prognostic value in resected NSCLC in all endpoints (DFS, DSS and OS). At variance with this study, we used an absolute count of CD8+ cells per mm2 using an open-source software (10). Such method, in our opinion, eliminates interobserver variability and has the advantage of being quicker and more reproducible. We wanted to use the simplest method to define the threshold and decided to use the median of CD8+ cells as the cutoff, which resulted to be 575 cells per mm2. The same approach has been used by Kim et al. (16), who evaluated both CD8+ cells and PD-L1 expression in a smaller cohort of resected NSCLC patients. These authors found that the combination of high density of CD8+ cells and negative expression of PD-L1 was associated with a much better prognosis compared to all other CD8/PD-L1 combinations in terms of both OS and relapse free survival (RFS). We validated such observations on a larger cohort of patients and demonstrated that the prognostic significance of CD8+ cells is significantly influenced by PD-L1 expression in NSCLC. Indeed, when patients with PD-L1-negative tumors were considered, a significant independent prognostic impact of CD8+ TILs was observed using the first quartile and the median as the thresholds. Better DFS and OS was demonstrated also for patients with tumors with high CD8+ cells density lacking PD-1 expression, but not for cases with PD-1+ TILs. Moreover, an even bigger difference in both DFS and OS emerged for patients with PD-L1 negative tumors with high density of CD8+ TILs lacking PD-1 expression. On the contrary, for patients with PD-L1-positive tumors, CD8+ TILs were prognostically significant when the third quartile was considered as the cutoff. A logical explanation is that the presence of PD-L1 on tumor cells may contribute to tumor immune evasion by inhibiting cytotoxic lymphocytes, and only when they are in high number, they can exert their antitumor effect. On the other hand, both CD4+ and CD8+ lymphocytes, as well as NK cells, are known to induce PD-L1 expression on tumor cells through an IFN-γ mediated mechanism (17, 18); therefore, it might be possible that an immune-rich TME could in turn induce PD-L1 expression. In this setting, it is reasonable to believe that a tumor expressing PD-L1 and with a dense infiltrate of CD8+ TILs may respond better to PD1/PD-L1 inhibitors. However, evaluation of PD-L1 expression on tumor cells is currently the only biomarker approved to select patients for treatment with PD1/PD-L1 axis inhibitors, with several limitations due to tumor heterogeneity (19), differences between clones (20) and types of material (21). Thus, PD-L1 positivity by itself does not appear to be sufficiently accurate at present and therefore additional biomarkers for better prediction of clinical response to anti PD-1/PD-L1 antibodies are urgently needed. In this regard, Fumet et al. demonstrated that high expression of CD8+ in TILs evaluated with both immunohistochemistry and mRNA quantification was significantly associated with response rate and progression free survival in a cohort of 85 patients treated with nivolumab in second or third line. Importantly, these authors reported that high mRNA expression of both CD8 and PD-L1 outperformed the discriminatory properties of CD8 or PD-L1 alone, both at immunohistochemical and mRNA expression level (22). In another paper, Mazzaschi et al. demonstrated that resected NSCLC tumors highly infiltrated by CD8+ TILs with low PD-1 expression showed improved progression free survival in patients treated with nivolumab (23). Overall, it appears that understanding the immune contexture within tumors would not only improve the prognostic stratification of patients but could effectively play a major role in treatment decision, refining prediction of response to PD-1/PD-L1 axis inhibitors and future immunomodulatory agents. It is conceivable that in the foreseeable future, parameters relative to the immune contexture will gain more and more importance across different cancer types and will be included into the TNM staging system. The immunoscore developed for colon cancer proved to be an important example of a simple yet effective approach for the assessment of the immune microenvironment of tumors that is now approved for clinical use as an in vitro diagnostic test for colorectal cancer (24, 25).

In conclusion, in this study we added further data to support the notion that CD8+ TILs represent an efficient tool to refine prognostic stratification in NSCLC, for which we advocate the use of digital counting as a reproducible and less time-consuming method for quantification. Moreover, we demonstrated that PD-L1 expression has an impact on the prognostic value of CD8+ cells density, since its presence on tumor cells requires a higher density of CD8+ lymphocytes in order for them to exert antitumor function and therefore enhance patient survival. An even stronger prognostic impact for CD8+ cells was demonstrated in PD-L1 negative tumors lacking PD-1+ TILs. Our data strengthen the concept of the importance of the assessment and quantification of the immune contexture in cancer and, similarly to what has been carried on in colorectal cancer, promote the establishment of an immunoscore for NSCLC. Such immunoscore should take into consideration a dynamic threshold for CD8+ TILs based on the expression of PD-L1 in neoplastic cells and PD-1 on immune cells. Such approach may be applied to different tumors, including pediatric ones such as metastatic neuroblastoma, known to express PD-L1 (26), for which the current therapies are largely unsuccessful. Given the important interaction between the PD-1/PD-L1 immune axis and CD8+ cell function, further studies aiming at better defining the predictive role of TILs for immunotherapy are needed.
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The rationale behind cancer immunotherapy is based on the unequivocal demonstration that the immune system plays an important role in limiting cancer initiation and progression. Adoptive cell therapy (ACT) is a form of cancer immunotherapy that utilizes a patient’s own immune cells to find and eliminate tumor cells, however, donor immune cells can also be employed in some cases. Here, we focus on T lymphocyte (T cell)-based cancer immunotherapies that have gained significant attention after initial discoveries that graft-versus-tumor responses were mediated by T cells. Accumulating knowledge of T cell development and function coupled with advancements in genetics and data science has enabled the use of a patient’s own (autologous) T cells for ACT (TIL ACTs). In TIL ACT, tumor-infiltrating lymphocytes (TILs) are collected from resected tumor material, enhanced and expanded ex-vivo, and delivered back to the patient as therapeutic agents. ACT with TILs has been shown to cause objective tumor regression in several types of cancers including melanoma, cervical squamous cell carcinoma, and cholangiocarcinoma. In this review, we provide a brief history of TIL ACT and discuss the current state of TIL ACT clinical development in solid tumors. We also discuss the niche of TIL ACT in the current cancer therapy landscape and potential strategies for patient selection.
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Introduction

Cancers develop within the complex tissue microenvironment consisting of diverse cells including innate and adaptive immune cells. There are dynamic interactions between tumor cells and cells of the immune system. Effective anti-tumor immunity leads to tumor clearance, however, in certain instances, tumor cells develop strategies to evade tumor immunosurveillance and multiply uncontrolled (1–7).

Adoptive cell transfer (ACT) is a cell-based therapy that uses either the patient’s own (autologous transfer) or a donor’s (allogeneic transfer) immune cells to improve immune function. Immune cells can be modified and/or expanded ex vivo before they are infused back into patients as therapeutic agents. In cancer therapy, ACT strategies have been developed to overcome hypo-responsiveness of the immune system to the tumor and to boost anti-tumor immunity. Immune subtypes delivered by ACT can include dendritic cell (DC)-, natural killer (NK)-, and T lymphocyte (T)- cell-based immunotherapies, each of which is at various stages of pre-clinical and clinical development (8–18). Here, we will focus on T cell based ACT wherein a patient’s tumor-infiltrating T cells (TILs) are manipulated ex vivo and re-infused back into the patient.



History of TIL ACT


Premise

The discovery of graft-versus-tumor responses (19–25) and subsequent demonstration of the key role played by T cells in this process have motivated exploration of the role of T cells in anti-tumor immunity (26, 27) (Figure 1). Since graft-versus-tumor responses were often accompanied by dominant graft-versus-host disease (GVHD) in experimental models, direct assessment of graft-versus-tumor responses were not initially feasible in humans. The landmark achievement in the field that demonstrated the viability of adoptive transfer was the discovery that immune lymphocytes could treat primary fibrosarcoma in rats (28) and autologous or allogenic leukocytes could generate potent anti-tumor responses in human studies (24, 29).




Figure 1 | Landmark discoveries that aided the development of T cell based ACTs.





IL-2

Rosenberg and colleagues discovered that lymphocytes grown in the presence of IL-2 were capable of lysing fresh syngeneic or autologous tumors while sparing normal cells (36–40). In addition, experimental models demonstrated that either high dose injection of IL-2 alone, adoptive transfer of ex vivo cultured lymphocytes, or concurrent IL-2 and lymphocyte administration could deliver potent anti-tumor activity (30–32, 41–45). In human studies, concurrent administration of lymphocytes raised in IL-2 and systemic IL-2 treatment resulted in complete and durable tumor regression of metastatic melanoma tumors in a subset of patients (44).



TILs

In early studies, T lymphocytes for ACTs were obtained from a patient’s peripheral blood by repeated lymphocytaphereses. Rosenberg’s group was the first to utilize TILs for ACT based upon the reasoning that TILs would be enriched for tumor-reactive T cells. Notably, adoptive transfer of IL-2-expanded TILs was 50 to 100 times more effective than IL-2-expanded lymphocytes from peripheral blood in mediating regression of established lung and liver tumors in mice (33). Human TILs grown from resected melanomas in the presence of recombinant IL-2 showed high potency against autologous melanomas (46). Remarkably, TILs could be expanded with high efficiency (about 95,652-fold; Figure 2) while maintaining robust anti-tumor cytotoxic functions (46). Using adoptive transfer of ex vivo generated autologous TILs, an objective response rate of 34% was observed in initial clinical trials in patients with metastatic melanoma (34). However, the median response rate was only 4 months even though several patients showed complete responses (34).




Figure 2 | General scheme for the expansion of naturally occurring TILs for use in ACTs: Protocol for the expansion of TILs for clinical use has been described in detail (15, 47). Under anesthesia, tumors are excised from patients and cut into small pieces or digested enzymatically to obtain single cell suspensions (15, 47). Tumor fragments are grown individually in high dose IL-2 (6000 IU/mL). Under the influence of IL-2, cytotoxic lymphocytes overgrow and kill tumors within 2-3 weeks (15). Cytotoxicity of pure lymphocyte cultures are tested by co-culturing IL-2 primed lymphocytes and tumor cells. Individual cultures with high toxicity against target tumors can be rapidly expanded in the presence of irradiated feeder lymphocytes, an antibody targeting the epsilon subunit within the human CD3, and IL-2. Using this approach, Rosenberg and colleagues harvested approximately 1011 lymphocytes in approximately 5-6 weeks for infusion into patients. In later studies, a lymphodepletion preparative regimen consisting of 60mg/kg cyclophosphamide for 2 days and 25 mg/m2 fludarabine administered for 5 days demonstrated remarkable outcome in effectiveness of ACTs. Patients were infused with cells and IL-2 at 720,000 IU/kg to tolerance after lymphodepletion (15).





Lymphodepletion

Another cornerstone event in the T cell ACT history was the discovery that lymphodepletion can provide a substantial increase in the persistence of transferred T cells in vivo. Specifically, a lymphodepletion preparative regimen consisting of 60mg/kg of cyclophosphamide for 2 days and 25 mg/m2 of fludarabine administered for 5 days prior to ACT increased both the rate and the duration of clinical response in patients with metastatic melanoma (Figure 2) (35). Among 93 patients recruited, 20 (22%) exhibited complete tumor regression, 19 of whom were in complete remission 3 years after treatment (35).

The cellular and molecular mechanisms whereby lymphodepletion regimens enhanced functions of infused TILs are still being sought out. In mouse models and in humans, lymphodepletion prior to cell transfer showed manifold improvement in the effectiveness of ACTs through enhanced persistence of transferred cells (48). Studies incorporating the lymphodepletion regimen documented enriched CD8 T cells in the patient’s peripheral blood (48, 49). Lymphodepletion has been shown to induce cytokines IL-7 and IL-15, both of which are involved in homeostasis of T cells and promote the expansion of transferred T cells in the absence of endogenous lymphocytes (50, 51). Insights gained from mouse studies suggest that lymphodepletion could enhance the efficacy of TILs through elimination of immunosuppressive cells such as myeloid derived suppressor cells (MDSCs) and FoxP3+ regulatory T cells (Tregs) (52, 53). In human studies and clinical studies, reappearance of FoxP3+ inhibitory T cells after lymphodepletion was inversely correlated with clinical response to ACTs (53). Lymphodepletion regimens have also been proposed to provide microbial-derived adjuvants, such as toll-like receptor ligands, through mobilization of microbiota and persistence and expansion of both TILs (54) and T cells engineered with chimeric antigen receptor (CAR-T cells) (55). Gaining further mechanistic insights will lead to better combinatorial approaches with ACTs to induce robust tumor-specific immunity.




Considerations of TIL Composition

It has been recently shown that the composition and the phenotypes of TILs used for ACT play an important role in determining the therapeutic outcome. In cancer immunotherapy, both CD8 and CD4 T cells play a role in tumor rejection, although, the field has focused more on understanding anti-tumor cytotoxicity mediated by CD8 T cells (56–59). For instance, MHC class 2 (MHCII) antigen HLA-DQ O6-restricted CD4 T cells, which recognize the ERBB2IP mutation, were identified in TIL cultures from a patient with cholangiocarcinoma. While bulk TILs did not show any objective clinical response, TILs enriched to contain more than 95% ERBB2IP mutation-reactive CD4 T cells induced dramatic regression of liver and lung metastasis (56). Similarly, adoptive transfer of interleukin-17 (IL-17) producing T helper 17 (Th17) cells was shown to induce durable anti-tumor immunity suggesting that polarization of CD4 T cells plays an important role in determining anti-tumor immunity (60). Also, long term response in a patient adoptively transferred with TILs correlated to expansion and persistence of CD4 T cells directed against tumor specific mutation BRAFV600E (58). Additional evidences highlight the key roles played by CD4 T cells beyond their role in providing help to CD8 T cells. When CD8 T cells were depleted from melanoma, TILs and the remaining T cells (median 89% CD4 T cell composition assessed by flow cytometry) were assayed for tumor reactivity; about 20% showed tumor reactivity as assessed by IFNγ production (61). Blocking MHC class 2 (MHCII) with anti-HLA-DR antibodies specifically blocked IFNγ production suggesting these responses were generated by CD4 T cells (61). More recently, lung TILs expanded from NSCLC patients were found to consist of a higher number of CD4 T cells when compared to melanoma TILs that are enriched for CD8 TILs (62). Overall, these data suggest that inclusion of CD4 and CD8 T cells that recognize tumor antigens presented by major histocompatibility class II (MHCII) and MHCI may be a good therapeutic strategy to generate effective TIL ACT products, which is a term for expanded and activated TILs ready for infusion into a patient.



TIL Selection Based on Cell Phenotype

Only a fraction of TILs (approximately 30%) are tumor reactive. Selecting for tumor reactive TILs can significantly reduce culture time and minimize the number of infused cells. Expression of PD-1 was found to be high on melanoma reactive TILs and PD-1 positive TILs showed enhanced tumor reactivity compared to PD-1 negative TILs (63). Expression of CD137/4-1BB, a CD8 T cell activation marker, was used to select tumor reactive TILs from melanoma patients. Bead sorted or FACS sorted CD137 cells showed enhanced tumor reactivity compared to unselected TILs (64). Recently, sorting and expansion of CD137 TILs has been achieved in a large scale manner meeting GMP requirements for infusion into patients (65). Also, CD8+PD-1+CD103+ tissue-resident memory (TRM) T cells subpopulation are associated with better survival outcomes in many solid tumors owing to their enhanced capacity to home to tumors due to the expression of integrins on their cell surface (66–68). A subset of exhausted T cells known to express the transcription factor TCF1 are known to possess self-renewing properties and long term maintenance of persistent T-cell responses in different solid tumors (69–73). Also, there are efforts to isolate tumor reactive T cells with high expression of co-stimulatory molecules such 4-1BB or OX-40 or metabolically “fit” T cells as it is expected to reduce loss of anti-tumor function during expansion in IL-2 culture conditions (57, 74–76). In addition to the inclusion of diverse T cell subsets, another factor associated with TIL persistence is the presence of stem-like cells. A recent study demonstrated that a minor population of a memory-progenitor CD8 T cell with stem-like phenotype (CD39-CD69-) is responsible for complete cancer regression and TIL persistence. The authors linked the superior responses to ACT containing stem-like T cells with their ability to self-renew in vivo (73).



Tailoring TIL ACT to Target Tumor Antigens

Unselected TIL products are comprised of tumor-derived T cells with diverse specificities. While in comparison to circulating T cells TILs are enriched with tumor-specific T cells, they also contain non-specific cells. As a result, not all T cells within TIL ACT products are expected to have potent tumor reactivity. This is especially relevant for tumors that are not highly distinct from the patient’s normal tissue in terms of their antigen profiles. Indeed, tumors with low levels of unique antigens are likely to contain low levels of tumor-specific TILs and, therefore, may give rise to TIL ACT products with suboptimal efficacy. Identification and selective expansion of T cells with a pre-defined specificity towards unique tumor antigens is a promising strategy to increase the chances of successful ACT in such individuals. There are several strategies that are currently in clinical development to identify tumor-associated antigens and generate personalized ACT products for superior tumor control.


TIL ACT Targeting Tumor Neoantigens

Perhaps the most advanced strategy to personalize TIL ACT is to identify and expand TILs with TCRs specific towards tumor neoantigens. Tumors often exhibit unique alterations in their DNA such as single nucleotide changes, and insertions and deletions that accumulate in the tumors and lead to frameshift and structural variants. Neoantigens are the protein products of the altered genes that are processed and presented by MHC molecules that are capable of eliciting T cell responses [See (77, 78) for reviews]. Due to the fact that cancer neoantigens constitute “non-self”, T cells recognizing neoantigens that arise in the thymus will escape host central tolerance mechanisms that eliminate autoreactive T cells. Since neoantigens have restricted expression in tumors, neoantigen-specific T cells are not likely to generate “on target, off tumor” toxicities. Finally, generation of neoantigen-specific T cells is a stochastic event. Not all random mutations affect protein-coding regions and not all mutated proteins can be recognized by T cells. The more somatic mutations a given tumor has, the greater the likelihood of that tumor possessing neoantigens and responding to agents that stimulate endogenous anti-tumor immunity (79–81). With an appropriate production pipeline, even a small number of T cells specific to scarce tumor neoantigens can be expanded for therapeutic application. Based on these considerations, ACT with TILs enriched with neoantigen-specific T cells is an attractive therapeutic option, especially for tumors with a low mutational burden.

Efforts to isolate neoantigen-specific T cells from TILs have gained pace after recognition that neoantigen-specific T cells play a critical role in maintaining durable responses following TIL ACT. Huang et al., found that T cells in patients that exhibited regression of multiple metastatic melanoma lesions consisted of clones that recognized frameshifted products of the tumor suppressor gene CDKN2A and a mutated HLA class I gene product (82). Zhou et al. reported recognition of mutated growth arrest-specific gene 7 (GAS7) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene products in another patient that showed complete regression of all metastatic lesions in lungs and soft tissues following TIL therapy (83). This study found at least six clonotypes that persisted in peripheral blood for months following therapy using direct sequencing analysis of T cell receptor beta chain (TCRb), including those recognizing GAS7 and GAPDH (83). Several other reports have emerged that demonstrated the vital contribution of tumor neoantigen-specific T cells clones in maintaining durable anti-tumor responses (84–88).

Initial studies utilized autologous tumor cell cDNA libraries for screening neoantigen-specific T cells. These approaches were cumbersome and impeded the progress of neoantigen discovery and application (82, 83, 89). Later, Rosenberg and colleagues devised a conceptually new strategy outlined in Figure 3 that did not require the laborious cDNA library screens (85). In this approach, comparative analysis of NGS exome sequencing data of tumor and healthy tissue was used for identification of mutated proteins. Expression of mutated proteins was measured by RNAseq of tumor tissue. Using a major histocompatibility complex-binding algorithm, putative T cell epitopes were identified, synthesized, and then evaluated for recognition by TILs. This filtering approach significantly reduced the number of candidate neoantigens for T cell reactivity assays (85). Several other studies also demonstrated that cancer genome data obtained from NGS exome sequencing of tumors from mice and humans could be used for discovery of putative neoantigens and as an assay of T cell reactivity against these neoantigens (77, 78, 85, 90–92). Using these approaches, neoantigens and T cell reactivity to these neoantigens have been identified in a variety of cancers including NSCLC, ovarian cancer, squamous cell carcinoma of the head and neck, cholangiocarcinoma, and colorectal cancer (56, 81, 88, 93, 94). Recently, researchers have demonstrated that tandem minigen (TMG) libraries encoding putative neoantigens could be utilized to screen for therapeutic TILs and identification of neoantigen-specific T cells (87–89).




Figure 3 | A schematic of neoantigen discovery pipeline: Using next generation exome sequencing, exome sequences of healthy cells and tumor cell are obtained and comparative analysis results in identification of tumor associated mutations. RNA sequencing of the tumor ascertains expressed tumor variants. Appropriate in silico methods such as prediction of peptide binding to the patient’s MHC haplotypes, peptide cleavage products generated by proteosome etc. are applied to predict putative neoantigens. Use of mass spectrometry analysis of MHC-associated peptides in tandem with an in silico approach could greatly aid neoantigen prediction/discovery. Putative neoantigens are synthesized and screened for eliciting neoantigen specific T cell responses through multimer based screen or cytokine induction by peptide stimulation.



Once neoantigen-specific T cells are identified, they can be further purified using flow cytometers (89) and expanded ex vivo using a strategy described in Figure 2. Transfer of neoantigen-specific CD4 T and CD8 T cells enriched from TIL cultures and selected on the basis of high reactivity against neoantigens, has shown complete and partial responses that were durable in patients with metastatic cholangiocarcinoma (56), colorectal cancer (93), and breast cancer (95). However, in other studies, neoantigen-specific T cells derived from TIL cultures from patients with metastatic gastrointestinal cancers have shown limited clinical responses (96).

One potential factor contributing to poor efficacy of TIL-derived neoantigen-specific T cells is the irreversible hypo-responsiveness of tumor-infiltrating T cells induced by the suppressive tumor microenvironment. An alternative strategy that has been explored to produce effective ACT therapies is to activate naïve tumor-specific T cells ex vivo or generate neoantigen-specific T cells de novo by means of TCR genetic engineering. The latter approach of ACT with TCR-engineered T cells has been described in detail elsewhere (18, 97, 98). An example of the first approach comes from the study by Verdegaal et al. In this study, autologous melanoma cell lines were cultured with autologous peripheral blood cells to activate and expand tumor-specific T cells (99). Analysis of infused batches of tumor-specific T cells revealed the presence of polyclonal tumor-reactive CD8 T and CD4 T cells. Out of ten patients infused with the resulting product, one experienced a complete response, one had a partial response, and three patients exhibited disease stabilization (99). This suggests that autologous PBMC could be a viable source of neoantigen-specific T cells for ACTs. Currently, efforts are being made to develop efficient strategies for the isolation of neoantigen-specific T cells and their rapid expansion that could further aid ACTs with neoantigen-specific T cells (56, 100, 101).



TIL ACT Targeting Cancer/Testis Antigens and Proteins Overexpressed by Tumor

Another strategy explored to enhance tumor specificity of T cells ACT products is to target them towards cancer/testis antigens. Cancer/testis antigens are a group of proteins that are normally expressed in immune-privileged tissues, such as testicular germ cells and placental trophoblasts, but not in adult somatic cells. Some malignant tumors re-express cancer/testis antigens presenting an opportunity for developing immunotherapies targeting these molecules [see (102–104) for dedicated reviews]. Unlike tumor neoantigens that are unique in each patient, cancer/testis antigens are shared, offering a more streamline production process. As reviewed by Whitehurst et al, 70% of metastatic melanomas express MAGEA-1-4, 70% of ovarian tumors express ACRBP, and 46% of breast cancers express NY-ESO-1 (105). Adoptive transfer of T cells engineered to express NY-ESO-1-specific T-cell receptors have been tested in melanoma and synovial sarcoma with response rates as high as 45% and 67%, respectively (106). In addition, another study reported tumor regression in 5 out of 9 melanoma patients treated with autologous anti-MAGE-A3 TCR-engineered T cells. However, neurologic toxicity was also reported (107).

Distinct tumor types can display high levels of certain normal non-mutated proteins. For example, tumors produced by melanocytic cells, including cutaneous and uveal melanomas, express high levels of proteins involved in the melanin biosynthesis pathway, such as MART-1 and gp100. However, normal non-malignant melanocytes also highly express these proteins. Not surprisingly, clinical development of ACTs targeting melanoma lineage markers had limited success. For example, ACT with peripheral T cells engineered to express TCRs with high affinity for MART-1 and gp100 targeted not only tumor cells, but also normal melanocytes in the eye and ear. This led to uveitis and hearing loss (108). Even though the efficacy of ACT targeting melanocyte markers is promising, causing cancer regression in 30% of tested subjects, substantial on target toxicities need to be addressed for further development of these strategies. For a more detailed review on identification and immunotherapeutic targeting of diverse tumor antigens, please see the review by Leko et al. (109).




Current State of TIL ACT Clinical Development

To date there have been many TIL ACT studies completed and some demonstrated encouraging results. Based on reported data, the most prominent anti-tumor activity of TIL ACT is seen in melanoma patients. This is well illustrated by a systematic review and meta-analysis study performed by Dafni et al. (110). Authors analyzed 13 clinical studies of TIL ACT combined with IL-2 administration, including 7 studies where high dose IL-2 was used. Studies were conducted within the 2005-2016 period. High dose IL-2 and TIL ACT produced better response rates when compared to low dose IL-2. Based on combined data from seven individual studies with 332 patients in total, the average objective response rate for TIL ACT and high IL-2 therapy was 44%. Complete responses that were durable were reported in 49 patients.

While TIL ACT has not yet received an FDA approval for the treatment of solid tumors, it is in active clinical development. A number of clinical trials have reported encouraging results. The commercial autologous TIL product lifileucel (LN-145, LN-144 and LN-145-S1), developed by Iovance Biotherapeutics, is in phase II clinical development for patients with unresectable or metastatic melanoma, recurrent or metastatic head and neck squamous cell carcinoma (HNSCC), recurrent or metastatic non-small cell lung cancer (NSCLC), or relapsed or refractory NSCLC. The manufacturing process disclosed by the company is relatively simple. Surgically resected tumor cells are shipped to the central manufacturing facility where they are fragmented and cultured in the presence of IL-2 to allow TIL to egress from the tumor and expand to approximately 109–1011 cells per culture. Next, the TIL are washed, placed in the infusion bags and cryopreserved. The data from 66 heavily pretreated melanoma patients were presented at the 2020 American Society of Clinical Oncology (ASCO) Annual Meeting. The study recruited patients that progressed on multiple prior therapies including immune checkpoint blockade and BRAF inhibition, and who also exhibited high tumor burden, with many having liver and brain lesions. Remarkably, an overall response rate of 36.4% was achieved after a single infusion of lifileucel along with lymphodepletion and an IL-2 regimen (111). To put this into perspective, chemotherapy is the only treatment option currently available for the patient population enrolled in this trial. Chemotherapy is effective only in 10% of patients, and responses are typically of short duration.

Another TIL product developed by Iovance, LN-145, demonstrated promising preliminary efficacy results in 27 patients with advanced cervical cancer who have undergone at least one prior line of chemotherapy. As per a report at ASCO 2019, there was a 44% objective response rate observed, which included 1 complete response and 9 partial responses. In contrast, the objective response rate of approved second line chemo- and immunotherapies for these patients falls within the 4-14% range (112). Not surprisingly, the FDA has granted Breakthrough Therapy designation to LN-145 in recurrent, metastatic, or persistent cervical cancer with disease progression on or after chemotherapy. Breakthrough Therapy designation is designed to expedite the development of emerging therapeutics in the case where preliminary clinical evidence indicates that the drug may offer substantial improvement over available therapies. If the preliminary efficacy of lifileucel and LN-145 holds in larger cohorts and the responses are durable, we may expect an FDA approval of TIL ACT for solid tumors in the near future.

There is some clinical evidence suggesting that TIL ACT may be effective in patients with tumors other than melanoma and cervical cancer. Preliminary results of a phase I clinical trial that evaluated TIL ACT for metastatic NSCLC were very encouraging (113). In this study TILs were successfully expanded in 95% of patients. A total of 20 patients were enrolled and 13 of them showed evidence of progression on nivolumab therapy. Patients received cyclophosphamide/fludarabine lymphodepletion therapy followed by ACT with TIL and IL-2. Tumor regression was noted in a majority of patients after administration of TILs (median time-on-trial post TIL was 1.4 years). Two patients achieved durable clinical responses which were ongoing 1-year post-TIL administration.

In addition, case reports indicated durable remission after TIL ACT in patients with metastatic breast cancer (95), metastatic colorectal cancer (93), and metastatic cholangiocarcinoma (56). There are many TIL ACT clinical studies recruiting patients as of 03/12/2021, including trials in biliary tract cancers (NCT03801083), metastatic uveal melanoma (NCT03467516), gynecologic tumors (NCT04766320), pretreated metastatic triple negative breast cancer (NCT04111510), non-small-cell lung cancer (NCT04614103), colorectal cancer (NCT03904537), ovarian cancer (NCT04072263), cervical carcinoma (NCT04443296), relapsed or refractory ovarian cancer, anaplastic thyroid cancer, osteosarcoma, or other bone and soft tissue sarcomas (NCT03449108), and others.



The Niche for TIL ACT in the Current Landscape of Cancer Immunotherapy

Currently, there are pivotal TIL ACT trials ongoing in melanoma and cervical cancer. The results of these trials will guide the FDA decision on the approval of this treatment for clinical use. If we are to keep an optimistic outlook, it may be a good time to think about how TIL ACT will fit into the current cancer treatment toolset (Figure 4).




Figure 4 | Potential strategy for selecting patients for TIL ACT administration. Among suggested candidates are patients with virally-infected tumors and those who acquired resistance on ICB therapy. Tumors with a high mutational burden may respond to ACT with unselected TIL, whereas tumors with poorly immunogenic tumor may benefit from identification of specific tumor neoantigens and generation of a specialized TIL-ACT products targeting those neoantigens.



The field of solid tumor immunotherapy is dominated by the immune checkpoint blockade (ICB) agents. Melanomas are among the malignancies that are most responsive to ICB. ICB therapies stimulate anti-tumor T lymphocytes by blocking the interactions between inhibitory immune checkpoint ligands and their receptors, such as CTLA-4 and PD-L1 (114). The rate of response to anti-PD-1 therapy alone is about 40% and about 60% for anti-PD-1 and anti-CTLA4 combined. For instance, in the phase III CheckMate 067, the rate of objective response was 43.7% for nivolumab alone and 57.6% for nivolumab plus ipilimumab (93). In many cases the responses are durable. The ICB therapy can induce severe toxicities in some patients, however, the understanding and management of these toxicities has significantly improved since these drugs have been used to treat cancer patients for over a decade. The average reported response rates to TIL ACT in melanoma is 43% (110), which is comparable to anti-PD-1 but lower than that with anti-PD1 and anti-CTLA4 combined. There are also logistical challenges associated with TIL ACT that do not compare favorably to ICB. ICB agents are universal and ubiquitously available. Therefore, patients can begin treatment as soon as there is a medical need for it. In contrast, TIL products need to be custom made for an individual patient. This process requires a specialized GMP-compliant facility, skilled personnel, and it takes time. Currently, the fastest TIL production of 22 days has been achieved by Iovance. Other groups report a minimum 6-8-week production time. This time can be significantly longer if selection of tumor-specific or tumor-neoantigen-specific TILs is performed. This would be an issue for patients with aggressive metastatic cancers that may not have much time to spare waiting for a custom therapy. Furthermore, the costs of TIL ACT significantly exceed that of ICB.

Considering the aforementioned factors, one rational option is to use TIL ACT as a second line therapy in patients who received ICB and were not responsive or acquired resistance. The success of this approach was demonstrated by a number of trials in melanoma patients heavily pre-treated with immunotherapy and other therapies where objective and often durable responses were achieved in about 20-30% of patients (35, 110, 115–117).

Another potential opportunity for introducing TIL ACT into the clinic is to offer it to patients who are not likely to respond to immune checkpoint blockade. There has been tremendous progress in the field of ICB response biomarkers in recent years, fueled by a growing pool of clinical specimens from patients treated with ICB, advancements in –omics technologies, and the increase of computational power and machine learning capabilities necessary for mining high content data. As a result, clinicians can predict to some extent whether or not a given patient is likely to respond to ICB therapy based on analysis of tumor and/or non-tumor markers. One important question is whether the same mechanisms that allow tumor cells to overcome the ICB-induced immune response driven by endogenous T cells, will also facilitate resistance to TIL ACT. In the section below, we review key factors of ICB response and resistance and discuss how they may influence TIL ACT outcome.



Potential Biomarkers for Selecting Patients for TIL ACT


PD-L1 Immunohistochemical Staining

The T cell inhibitory molecules PD-1 and PD-L1 have emerged as the frontrunners among cancer immunotherapies that have been approved for clinical use. The interaction between programmed death ligand-1 (PD-L1) and its receptor PD-1 functions in immune self-tolerance under homeostatic conditions. However, it is also common for the tumor microenvironment (TME) to be enriched in PD-L1 to promote tumor tolerance by the immune system. Overexpression of PD-L1 has been proven to inhibit the T cell-mediated anti-tumor immune response, allowing the tumor to evade immunity. Consequently, several biologic therapies targeting the interaction of PD-L1 with PD-1 have been developed. Since high levels of PD-L1 indicates an active state of the PD-1/PD-L1 checkpoint in the tumor, expression of PD-L1 by the tumor was one of the first and most extensively investigated candidate biomarkers for predicting the outcome of PD-1/PD-L1 targeting immunotherapy (118). Positive immunohistochemical (IHC) staining against PD-L1 has been linked with increased clinical responsiveness to anti-PD-1 and anti-PD-L1 therapy in select tumor types. Based on these findings, PD-L1 IHC has been approved for clinical use as a predictor of anti-PD-L1 treatment efficacy in NSCLC (119).

While a positive response biomarker for anti-PD1 therapy, high levels of tumor PD-L1 are likely to inhibit the activity of transferred TILs within the TME via interactions with the PD-1 receptor. One potential way to overcome this obstacle is to combine TIL ACT with anti-PD1 therapy. There are a number of clinical trials ongoing testing this hypothesis. In a recent study, six patients with late-stage metastatic high-grade serous ovarian cancer were treated with ipilimumab followed by surgery to obtain TILs. Patients then received TILs with low-dose IL-2 and nivolumab. One patient showed a partial response and 5 others exhibited disease stabilization (120). 



Tumor Mutational Burden

There is a connection between the abundance of tumor somatic mutations and ICB response. Genetically altered genes can produce mutated proteins that can be recognized by the immune system as “non-self” when processed and presented on the cell surface by the MHC molecules (77, 78, 121). The tumor mutational burden (TMB) and subsequent probability of high neoantigen content differs significantly between distinct cancer types. Tumors that are induced by external carcinogen exposure, such as UV radiation in melanoma and smoking in lung cancer, tend to have high mutational burdens (122) and, therefore, are predicted to be more immunogenic as there are more potential targets for T cells to respond to (123). Several retrospective studies have linked a high TMB with responsiveness to PD-1 inhibition (81, 124). A recent prospective clinical study, Keynote-158, demonstrated that patients with high TMB were more likely to respond to anti-PD-1 agent pembrolizumab across 10 distinct solid tumor types (125). Based on these results, the FDA has approved the use of pembrolizumab for patients with high TMB (defined as having ≥10 mutations/megabase) regardless of tumor type (FDA approves pembrolizumab for adults and children with TMB-H solid tumors. News release. FDA. June 17, 2020. https://bit.ly/30QEt40]).

Of note, tumors with deficiencies in the mismatch repair (MMR) pathway are likely to contain high levels of genetic mutations, thereby increasing the probability of expressed neoantigens (126). Clinical studies have demonstrated that colorectal cancer patients with an impaired MMR pathway are significantly more likely to respond to ICB as compared to patients with MMR-proficient tumors (127, 128).

Tumors with high neoantigen content are more likely to have high levels of tumor-reactive TILs. There is an inter-clonal competition ongoing during the expansion of TILs. The presence of a relatively high number of tumor-specific T cell clones in the starting culture is likely to ensure a sufficient number of tumor-reactive TILs in the final ACT product. Also, TILs with reactivity against multiple epitopes would ensure that loss of any specific antigen does not subvert the clinical anti-tumor responses. Not surprisingly, TIL ACT has shown reproducible efficacy in patients with melanoma tumors that commonly exhibit a high TMB (Table 1). While there is a link between high mutation content and response to TIL ACT in its standard form, there is a hope for tumors with a relatively low abundance of mutations offered by an ACT with TILs engineered to target specific tumor neoantigens. With the tremendous advancements in our ability to identify potent neoantigens capable of inducing strong immune responses and to generate T cells with corresponding specificity, even rare mutational events can be targeted with precision and efficiency.


Table 1 | Selected clinical trials of TIL ACT that reported results.





Viral Infections

Neoantigens are not the only source of tumor immunogenicity. The immune system has evolved to detect viral antigens, therefore virally-infected cancers, such as those associated with human-papillomavirus (HPV) or Epstein-Barr virus (EBV), can trigger T cell-mediated immunity (131). Clinical studies have shown that patients presenting with head and neck squamous cell carcinoma who were positive for HPV showed an increased response to anti-PD-1 and anti-PD-L1 inhibitors, pembrolizumab and durvalumab, respectively, when compared to HPV-negative counterparts (132, 133). Moreover, increased ICB efficacy was noted in patients with metastatic gastric cancer who were positive for EBV and HIV (134, 135).

Similar to ICB, TIL ACT tends to be effective against tumors containing viral antigens. It has been reported that patients with HPV-positive metastatic cervical cancer were significantly more likely to respond to TIL ACT as compared to HPV-negative patients (129). In another study, three out of nine cervical cancer patients responded to treatment with TILs that were pre-selected for reactivity to HPV (136). In a later study by the same group testing the efficacy of HPV-specific TIL ACT in patients with any HPV-associated epithelial cancers, the objective response rate was 28% (5 out of 18 patients) in the cervical cancer cohort and 18% (2 of 11) in the noncervical cancer cohort (130).

In addition to clinically-approved predictors of ICB sensitivity such as a high TMB, impaired MMR pathway, and PD-L1 IHC positivity, many more emerging biomarkers are currently being evaluated in preclinical and clinical settings. These include various tumor expression signatures such as an interferon signature (137), increased leukocyte infiltration (138), and the presence of inhibitory immune subsets, such as myeloid-derived suppressor cells (MDSC) and tumor-associated macrophages (TAM). Further, non-tumor markers, including gut microbiome composition and abundance of certain blood cells and proteins, have been shown to modulate anti-tumor immunity and ICB response. It is plausible that these factors may affect TIL ACT efficacy. For instance, a TME enriched with interferons and products of the interferon signature genes may enhance activity of transferred effectors, while MDSCs and TAMs are likely to limit TIL efficacy. More research is needed to validate potential predictive biomarkers that may help to identify candidates for TIL ACT.




Common Toxicities of TIL ACT

Toxicity is always a concern with any emerging therapeutic. Based on the safety data from early phase clinical studies, TIL ACT has a relatively good safety profile. Often times, side effects are associated with co-treatments administered in conjunction with TILs, such as IL-2 and the chemotherapy regimen (139). Toxicities can be observed immediately, or they can have delayed onset. Virtually all patients undergoing non-myeloablative lymphodepleting chemotherapy experience cytopenia including neutropenia, lymphopenia, as well as prolonged depression of CD4 T cells (50, 140–146). These hemotological side effects are managed following standard good clinical practices (139, 147). Patients are treated with granulocyte-colony stimulating factor (G-CSF) and transfusions of blood-derived products (50, 140–146). Non-hematological toxicities associated with a lymphodepletion regimen include diarrhea, hyperbilirubinemia, and fludarabine-induced neurotoxicity (140, 141, 143). A minority of patients can develop opportunistic infections such as Pneumocystis jirovecii pneumonia or Herpes zoster re-activation that are controlled by routine prophylaxis treatment post chemotherapy (140). High-grade toxicities associated with TIL infusion products are very rare and often difficult to differentiate from reactions associated with residual IL-2 in the TIL products themselves (50, 140, 146, 148). Acute cytokine release with fever, skin reaction, and dyspnea are common allergic reactions (140, 149). Autoimmune reactions are mostly related to melanocyte destruction and manifest as vitiligo or uveitis in 35% and 15% cases, respectively (140, 149). High dose of IL-2 is associated with transient toxicities that can be managed with standard interventions. With adoption of a lymphodepletion regimen, IL-2 toxicities have been greatly limited since lymphocytes in immunocompetent individuals are a major sources of cytokines that contribute to IL-2-associated side effects (150). Several organs such as the heart, lungs, kidneys, and central nervous system can be affected by IL-2 toxicity. Clinicians have gained experience globally in managing toxicities associated with IL-2 and standardized guidelines have emerged (151–154). In summary, there are several toxicities associated with TIL therapy, a majority of which are low grade and manageable with standard supportive care. Specialized care centers are required for TIL therapy for managing associated toxicities (139).



Concluding Remarks

TIL ACT is a promising emerging immunotherapy for solid tumors that is likely to be implemented into clinical practice in the near future. The undeniable advantages of TIL ACT are a) robust and reproducible clinical responses and b) the ability to benefit heavily pre-treated patients with advanced tumors who have run out of other therapeutic options. However, there are a number of challenges associated with the production and delivery of these therapies. TIL ACT is the ultimate personalized treatment since a specific infusion product has to be manufactured for every individual patient. This requires highly specialized good manufacturing practice (GMP) facilities and a trained staff, leading to high costs. Furthermore, the production process takes time, often more than a month, which can be too long for patients with rapidly progressing tumors. Commercialization of TIL ACT and streamlining of the manufacturing process are gradually addressing the logistical challenges of TIL ACT to enable wide clinical application of this promising therapeutic modality.



Author Contributions

AK, RW, and AV wrote the manuscript. AV conserved the manuscript. AK and RW prepared figures. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by grants from NIH (R37 CA233770-01 to AV), and BCRF (IIDRP-16-001 to AV). AV is supported by Pelotonoa, OSUCCC Drug Development Institute (DDI), and Translational Therapeutics Program.



References

1. Balkwill, F, and Mantovani, A. Inflammation and Cancer: Back to Virchow? Lancet (2001) 357:539–45. doi: 10.1016/S0140-6736(00)04046-0

2. Dunn, GP, Old, LJ, and Schreiber, RD. The Three Es of Cancer Immunoediting. Annu Rev Immunol (2004) 22:329–60. doi: 10.1146/annurev.immunol.22.012703.104803

3. Gonzalez, H, Hagerling, C, and Werb, Z. Roles of the Immune System in Cancer: From Tumor Initiation to Metastatic Progression. Genes Dev (2018) 32:1267–84. doi: 10.1101/gad.314617.118

4. Kaplan, DH, Shankaran, V, Dighe, AS, Stockert, E, Aguet, M, Old, LJ, et al. Demonstration of an Interferon Gamma-Dependent Tumor Surveillance System in Immunocompetent Mice. Proc Natl Acad Sci USA (1998) 95:7556–61. doi: 10.1073/pnas.95.13.7556

5. Schreiber, RD, Old, LJ, and Smyth, MJ. Cancer Immunoediting: Integrating Immunity’s Roles in Cancer Suppression and Promotion. Science (2011) 331:1565–70. doi: 10.1126/science.1203486

6. Shankaran, V, Ikeda, H, Bruce, AT, White, JM, Swanson, PE, Old, LJ, et al. IFNγ and Lymphocytes Prevent Primary Tumour Development and Shape Tumour Immunogenicity. Nature (2001) 410:1107–11. doi: 10.1038/35074122

7. Vesely, MD, Kershaw, MH, Schreiber, RD, and Smyth, MJ. Natural Innate and Adaptive Immunity to Cancer. Annu Rev Immunol (2011) 29:235–71. doi: 10.1146/annurev-immunol-031210-101324

8. Patel, S, Burga, RA, Powell, AB, Chorvinsky, EA, Hoq, N, McCormack, SE, et al. Beyond Car T Cells: Other Cell-Based Immunotherapeutic Strategies Against Cancer. Front Oncol (2019) 9:196. doi: 10.3389/fonc.2019.00196

9. Janikashvili, N, Larmonier, N, and Katsanis, E. Personalized Dendritic Cell-Based Tumor Immunotherapy. Immunotherapy (2010) 2:57–68. doi: 10.2217/imt.09.78

10. Palucka, K, and Banchereau, J. Cancer Immunotherapy Via Dendritic Cells. Nat Rev Cancer (2012) 12:265–77. doi: 10.1038/nrc3258

11. Anguille, S, Smits, EL, Lion, E, van Tendeloo, VF, and Berneman, ZN. Clinical Use of Dendritic Cells for Cancer Therapy. Lancet Oncol (2014) 15:e257–267. doi: 10.1016/S1470-2045(13)70585-0

12. Tacken, PJ, de Vries, IJ, Torensma, R, and Figdor, CG. Dendritic-Cell Immunotherapy: From Ex Vivo Loading to In Vivo Targeting. Nat Rev Immunol (2007) 7:790–802. doi: 10.1038/nri2173

13. Salagianni, M, Baxevanis, CN, Papamichail, M, and Perez, SA. New Insights Into the Role of NK Cells in Cancer Immunotherapy. Oncoimmunology (2012) 1:205–7. doi: 10.4161/onci.1.2.18398

14. Bald, T, Krummel, MF, Smyth, MJ, and Barry, KC. The NK Cell-Cancer Cycle: Advances and New Challenges in NK Cell-Based Immunotherapies. Nat Immunol (2020) 21:835–47. doi: 10.1038/s41590-020-0728-z

15. Rosenberg, SA, and Restifo, NP. Adoptive Cell Transfer as Personalized Immunotherapy for Human Cancer. Science (2015) 348:62–8. doi: 10.1126/science.aaa4967

16. Guedan, S, Ruella, M, and June, CH. Emerging Cellular Therapies for Cancer. Annu Rev Immunol (2019) 37:145–71. doi: 10.1146/annurev-immunol-042718-041407

17. Rohaan, MW, Wilgenhof, S, and Haanen, J. Adoptive Cellular Therapies: The Current Landscape. Virchows Arch (2019) 474:449–61. doi: 10.1007/s00428-018-2484-0

18. Waldman, AD, Fritz, JM, and Lenardo, MJ. A Guide to Cancer Immunotherapy: From T Cell Basic Science to Clinical Practice. Nat Rev Immunol (2020) 20(11):651–68. doi: 10.1038/s41577-020-0306-5

19. Barnes, DW, and Loutit, JF. Treatment of Murine Leukaemia With X-Rays and Homologous Bone Marrow. II. Br J Haematol (1957) 3:241–52. doi: 10.1111/j.1365-2141.1957.tb05793.x

20. De Vries, MJ, and Vos, O. Treatment of Mouse Lymphosarcoma by Total-Body X-Irradiation and by Injection of Bone Marrow and Lymph-Node Cells. J Natl Cancer Inst (1958) 21:1117–29.

21. Bortin, MM, Rimm, AA, Saltzstein, EC, and Rodey, GE. Graft Versus Leukemia. 3. Apparent Independent Anthost and Antileukemia Activity of Transplanted Immunocompetent Cells. Transplantation (1973) 16:182–8. doi: 10.1097/00007890-197309000-00004

22. Bortin, MM, Rimm, AA, Rose, WC, Saltzstein, EC, and Graft-versus-leukemia, V. Absence of Antileukemic Effect Using Allogeneic h-2-Identical Immunocompetent Cells. Transplantation (1974) 18:280–3. doi: 10.1097/00007890-197409000-00012

23. Boranić, M. Transplantability of Leukaemia From Leukaemic Mice After Irradiation and Injection of Allogeneic Spleen Cells. Rev Eur Etud Clin Biol (1970) 15:104–9.

24. Weiden, PL, Flournoy, N, Thomas, ED, Prentice, R, Fefer, A, Buckner, CD, et al. Antileukemic Effect of Graft-Versus-Host Disease in Human Recipients of Allogeneic-Marrow Grafts. N Engl J Med (1979) 300:1068–73. doi: 10.1056/NEJM197905103001902

25. Thomas, ED, Buckner, CD, Banaji, M, Clift, RA, Fefer, A, Flournoy, N, et al. One Hundred Patients With Acute Leukemia Treated by Chemotherapy, Total Body Irradiation, and Allogeneic Marrow Transplantation. Blood (1977) 49:511–33. doi: 10.1182/blood.V49.4.511.bloodjournal494511

26. Bortin, MM, Truitt, RL, Rimm, AA, and Bach, FH. Graft-Versus-Leukaemia Reactivity Induced by Alloimmunisation Without Augmentation of Graft-Versus-Host Reactivity. Nature (1979) 281:490–1. doi: 10.1038/281490a0

27. Korngold, R, and Sprent, J. Lethal Graft-Versus-Host Disease After Bone Marrow Transplantation Across Minor Histocompatibility Barriers in Mice. Prevention by Removing Mature T Cells From Marrow. J Exp Med (1978) 148:1687–98. doi: 10.1084/jem.148.6.1687

28. Delorme, EJ, and Alexander, P. Treatment OF Primary Fibrosarcoma in the Rat With Immune Lymphocytes. Lancet (1964) 2:117–20. doi: 10.1016/S0140-6736(64)90126-6

29. Southam, CM, Brunschwig, A, Levin, AG, and Dizon, QS. Effect of Leukocytes on Transplantability of Human Cancer. Cancer (1966) 19:1743–53. doi: 10.1002/1097-0142(196611)19:11<1743::AID-CNCR2820191143>3.0.CO;2-U

30. Eberlein, TJ, Rosenstein, M, and Rosenberg, SA. Regression of a Disseminated Syngeneic Solid Tumor by Systemic Transfer of Lymphoid Cells Expanded in Interleukin 2. J Exp Med (1982) 156:385–97. doi: 10.1084/jem.156.2.385

31. Mulé, JJ, Shu, S, Schwarz, SL, and Rosenberg, SA. Adoptive Immunotherapy of Established Pulmonary Metastases With LAK Cells and Recombinant Interleukin-2. Science (1984) 225:1487–9. doi: 10.1126/science.6332379

32. Donohue, JH, Rosenstein, M, Chang, AE, Lotze, MT, Robb, RJ, and Rosenberg, SA. The Systemic Administration of Purified Interleukin 2 Enhances the Ability of Sensitized Murine Lymphocytes to Cure a Disseminated Syngeneic Lymphoma. J Immunol (1984) 132:2123–8.

33. Rosenberg, SA, Spiess, P, and Lafreniere, R. A New Approach to the Adoptive Immunotherapy of Cancer With Tumor-Infiltrating Lymphocytes. Science (1986) 233:1318–21. doi: 10.1126/science.3489291

34. Rosenberg, SA, Yannelli, JR, Yang, JC, Topalian, SL, Schwartzentruber, DJ, Weber, JS, et al. Treatment of Patients With Metastatic Melanoma With Autologous Tumor-Infiltrating Lymphocytes and Interleukin 2. J Natl Cancer Inst (1994) 86:1159–66. doi: 10.1093/jnci/86.15.1159

35. 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) 17:4550–7. doi: 10.1158/1078-0432.CCR-11-0116

36. Yron, I, Wood, TA Jr., Spiess, PJ, and Rosenberg, SA. In Vitro Growth of Murine T Cells. V. The Isolation and Growth of Lymphoid Cells Infiltrating Syngeneic Solid Tumors. J Immunol (1980) 125:238–45.

37. Lotze, MT, Grimm, EA, Mazumder, A, Strausser, JL, and Rosenberg, SA. Lysis of Fresh and Cultured Autologous Tumor by Human Lymphocytes Cultured in T-cell Growth Factor. Cancer Res (1981) 41:4420–5.

38. Grimm, EA, Mazumder, A, Zhang, HZ, and Rosenberg, SA. Lymphokine-Activated Killer Cell Phenomenon. Lysis of Natural Killer-Resistant Fresh Solid Tumor Cells by Interleukin 2-Activated Autologous Human Peripheral Blood Lymphocytes. J Exp Med (1982) 155:1823–41. doi: 10.1084/jem.155.6.1823

39. Rosenstein, M, Yron, I, Kaufmann, Y, and Rosenberg, SA. Lymphokine-Activated Killer Cells: Lysis of Fresh Syngeneic Natural Killer-Resistant Murine Tumor Cells by Lymphocytes Cultured in Interleukin 2. Cancer Res (1984) 44:1946–53.

40. Ettinghausen, SE, Lipford, EH, Mulé, JJ, and Rosenberg, SA. Recombinant Interleukin 2 Stimulates In Vivo Proliferation of Adoptively Transferred Lymphokine-Activated Killer (LAK) Cells. J Immunol (1985) 135:3623–35.

41. Lafreniere, R, and Rosenberg, SA. Successful Immunotherapy of Murine Experimental Hepatic Metastases With Lymphokine-Activated Killer Cells and Recombinant Interleukin 2. Cancer Res (1985) 45:3735–41.

42. Mazumder, A, and Rosenberg, SA. Successful Immunotherapy of Natural Killer-Resistant Established Pulmonary Melanoma Metastases by the Intravenous Adoptive Transfer of Syngeneic Lymphocytes Activated In Vitro by Interleukin 2. J Exp Med (1984) 159:495–507. doi: 10.1084/jem.159.2.495

43. Mulé, JJ, Shu, S, and Rosenberg, SA. The Anti-Tumor Efficacy of Lymphokine-Activated Killer Cells and Recombinant Interleukin 2 In Vivo. J Immunol (1985) 135:646–52.

44. Rosenberg, SA, Lotze, MT, Muul, LM, Leitman, S, Chang, AE, Ettinghausen, SE, et al. Observations on the Systemic Administration of Autologous Lymphokine-Activated Killer Cells and Recombinant Interleukin-2 to Patients With Metastatic Cancer. N Engl J Med (1985) 313:1485–92. doi: 10.1056/NEJM198512053132327

45. Rosenberg, SA, Mulé, JJ, Spiess, PJ, Reichert, CM, and Schwarz, SL. Regression of Established Pulmonary Metastases and Subcutaneous Tumor Mediated by the Systemic Administration of High-Dose Recombinant Interleukin 2. J Exp Med (1985) 161:1169–88. doi: 10.1084/jem.161.5.1169

46. Muul, LM, Spiess, PJ, Director, EP, and Rosenberg, SA. Identification of Specific Cytolytic Immune Responses Against Autologous Tumor in Humans Bearing Malignant Melanoma. J Immunol (1987) 138:989–95.

47. Topalian, SL, Muul, LM, Solomon, D, and Rosenberg, SA. Expansion of Human Tumor Infiltrating Lymphocytes for Use in Immunotherapy Trials. J Immunol Methods (1987) 102:127–41. doi: 10.1016/S0022-1759(87)80018-2

48. Dudley, ME, Wunderlich, JR, Robbins, PF, Yang, JC, Hwu, P, Schwartzentruber, DJ, et al. Cancer Regression and Autoimmunity in Patients After Clonal Repopulation With Antitumor Lymphocytes. Science (2002) 298:850–4. doi: 10.1126/science.1076514

49. Rosenberg, SA, Aebersold, P, Cornetta, K, Kasid, A, Morgan, RA, Moen, R, et al. Gene Transfer Into Humans–Immunotherapy of Patients With Advanced Melanoma, Using Tumor-Infiltrating Lymphocytes Modified by Retroviral Gene Transduction. N Engl J Med (1990) 323:570–8. doi: 10.1056/NEJM199008303230904

50. Dudley, ME, Yang, JC, Sherry, R, Hughes, MS, Royal, R, Kammula, U, et al. Adoptive Cell Therapy for Patients With Metastatic Melanoma: Evaluation of Intensive Myeloablative Chemoradiation Preparative Regimens. J Clin Oncol (2008) 26:5233–9. doi: 10.1200/JCO.2008.16.5449

51. Gattinoni, L, Finkelstein, SE, Klebanoff, CA, Antony, PA, Palmer, DC, Spiess, PJ, et al. Removal of Homeostatic Cytokine Sinks by Lymphodepletion Enhances the Efficacy of Adoptively Transferred Tumor-Specific CD8+ T Cells. J Exp Med (2005) 202:907–12. doi: 10.1084/jem.20050732

52. Bronte, V, Wang, M, Overwijk, WW, Surman, DR, Pericle, F, Rosenberg, SA, et al. Apoptotic Death of CD8+ T Lymphocytes After Immunization: Induction of a Suppressive Population of Mac-1+/Gr-1+ Cells. J Immunol (1998) 161:5313–20.

53. Yao, X, Ahmadzadeh, M, Lu, YC, Liewehr, DJ, Dudley, ME, Liu, F, et al. Levels of Peripheral CD4(+)FoxP3(+) Regulatory T Cells Are Negatively Associated With Clinical Response to Adoptive Immunotherapy of Human Cancer. Blood (2012) 119:5688–96. doi: 10.1182/blood-2011-10-386482

54. Paulos, CM, Wrzesinski, C, Kaiser, A, Hinrichs, CS, Chieppa, M, Cassard, L, et al. Microbial Translocation Augments the Function of Adoptively Transferred Self/Tumor-Specific CD8+ T Cells Via TLR4 Signaling. J Clin Invest (2007) 117:2197–204. doi: 10.1172/JCI32205

55. Turtle, CJ, Hanafi, LA, Berger, C, Gooley, TA, Cherian, S, Hudecek, M, et al. Cd19 CAR-T Cells of Defined CD4+:CD8+ Composition in Adult B Cell ALL Patients. J Clin Invest (2016) 126:2123–38. doi: 10.1172/JCI85309

56. Tran, E, Turcotte, S, Gros, A, Robbins, PF, Lu, YC, Dudley, ME, et al. Cancer Immunotherapy Based on Mutation-Specific CD4+ T Cells in a Patient With Epithelial Cancer. Science (2014) 344:641–5. doi: 10.1126/science.1251102

57. Yossef, R, Tran, E, Deniger, DC, Gros, A, Pasetto, A, Parkhurst, MR, et al. Enhanced Detection of Neoantigen-Reactive T Cells Targeting Unique and Shared Oncogenes for Personalized Cancer Immunotherapy. JCI Insight (2018) 3. doi: 10.1172/jci.insight.122467

58. Veatch, JR, Lee, SM, Fitzgibbon, M, Chow, IT, Jesernig, B, Schmitt, T, et al. Tumor-Infiltrating BRAFV600E-Specific CD4+ T Cells Correlated With Complete Clinical Response in Melanoma. J Clin Invest (2018) 128:1563–8. doi: 10.1172/JCI98689

59. Linnemann, C, van Buuren, MM, Bies, L, Verdegaal, EM, Schotte, R, Calis, JJ, et al. High-Throughput Epitope Discovery Reveals Frequent Recognition of Neo-Antigens by CD4+ T Cells in Human Melanoma. Nat Med (2015) 21:81–5. doi: 10.1038/nm.3773

60. Muranski, P, Borman, ZA, Kerkar, SP, Klebanoff, CA, Ji, Y, Sanchez-Perez, L, et al. Th17 Cells Are Long Lived and Retain a Stem Cell-Like Molecular Signature. Immunity (2011) 35:972–85. doi: 10.1016/j.immuni.2011.09.019

61. Friedman, KM, Prieto, PA, Devillier, LE, Gross, CA, Yang, JC, Wunderlich, JR, et al. Tumor-Specific CD4+ Melanoma Tumor-Infiltrating Lymphocytes. J Immunother (2012) 35:400–8. doi: 10.1097/CJI.0b013e31825898c5

62. Ben-Avi, R, Farhi, R, Ben-Nun, A, Gorodner, M, Greenberg, E, Markel, G, et al. Establishment of Adoptive Cell Therapy With Tumor Infiltrating Lymphocytes for Non-Small Cell Lung Cancer Patients. Cancer Immunol Immunother (2018) 67:1221–30. doi: 10.1007/s00262-018-2174-4

63. Inozume, T, Hanada, K, Wang, QJ, Ahmadzadeh, M, Wunderlich, JR, Rosenberg, SA, et al. Selection of CD8+PD-1+ Lymphocytes in Fresh Human Melanomas Enriches for Tumor-Reactive T Cells. J Immunother (2010) 33:956–64. doi: 10.1097/CJI.0b013e3181fad2b0

64. Ye, Q, Song, DG, Poussin, M, Yamamoto, T, Best, A, Li, C, et al. CD137 Accurately Identifies and Enriches for Naturally Occurring Tumor-Reactive T Cells in Tumor. Clin Cancer Res (2014) 20:44–55. doi: 10.1158/1078-0432.CCR-13-0945

65. Seliktar-Ofir, S, Merhavi-Shoham, E, Itzhaki, O, Yunger, S, Markel, G, Schachter, J, et al. Selection of Shared and Neoantigen-Reactive T Cells for Adoptive Cell Therapy Based on CD137 Separation. Front Immunol (2017) 8:1211. doi: 10.3389/fimmu.2017.01211

66. Webb, JR, Milne, K, Watson, P, Deleeuw, RJ, and Nelson, BH. Tumor-Infiltrating Lymphocytes Expressing the Tissue Resident Memory Marker CD103 Are Associated With Increased Survival in High-Grade Serous Ovarian Cancer. Clin Cancer Res (2014) 20:434–44. doi: 10.1158/1078-0432.CCR-13-1877

67. Malik, BT, Byrne, KT, Vella, JL, Zhang, P, Shabaneh, TB, Steinberg, SM, et al. Resident Memory T Cells in the Skin Mediate Durable Immunity to Melanoma. Sci Immunol (2017) 2. doi: 10.1126/sciimmunol.aam6346

68. Duhen, T, Duhen, R, Montler, R, Moses, J, Moudgil, T, de Miranda, NF, et al. Co-Expression of CD39 and CD103 Identifies Tumor-Reactive CD8 T Cells in Human Solid Tumors. Nat Commun (2018) 9:2724. doi: 10.1038/s41467-018-05072-0

69. Hinrichs, CS, Borman, ZA, Gattinoni, L, Yu, Z, Burns, WR, Huang, J, et al. Human Effector CD8+ T Cells Derived From Naive Rather Than Memory Subsets Possess Superior Traits for Adoptive Immunotherapy. Blood (2011) 117:808–14. doi: 10.1182/blood-2010-05-286286

70. Miller, BC, Sen, DR, Al Abosy, R, Bi, K, Virkud, YV, LaFleur, MW, et al. Subsets of Exhausted CD8(+) T Cells Differentially Mediate Tumor Control and Respond to Checkpoint Blockade. Nat Immunol (2019) 20:326–36. doi: 10.1038/s41590-019-0312-6

71. Siddiqui, I, Schaeuble, K, Chennupati, V, Fuertes Marraco, SA, Calderon-Copete, S, Ferreira, DP, et al. Intratumoral Tcf1(+)PD-1(+)CD8(+) T Cells With Stem-like Properties Promote Tumor Control in Response to Vaccination and Checkpoint Blockade Immunotherapy. Immunity (2019) 50:195–211.e110. doi: 10.1016/j.immuni.2018.12.021

72. Martinez-Usatorre, A, Carmona, SJ, Godfroid, C, Yacoub Maroun, C, Labiano, S, and Romero, P. Enhanced Phenotype Definition for Precision Isolation of Precursor Exhausted Tumor-Infiltrating Cd8 T Cells. Front Immunol (2020) 11:340. doi: 10.3389/fimmu.2020.00340

73. Krishna, S, Lowery, FJ, Copeland, AR, Bahadiroglu, E, Mukherjee, R, Jia, L, et al. Stem-Like CD8 T Cells Mediate Response of Adoptive Cell Immunotherapy Against Human Cancer. Science (2020) 370:1328–34. doi: 10.1126/science.abb9847

74. Bobisse, S, Genolet, R, Roberti, A, Tanyi, JL, Racle, J, Stevenson, BJ, et al. Sensitive and Frequent Identification of High Avidity Neo-Epitope Specific CD8 (+) T Cells in Immunotherapy-Naive Ovarian Cancer. Nat Commun (2018) 9:1092. doi: 10.1038/s41467-018-03301-0

75. Sukumar, M, Liu, J, Mehta, GU, Patel, SJ, Roychoudhuri, R, Crompton, JG, et al. Mitochondrial Membrane Potential Identifies Cells With Enhanced Stemness for Cellular Therapy. Cell Metab (2016) 23:63–76. doi: 10.1016/j.cmet.2015.11.002

76. Lu, YC, Zheng, Z, Robbins, PF, Tran, E, Prickett, TD, Gartner, JJ, et al. An Efficient Single-Cell RNA-Seq Approach to Identify Neoantigen-Specific T Cell Receptors. Mol Ther (2018) 26:379–89. doi: 10.1016/j.ymthe.2017.10.018

77. Schumacher, TN, Scheper, W, and Kvistborg, P. Cancer Neoantigens. Annu Rev Immunol (2019) 37:173–200. doi: 10.1146/annurev-immunol-042617-053402

78. Schumacher, TN, and Schreiber, RD. Neoantigens in Cancer Immunotherapy. Science (2015) 348:69–74. doi: 10.1126/science.aaa4971

79. Snyder, A, Makarov, V, Merghoub, T, Yuan, J, Zaretsky, JM, Desrichard, A, et al. Genetic Basis for Clinical Response to CTLA-4 Blockade in Melanoma. N Engl J Med (2014) 371:2189–99. doi: 10.1056/NEJMoa1406498

80. Lennerz, V, Fatho, M, Gentilini, C, Frye, RA, Lifke, A, Ferel, D, et al. The Response of Autologous T Cells to a Human Melanoma Is Dominated by Mutated Neoantigens. Proc Natl Acad Sci USA (2005) 102:16013–8. doi: 10.1073/pnas.0500090102

81. Rizvi, NA, Hellmann, MD, Snyder, A, Kvistborg, P, Makarov, V, Havel, JJ, et al. Cancer Immunology. Mutational Landscape Determines Sensitivity to PD-1 Blockade in Non-Small Cell Lung Cancer. Science (2015) 348:124–8. doi: 10.1126/science.aaa1348

82. Huang, J, El-Gamil, M, Dudley, ME, Li, YF, Rosenberg, SA, and Robbins, PF. T Cells Associated With Tumor Regression Recognize Frameshifted Products of the CDKN2A Tumor Suppressor Gene Locus and a Mutated HLA Class I Gene Product. J Immunol (2004) 172:6057–64. doi: 10.4049/jimmunol.172.10.6057

83. Zhou, J, Dudley, ME, Rosenberg, SA, and Robbins, PF. Persistence of Multiple Tumor-Specific T-Cell Clones Is Associated With Complete Tumor Regression in a Melanoma Patient Receiving Adoptive Cell Transfer Therapy. J Immunother (2005) 28:53–62. doi: 10.1097/00002371-200501000-00007

84. Lu, YC, Yao, X, Li, YF, El-Gamil, M, Dudley, ME, Yang, JC, et al. Mutated PPP1R3B Is Recognized by T Cells Used to Treat a Melanoma Patient Who Experienced a Durable Complete Tumor Regression. J Immunol (2013) 190:6034–42. doi: 10.4049/jimmunol.1202830

85. Robbins, PF, Lu, YC, El-Gamil, M, Li, YF, Gross, C, Gartner, J, et al. Mining Exomic Sequencing Data to Identify Mutated Antigens Recognized by Adoptively Transferred Tumor-Reactive T Cells. Nat Med (2013) 19:747–52. doi: 10.1038/nm.3161

86. Lu, YC, Yao, X, Crystal, JS, Li, YF, El-Gamil, M, Gross, C, et al. Efficient Identification of Mutated Cancer Antigens Recognized by T Cells Associated With Durable Tumor Regressions. Clin Cancer Res (2014) 20:3401–10. doi: 10.1158/1078-0432.CCR-14-0433

87. Prickett, TD, Crystal, JS, Cohen, CJ, Pasetto, A, Parkhurst, MR, Gartner, JJ, et al. Durable Complete Response From Metastatic Melanoma After Transfer of Autologous T Cells Recognizing 10 Mutated Tumor Antigens. Cancer Immunol Res (2016) 4:669–78. doi: 10.1158/2326-6066.CIR-15-0215

88. Stevanović, S, Pasetto, A, Helman, SR, Gartner, JJ, Prickett, TD, Howie, B, et al. Landscape of Immunogenic Tumor Antigens in Successful Immunotherapy of Virally Induced Epithelial Cancer. Science (2017) 356:200–5. doi: 10.1126/science.aak9510

89. Li, Q, and Ding, ZY. The Ways of Isolating Neoantigen-Specific T Cells. Front Oncol (2020) 10:1347. doi: 10.3389/fonc.2020.01347

90. Matsushita, H, Vesely, MD, Koboldt, DC, Rickert, CG, Uppaluri, R, Magrini, VJ, et al. Cancer Exome Analysis Reveals a T-cell-dependent Mechanism of Cancer Immunoediting. Nature (2012) 482:400–4. doi: 10.1038/nature10755

91. Castle, JC, Kreiter, S, Diekmann, J, Löwer, M, van de Roemer, N, de Graaf, J, et al. Exploiting the Mutanome for Tumor Vaccination. Cancer Res (2012) 72:1081–91. doi: 10.1158/0008-5472.CAN-11-3722

92. Zamora, AE, Crawford, JC, Allen, EK, Guo, XJ, Bakke, J, Carter, RA, et al. Pediatric Patients With Acute Lymphoblastic Leukemia Generate Abundant and Functional Neoantigen-Specific CD8(+) T Cell Responses. Sci Transl Med (2019) 11. doi: 10.1126/scitranslmed.aat8549

93. Tran, E, Robbins, PF, Lu, YC, Prickett, TD, Gartner, JJ, Jia, L, et al. T-Cell Transfer Therapy Targeting Mutant KRAS in Cancer. N Engl J Med (2016) 375:2255–62. doi: 10.1056/NEJMoa1609279

94. Martin, SD, Wick, DA, Nielsen, JS, Little, N, Holt, RA, and Nelson, BH. A Library-Based Screening Method Identifies Neoantigen-Reactive T Cells in Peripheral Blood Prior to Relapse of Ovarian Cancer. Oncoimmunology (2017) 7:e1371895. doi: 10.1080/2162402X.2017.1371895

95. Zacharakis, N, Chinnasamy, H, Black, M, Xu, H, Lu, YC, Zheng, Z, et al. Immune Recognition of Somatic Mutations Leading to Complete Durable Regression in Metastatic Breast Cancer. Nat Med (2018) 24:724–30. doi: 10.1038/s41591-018-0040-8

96. Tran, E, Ahmadzadeh, M, Lu, YC, Gros, A, Turcotte, S, Robbins, PF, et al. Immunogenicity of Somatic Mutations in Human Gastrointestinal Cancers. Science (2015) 350:1387–90. doi: 10.1126/science.aad1253

97. Rath, JA, and Arber, C. Engineering Strategies to Enhance TCR-Based Adoptive T Cell Therapy. Cells (2020) 9:1485. doi: 10.3390/cells9061485

98. Grimes, JM, Carvajal, RD, and Muranski, P. Cellular Therapy for the Treatment of Solid Tumors. Transfus Apher Sci (2021) 60(1):103056. doi: 10.1016/j.transci.2021.103056

99. Verdegaal, EM, Visser, M, Ramwadhdoebé, TH, van der Minne, CE, van Steijn, JA, Kapiteijn, E, et al. Successful Treatment of Metastatic Melanoma by Adoptive Transfer of Blood-Derived Polyclonal Tumor-Specific CD4+ and CD8+ T Cells in Combination With Low-Dose Interferon-Alpha. Cancer Immunol Immunother (2011) 60:953–63. doi: 10.1007/s00262-011-1004-8

100. Gros, A, Parkhurst, MR, Tran, E, Pasetto, A, Robbins, PF, Ilyas, S, et al. Prospective Identification of Neoantigen-Specific Lymphocytes in the Peripheral Blood of Melanoma Patients. Nat Med (2016) 22:433–8. doi: 10.1038/nm.4051

101. Gros, A, Robbins, PF, Yao, X, Li, YF, Turcotte, S, Tran, E, et al. PD-1 Identifies the Patient-Specific CD8⁺ Tumor-Reactive Repertoire Infiltrating Human Tumors. J Clin Invest (2014) 124:2246–59. doi: 10.1172/JCI73639

102. Simpson, AJ, Caballero, OL, Jungbluth, A, Chen, YT, and Old, LJ. Cancer/Testis Antigens, Gametogenesis and Cancer. Nat Rev Cancer (2005) 5:615–25. doi: 10.1038/nrc1669

103. Caballero, OL, and Chen, YT. Cancer/Testis (CT) Antigens: Potential Targets for Immunotherapy. Cancer Sci (2009) 100:2014–21. doi: 10.1111/j.1349-7006.2009.01303.x

104. van der Woude, LL, Gorris, MAJ, Halilovic, A, Figdor, CG, and de Vries, IJM. Migrating Into the Tumor: A Roadmap for T Cells. Trends Cancer (2017) 3:797–808. doi: 10.1016/j.trecan.2017.09.006

105. Whitehurst, AW. Cause and Consequence of Cancer/Testis Antigen Activation in Cancer. Annu Rev Pharmacol Toxicol (2014) 54:251–72. doi: 10.1146/annurev-pharmtox-011112-140326

106. Robbins, PF, Morgan, RA, Feldman, SA, Yang, JC, Sherry, RM, Dudley, ME, et al. Tumor Regression in Patients With Metastatic Synovial Cell Sarcoma and Melanoma Using Genetically Engineered Lymphocytes Reactive With NY-ESO-1. J Clin Oncol (2011) 29:917–24. doi: 10.1200/JCO.2010.32.2537

107. Morgan, RA, Chinnasamy, N, Abate-Daga, D, Gros, A, Robbins, PF, Zheng, Z, et al. Cancer Regression and Neurological Toxicity Following Anti-MAGE-A3 TCR Gene Therapy. J Immunother (2013) 36:133–51. doi: 10.1097/CJI.0b013e3182829903

108. Johnson, LA, Morgan, RA, Dudley, ME, Cassard, L, Yang, JC, Hughes, MS, et al. Gene Therapy With Human and Mouse T-cell Receptors Mediates Cancer Regression and Targets Normal Tissues Expressing Cognate Antigen. Blood (2009) 114:535–46. doi: 10.1182/blood-2009-03-211714

109. Leko, V, and Rosenberg, SA. Identifying and Targeting Human Tumor Antigens for T Cell-Based Immunotherapy of Solid Tumors. Cancer Cell (2020) 38:454–72. doi: 10.1016/j.ccell.2020.07.013

110. Dafni, U, Michielin, O, Lluesma, SM, Tsourti, Z, Polydoropoulou, V, Karlis, D, et al. Efficacy of Adoptive Therapy With Tumor-Infiltrating Lymphocytes and Recombinant Interleukin-2 in Advanced Cutaneous Melanoma: A Systematic Review and Meta-Analysis. Ann Oncol (2019) 30:1902–13. doi: 10.1093/annonc/mdz398

111. Sarnaik, A, Khushalani, NI, Chesney, JA, Lewis, KD, Medina, TM, Kluger, HM, et al. Long-Term Follow Up of Lifileucel (LN-144) Cryopreserved Autologous Tumor Infiltrating Lymphocyte Therapy in Patients With Advanced Melanoma Progressed on Multiple Prior Therapies. J Clin Oncol (2020) 38:10006–6. doi: 10.1200/JCO.2020.38.15_suppl.10006

112. Jazaeri, AA, Zsiros, E, Amaria, RN, Artz, AS, Edwards, RP, Wenham, RM, et al. Safety and Efficacy of Adoptive Cell Transfer Using Autologous Tumor Infiltrating Lymphocytes (LN-145) for Treatment of Recurrent, Metastatic, or Persistent Cervical Carcinoma. J Clin Oncol (2019) 37:2538–8. doi: 10.1200/JCO.2019.37.15_suppl.2538

113. Creelan, B, Wang, C, Teer, J, Toloza, E, Mullinax, J, Yao, J, et al. Abstract CT056: Durable Complete Responses to Adoptive Cell Transfer Using Tumor Infiltrating Lymphocytes (TIL) in Non-Small Cell Lung Cancer (NSCLC): A Phase I Trial. Cancer Res (2020) 80:CT056–6. doi: 10.1158/1538-7445.AM2020-CT056

114. Pardoll, DM. The Blockade of Immune Checkpoints in Cancer Immunotherapy. Nat Rev Cancer (2012) 12:252–64. doi: 10.1038/nrc3239

115. Sarnaik, A, Khushalani, NI, Chesney, JA, Kluger, HM, Curti, BD, Lewis, KD, et al. Safety and Efficacy of Cryopreserved Autologous Tumor Infiltrating Lymphocyte Therapy (LN-144, Lifileucel) in Advanced Metastatic Melanoma Patients Who Progressed on Multiple Prior Therapies Including Anti-PD-1. J Clin Oncol (2019) 37:2518–8. doi: 10.1200/JCO.2019.37.15_suppl.2518

116. Sarnaik, A, Kluger, HM, Chesney, JA, Sethuraman, J, Veerapathran, A, Simpson-Abelson, M, et al. Efficacy of Single Administration of Tumor-Infiltrating Lymphocytes (TIL) in Heavily Pretreated Patients With Metastatic Melanoma Following Checkpoint Therapy. J Clin Oncol (2017) 35:3045–5. doi: 10.1200/JCO.2017.35.15_suppl.3045

117. Zimmer, L, Apuri, S, Eroglu, Z, Kottschade, LA, Forschner, A, Gutzmer, R, et al. Ipilimumab Alone or in Combination With Nivolumab After Progression on Anti-PD-1 Therapy in Advanced Melanoma. Eur J Cancer (2017) 75:47–55. doi: 10.1016/j.ejca.2017.01.009

118. Brahmer, JR, Drake, CG, Wollner, I, Powderly, JD, Picus, J, Sharfman, WH, et al. Phase I Study of Single-Agent Anti-Programmed Death-1 (MDX-1106) in Refractory Solid Tumors: Safety, Clinical Activity, Pharmacodynamics, and Immunologic Correlates. J Clin Oncol (2010) 28:3167–75. doi: 10.1200/JCO.2009.26.7609

119. Cottrell, TR, and Taube, JM. PD-L1 and Emerging Biomarkers in Immune Checkpoint Blockade Therapy. Cancer J (2018) 24:41–6. doi: 10.1097/PPO.0000000000000301

120. Kverneland, AH, Pedersen, M, Westergaard, MCW, Nielsen, M, Borch, TH, Olsen, LR, et al. Adoptive Cell Therapy in Combination With Checkpoint Inhibitors in Ovarian Cancer. Oncotarget (2020) 11:2092–105. doi: 10.18632/oncotarget.27604

121. Wells, DK, van Buuren, MM, Dang, KK, Hubbard-Lucey, VM, Sheehan, KCF, Campbell, KM, et al. Key Parameters of Tumor Epitope Immunogenicity Revealed Through a Consortium Approach Improve Neoantigen Prediction. Cell (2020) 183:818–34.e813. doi: 10.1016/j.cell.2020.09.015

122. Alexandrov, LB, Nik-Zainal, S, Wedge, DC, Aparicio, SA, Behjati, S, Biankin, AV, et al. Signatures of Mutational Processes in Human Cancer. Nature (2013) 500:415–21. doi: 10.1038/nature12477

123. Chen, DS, and Mellman, I. Elements of Cancer Immunity and the Cancer-Immune Set Point. Nature (2017) 541:321–30. doi: 10.1038/nature21349

124. Kim, JY, Kronbichler, A, Eisenhut, M, Hong, SH, van der Vliet, HJ, Kang, J, et al. Tumor Mutational Burden and Efficacy of Immune Checkpoint Inhibitors: A Systematic Review and Meta-Analysis. Cancers (Basel) (2019) 11(11):1798. doi: 10.3390/cancers11111798

125. Marabelle, A, Fakih, M, Lopez, J, Shah, M, Shapira-Frommer, R, Nakagawa, K, et al. Association of Tumour Mutational Burden With Outcomes in Patients With Advanced Solid Tumours Treated With Pembrolizumab: Prospective Biomarker Analysis of the Multicohort, Open-Label, Phase 2 KEYNOTE-158 Study. Lancet Oncol (2020) 21(10):1353–65. doi: 10.1016/S1470-2045(20)30445-9

126. Pecina-Slaus, N, Kafka, A, Salamon, I, and Bukovac, A. Mismatch Repair Pathway, Genome Stability and Cancer. Front Mol Biosci (2020) 7:122. doi: 10.3389/fmolb.2020.00122

127. Le, DT, Uram, JN, Wang, H, Bartlett, BR, Kemberling, H, Eyring, AD, et al. PD-1 Blockade in Tumors With Mismatch-Repair Deficiency. N Engl J Med (2015) 372:2509–20. doi: 10.1056/NEJMoa1500596

128. Andre, T, Shiu, K-K, Kim, TW, Jensen, BV, Jensen, LH, Punt, CJA, et al. Pembrolizumab Versus Chemotherapy for Microsatellite Instability-High/Mismatch Repair Deficient Metastatic Colorectal Cancer: The Phase 3 KEYNOTE-177 Study. J Clin Oncol (2020) 38:LBA4–4. doi: 10.1200/JCO.2020.38.18_suppl.LBA4

129. Yin, H, Guo, W, Sun, X, Li, R, Feng, C, and Tan, Y. TILs and Anti-PD1 Therapy: An Alternative Combination Therapy for PDL1 Negative Metastatic Cervical Cancer. J Immunol Res (2020) 2020:8345235. doi: 10.1155/2020/8345235

130. Stevanovic, S, Helman, SR, Wunderlich, JR, Langhan, MM, Doran, SL, Kwong, MLM, et al. A Phase II Study of Tumor-infiltrating Lymphocyte Therapy for Human Papillomavirus-Associated Epithelial Cancers. Clin Cancer Res (2019) 25:1486–93. doi: 10.1158/1078-0432.CCR-18-2722

131. Gao, P, Lazare, C, Cao, C, Meng, Y, Wu, P, Zhi, W, et al. Immune Checkpoint Inhibitors in the Treatment of Virus-Associated Cancers. J Hematol Oncol (2019) 12:58. doi: 10.1186/s13045-019-0743-4

132. Seiwert, TY, Burtness, B, Mehra, R, Weiss, J, Berger, R, Eder, JP, et al. Safety and Clinical Activity of Pembrolizumab for Treatment of Recurrent or Metastatic Squamous Cell Carcinoma of the Head and Neck (KEYNOTE-012): An Open-Label, Multicentre, Phase 1b Trial. Lancet Oncol (2016) 17:956–65. doi: 10.1016/S1470-2045(16)30066-3

133. Zandberg, DP, Algazi, AP, Jimeno, A, Good, JS, Fayette, J, Bouganim, N, et al. Durvalumab for Recurrent or Metastatic Head and Neck Squamous Cell Carcinoma: Results From a Single-Arm, Phase II Study in Patients With ≥25% Tumour Cell PD-L1 Expression Who Have Progressed on Platinum-Based Chemotherapy. Eur J Cancer (2019) 107:142–52. doi: 10.1016/j.ejca.2018.11.015

134. Kim, ST, Cristescu, R, Bass, AJ, Kim, KM, Odegaard, JI, Kim, K, et al. Comprehensive Molecular Characterization of Clinical Responses to PD-1 Inhibition in Metastatic Gastric Cancer. Nat Med (2018) 24:1449–58. doi: 10.1038/s41591-018-0101-z

135. Cook, MR, and Kim, C. Safety and Efficacy of Immune Checkpoint Inhibitor Therapy in Patients With HIV Infection and Advanced-Stage Cancer: A Systematic Review. JAMA Oncol (2019) 5:1049–54. doi: 10.1001/jamaoncol.2018.6737

136. 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) 33:1543–50. doi: 10.1200/JCO.2014.58.9093

137. Ayers, M, Lunceford, J, Nebozhyn, M, Murphy, E, Loboda, A, Kaufman, DR, et al. IFN-Gamma-Related mRNA Profile Predicts Clinical Response to PD-1 Blockade. J Clin Invest (2017) 127:2930–40. doi: 10.1172/JCI91190

138. Cristescu, R, Mogg, R, Ayers, M, Albright, A, Murphy, E, Yearley, J, et al. Pan-Tumor Genomic Biomarkers for PD-1 Checkpoint Blockade-Based Immunotherapy. Science (2018) 362(6411). doi: 10.1126/science.aar3593

139. Wolf, B, Zimmermann, S, Arber, C, Irving, M, Trueb, L, and Coukos, G. Safety and Tolerability of Adoptive Cell Therapy in Cancer. Drug Saf (2019) 42:315–34. doi: 10.1007/s40264-018-0779-3

140. Dudley, ME, Wunderlich, JR, Yang, JC, Sherry, RM, Topalian, SL, Restifo, NP, et al. Adoptive Cell Transfer Therapy Following Non-Myeloablative But Lymphodepleting Chemotherapy for the Treatment of Patients With Refractory Metastatic Melanoma. J Clin Oncol (2005) 23:2346–57. doi: 10.1200/JCO.2005.00.240

141. Besser, MJ, Shapira-Frommer, R, Itzhaki, O, Treves, AJ, Zippel, DB, Levy, D, et al. Adoptive Transfer of Tumor-Infiltrating Lymphocytes in Patients With Metastatic Melanoma: Intent-to-Treat Analysis and Efficacy After Failure to Prior Immunotherapies. Clin Cancer Res (2013) 19:4792–800. doi: 10.1158/1078-0432.CCR-13-0380

142. Dudley, ME, Gross, CA, Langhan, MM, Garcia, MR, Sherry, RM, Yang, JC, et al. CD8+ Enriched “Young” Tumor Infiltrating Lymphocytes Can Mediate Regression of Metastatic Melanoma. Clin Cancer Res (2010) 16:6122–31. doi: 10.1158/1078-0432.CCR-10-1297

143. Dudley, ME, Gross, CA, Somerville, RP, Hong, Y, Schaub, NP, Rosati, SF, et al. Randomized Selection Design Trial Evaluating CD8+-Enriched Versus Unselected Tumor-Infiltrating Lymphocytes for Adoptive Cell Therapy for Patients With Melanoma. J Clin Oncol (2013) 31:2152–9. doi: 10.1200/JCO.2012.46.6441

144. Hong, JJ, Rosenberg, SA, Dudley, ME, Yang, JC, White, DE, Butman, JA, et al. Successful Treatment of Melanoma Brain Metastases With Adoptive Cell Therapy. Clin Cancer Res (2010) 16:4892–8. doi: 10.1158/1078-0432.CCR-10-1507

145. 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) 18:6758–70. doi: 10.1158/1078-0432.CCR-12-1177

146. Rosenberg, SA, Packard, BS, Aebersold, PM, Solomon, D, Topalian, SL, Toy, ST, et al. Use of Tumor-Infiltrating Lymphocytes and Interleukin-2 in the Immunotherapy of Patients With Metastatic Melanoma. A Preliminary Report. N Engl J Med (1988) 319:1676–80. doi: 10.1056/NEJM198812223192527

147. Haanen, JBAG, Carbonnel, F, Robert, C, Kerr, KM, Peters, S, Larkin, J, et al. ESMO Guidelines Committee. Management of toxicities from immunotherapy: ESMOClinical Practice Guidelines for Diagnosis, Treatment and Follow-Up. Ann Oncol (2017) 28(suppl_4):iv119–42. doi: 10.1093/annonc/mdx225

148. Topalian, SL, Solomon, D, Avis, FP, Chang, AE, Freerksen, DL, Linehan, WM, et al. Immunotherapy of Patients With Advanced Cancer Using Tumor-Infiltrating Lymphocytes and Recombinant interleukin-2: A Pilot Study. J Clin Oncol (1988) 6:839–53. doi: 10.1200/JCO.1988.6.5.839

149. Yeh, S, Karne, NK, Kerkar, SP, Heller, CK, Palmer, DC, Johnson, LA, et al. Ocular and Systemic Autoimmunity After Successful Tumor-Infiltrating Lymphocyte Immunotherapy for Recurrent, Metastatic Melanoma. Ophthalmology (2009) 116:981–9.e981. doi: 10.1016/j.ophtha.2008.12.004

150. Dudley, ME, Wunderlich, JR, Yang, JC, Hwu, P, Schwartzentruber, DJ, Topalian, SL, et al. A Phase I Study of Nonmyeloablative Chemotherapy and Adoptive Transfer of Autologous Tumor Antigen-Specific T Lymphocytes in Patients With Metastatic Melanoma. J Immunother (2002) 25:243–51. doi: 10.1097/00002371-200205000-00007

151. Dutcher, JP, Schwartzentruber, DJ, Kaufman, HL, Agarwala, SS, Tarhini, AA, Lowder, JN, et al. High Dose Interleukin-2 (Aldesleukin) - Expert Consensus on Best Management Practices-2014. J Immunother Cancer (2014) 2:26. doi: 10.1186/s40425-014-0026-0

152. Atkins, MB, Lotze, MT, Dutcher, JP, Fisher, RI, Weiss, G, Margolin, K, et al. High-Dose Recombinant Interleukin 2 Therapy for Patients With Metastatic Melanoma: Analysis of 270 Patients Treated Between 1985 and 1993. J Clin Oncol (1999) 17:2105–16. doi: 10.1200/JCO.1999.17.7.2105

153. Schwartz, RN, Stover, L, and Dutcher, JP. Managing Toxicities of High-Dose Interleukin-2. Oncol (Williston Park) (2002) 16:11–20.

154. Schwartzentruber, DJ. Guidelines for the Safe Administration of High-Dose Interleukin-2. J Immunother (2001) 24:287–93. doi: 10.1097/00002371-200107000-00004



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

Copyright © 2021 Kumar, Watkins and Vilgelm. 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: 04 June 2021

doi: 10.3389/fimmu.2021.692654

[image: image2]


Inhibition of Exosome Release Sensitizes U937 Cells to PEGylated Liposomal Doxorubicin


Shirin Hekmatirad 1, Milad Moloudizargari 2, Ali Akbar Moghadamnia 3, Sohrab Kazemi 4, Mousa Mohammadnia-Afrouzi 5, Maryam Baeeri 6,7, Fatemeh Moradkhani 8 and Mohammad Hossein Asghari 3*


1 Student Research Committee, Babol University of Medical Sciences, Babol, Iran, 2 Department of Immunology, School of Medicine, Shahid Beheshti University of Medical Sciences, Tehran, Iran, 3 Department of Pharmacology and Toxicology, School of Medicine, Babol University of Medical Sciences, Babol, Iran, 4 Cellular and Molecular Biology Research Center, Health Research Institute, Babol University of Medical Sciences, Babol, Iran, 5 Department of Immunology, School of Medicine, Babol University of Medical Sciences, Babol, Iran, 6 Toxicology and Diseases Group, Pharmaceutical Sciences Research Center (PSRC), The Institute of Pharmaceutical Sciences (TIPS), Tehran, Iran, 7 Department of Toxicology and Pharmacology, Faculty of Pharmacy, Tehran University of Medical Sciences (TUMS), Tehran, Iran, 8 Department of Medicinal Chemistry, Faculty of Pharmacy and Pharmaceutical Sciences Research Center, Tehran University of Medical Sciences, Tehran, Iran




Edited by: 
Janin Chandra, University of Queensland, Australia

Reviewed by: 
Zachary J. Gerbec, British Columbia Cancer Research Centre, Canada

Jan Styczynski, University of Bydgoszcz, Poland

*Correspondence: 
Mohammad Hossein Asghari
 mohammadhossein.asghari@gmail.com

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


Received: 08 April 2021

Accepted: 11 May 2021

Published: 04 June 2021

Citation:
Hekmatirad S, Moloudizargari M, Moghadamnia AA, Kazemi S, Mohammadnia-Afrouzi M, Baeeri M, Moradkhani F and Asghari MH (2021) Inhibition of Exosome Release Sensitizes U937 Cells to PEGylated Liposomal Doxorubicin. Front. Immunol. 12:692654. doi: 10.3389/fimmu.2021.692654




Aims

Acute myeloblastic leukemia (AML) is the most common type of acute leukemia in adults. Despite numerous treatment strategies including chemotherapy and radiotherapy, a large number of patients do not respond to treatment and experience relapse. The main problem of these patients is the development of resistance to anti-cancer drugs. Therefore, any endeavor to reduce drug resistance in these patients is of high priority. In general, several mechanisms such as changes in drug metabolic pathways, drug inactivation, drug target alterations and reduced drug accumulation in the cells contribute to drug resistance of cancer cells. In this context, evidence suggests that exosomes could reduce drug resistance by removing drugs from their parent cells. In the present study, we aimed to investigate the effects of exosome release inhibition on the resistance of U937 cells to PEGylated liposomal doxorubicin (PLD).



Main Methods

In order to find a suitable ABCG2 (ATP-binding cassette sub-family G member 2) transporter substrate, virtual screening was performed among a list of drugs used in leukemia and PLD was selected. U937 cells were treated with PLD with/without co-treatment with the exosome release inhibitor, GW4869. Released exosomes within different study groups were isolated and characterized to determine the differences between groups. Doxorubicin presence in the isolated exosomes was also measured by high performance liquid chromatography (HPLC) to confirm drug export through the exosomes. Finally, the effect of exosome inhibition on the cytotoxicity of PLD on U937 cells was determined using different cytotoxicity assays including the standard lactate dehydrogenase (LDH) release assay and the flow cytometric analysis of apoptotic and non-apoptotic cell death.



Key Findings

GW4869 treatment caused a significant decrease in the exosome release of U937 cells compared to the untreated cells, as evidenced by the reduction of the protein content of the isolated exosomes (P<0.05). Co-treatment with GW4869 significantly increased cytotoxic cell death in the groups treated with 0.5 and 1 µM PLD, compared to the same groups without GW4869 co-treatment (P<0.05). Interestingly, co-treatment with GW4896 and 0.5 µM PLD was enough to induce the same cytotoxic effect as that of the sole 1 µM PLD group.



Significance

Our findings showed that U937 cells increase their resistance against the cytotoxic effects of PLD through the exosome-mediated expelling of the drug. Inhibition of exosome release could prevent PLD efflux and consequently increase the vulnerability of the U937 cells to the cytotoxic effects of PLD. Our results along with prior studies indicate that the integration of exosome release inhibitors into the common PLD-containing chemotherapy regimens could significantly lower the required concentrations of the drug and consequently reduce its associated side effects. Further studies are warranted to identify clinically safe inhibitors and investigate their clinical efficacy.





Keywords: extracellular vesicles (EVs), exosome, cancer, drug resistance, liposomal doxorubicin, virtual screening



Introduction

Leukemias are a group of hematological malignancies in which mutated hematopoietic progenitors produce great number of abnormal leukocytes, called blasts, which accumulate in bone marrow, tissues and blood. Based on prognosis, myelogenous leukemia is classified as acute myelogenous leukemia (AML) and chronic myelogenous leukemia (CML) (1).

AML is mainly a disease of the elderly and its prevalence is higher in people over 65 years of age. An estimated 21,450 cases were diagnosed in 2019 in the United States, and more than 10,900 patients died this year, accounting for 62% of leukemia-associated deaths. Since, AML’s five-year survival rate is less than 10%, it is very difficult to manage and treat patients (2, 3). Despite advances in the treatment of AML and the availability of a variety of treatment options from chemotherapy and targeted therapies to stem cell transplantation, a large number of patients experience recurrence, which is mainly caused by drug resistance. Accordingly, new strategies are needed to maximize response to initial treatment and increase survival period (4).

Cancer cells employ various mechanisms, collectively known as drug resistance mechanisms, to escape the destructive effects of therapeutic agents including chemotherapy drugs and all other types of anti-cancer agents (5). Some types of cancer cells are inherently resistant to treatment and, therefore immediately demonstrate resistance therapy, while others initially respond to treatment and gradually develop acquired resistance following subsequent exposure (6). Although induction chemotherapy with cytarabine with anthracyclines results in an acceptable response in about 70% of AML patients, unfortunately, recurrence occurs following acquired drug resistance in these patients (7).

Exosomes, a widely studied subset of extracellular vesicles, are nanovesicles with a lipid bilayer membrane. These nanovesicles are of endosomal origin and carry different compositions of lipids, proteins and nucleic acids depending on the cell from which they originate as well as the conditions in which they are produced and secreted (8, 9). Through the transportation of such content between different cells, exosomes facilitate intercellular communication and therefore, play critical roles in various physiological and pathological processes in the body. Cancer cells exploit this ability of exosomes to change their microenvironment in favor of tumor spread (10–12). A great deal of evidence suggests that exosomes can induce resistance of cancer cells to drugs due to their ability to pack and transport biological cargo including the therapeutic agents and other molecules responsible for drug resistance such as certain microRNAs, drug transporters, etc. (13, 14).

The presence of drug transporters in the exosomes is closely related to the concept of drug resistance mediated by these vesicles. These transporters have been shown to pass through exosomes to reach their target cells and eventually induce their drug resistance. Furthermore, through their presence within the membrane of exosomes, these transporters may facilitate the entry of the drugs into exosomes and the subsequent exosome-mediated expulsion of the drugs from the cells of origin (15, 16). Studies have shown that drugs such as topotecan and riboflavin are loaded into ABCG2-rich (ATP-binding cassette sub-family G member 2) exosomes and thereby, removed from the cells. Therefore, the possible role of this transporter in the exosome-mediated efflux of these drugs was highlighted (17). It has been suggested that these transporters are located in the reverse direction on the membrane of the exosomes, thus endowing the drugs a free passage into these vesicles (16). Therefore, the use of exosome inhibitors could be a new strategy to increase the sensitivity of cancer cells to treatment. In the recent years, various attempts on the pharmacological inhibition of exosome release have been made and the effectiveness of such inhibitors such as neticonazole, ketotifen, cannabidiol, and GW4869 has been demonstrated (18, 19).

Exosomes secreted from AML cell lines as well as primary AML blasts have the ability to regulate tumor microenvironment and cell activity in favor of cancer progression and induction of drug resistance (20). Szczepanski et al. have shown that AML cells are able to secrete larger amounts of exosomes compared to healthy controls and have also shown that the molecular profiles of their exosomes are different (21). U937 is an AML cell line from which secreted exosomes have been extracted and studied in various studies. Exosomes secreted by U937 cells have also been used in studies on the drug resistance of AML to chemotherapeutic agents (22).

Doxorubicin is an anthracycline, widely used in the treatment of various malignancies. Despite the fact that this drug is one of the most widely-utilized chemotherapeutic drugs, due to its serious side effects especially the cardiac toxicity of its cumulative doses, its use has been limited in recent years (23). Nanotechnology has relatively helped solve this problem by encapsulating doxorubicin in liposomes to increase its efficiency and reduce its toxicity. PLD is a liposomal formulation in which doxorubicin is loaded into liposomes with methoxypolyethylene glycol on their surface. However, there is still a strong need for the development of novel strategies to cope with this limitation of doxorubicin (24).

In the present work, we made an attempt to examine the possible drug-sensitizing effects of exosome inhibition in combination with the treatment of AML cells with a cytotoxic agent. Given the previously demonstrated role of ABCG2 transporters in exosome-mediated expulsion of drugs from cancer cells, after a bioinformatics screening of anti-leukemic drugs, doxorubicin was found to be a desirable ABCG2 substrate. Based on the limitations of doxorubicin due to its side effects the liposomal formulation, PLD, was selected to be used for the treatments. GW4869, a commonly used exosome inhibitor, was used to investigate the effectiveness of such a strategy in increasing the sensitivity of U937 cells to doxorubicin.



Materials and Methods


Reagents and Antibodies

PEGylated liposomal doxorubicin was obtained from Janssen (Belgium). Exo-spin™ exosome purification kit was obtained from Cell Guidance systems (UK). CyQUANT™ LDH cytotoxicity assay kit and 3.9-μm latex beads were purchased from Invitrogen (USA). Exosome-free fetal bovine serum (FBS) was from System Biosciences (USA) and RPMI 1640 was from Capricorn (Germany). BCA protein assay kit was purchased from Parstous Biotechnology (Iran). Anti-CD63/PE antibody and Isotype control mouse IgG/PE was from BioLegend (USA). Annexin V-FITC/PI kit was obtained from MabTag (Germany).



Virtual Screening

The crystal structure of ABCG2 (PDB: 6VXI) was obtained from Protein Data Bank (http://www.rcsb.org/). After the removal of the co-crystallized ligand (mitoxantrone), several preparations were made to the receptor via merging the non-polar hydrogens and assigning Kollman charges. The structure data file (SDF) formats of 46 anti-leukemia chemotherapeutic agents were obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov). Using the PyRx software, pdbqt conversion and energy minimization was performed. PyRx was also used to perform the virtual screening. The grid box was calculated based on the co-crystallized ligand. The best ligand conformation was attained based on the lowest docking energy. Discovery Studio visualizer v16.1.0 and PyMol 2.3.6 were used to study the ligand-receptor interactions.



Cell Culture Treatment

U937 cell line was obtained from the Pasteur Institute of Iran. The cells were grown in RPMI-1640 supplemented with 10% fetal bovine serum (FBS) and 1% penicillin and streptomycin at 5% CO2 and a temperature of 37°C. U937 cells at their log phase of growth were first washed with cold phosphate-buffered saline (PBS) and then seeded in T-75 flasks containing complete medium supplemented with exosome-depleted FBS. The cells were allocated to a control group, which remained untreated and seven study groups including a group solely receiving 20 µM GW4869, and six other groups treated with three different concentrations of PLD (0.5, 1 and 2 µM) with or without 20 µM GW4869. The incubation time for all the treatments was 24 h.



Exosome Isolation

In order to confirm exosome production and release by U937 cells, exosomes were isolated from the cells in different groups and characterized. At the end of the incubation time, the cells were centrifuged at 16000 g for 20 min to precipitate the cells. The supernatants were then collected and centrifuged once again to eliminate any remaining cellular debris and filtered through a 0.2 µM Nanopore filter. The filtered supernatants were subjected to the steps indicated in the Exo-spin commercial exosome isolation kit. Briefly, the buffer A supplemented within the kit, was added to the supernatants and incubated at 4°C overnight. Then, the samples were centrifuged at 16000 g for one hour and the supernatants were passed through the isolation columns. Finally, the isolated exosomes in each group were obtained at a total volume of 200 µL. The purified exosomes were stored at -80°C until further analysis.



Exosome Characterization and Quantification


Transmission Electron Microscopy

Size and morphology analysis of the isolated exosomes was performed by transmission electron microscopy (TEM) based on the method described by Moloudizargari et al. (8).



BCA Protein Assay

Parstous BCA protein assay kit was used to quantify the protein content of the purified exosomes. To do this, a standard curve was obtained using 9 serial dilutions of BSA and the absorbance of each sample was converted to µg/mL protein using this curve.



Flow Cytometry

The purified exosomes were loaded onto latex microbeads to render them suitable for flow cytometry studies. Accordingly, 5 μg of the isolated exosomes was mixed with 10 μL of latex microbeads. After 15 minutes of incubation at room temperature, PBS was added to the exosome and microbead mixture to reach a volume of 1 ml and was incubated overnight. Afterwards, 100 mM glycine was used to block the remaining unspecific binding sites on the microbeads. Following 30 minutes of incubation at room temperature, the resulting mixture was centrifuged for 4 minutes at 4000 g and the pellet was washed three times with PBS containing 0.5% BSA. Subsequently, latex-loaded exosomes were stained with PE-conjugated anti-CD63 antibody and the corresponding isotype control and examined by flow cytometry. Exosome-free microbeads stained with the same antibody were also used as a control for nonspecific antibody binding.




HPLC

The presence of doxorubicin in exosomes secreted from U937 cells was evaluated by HPLC. To do this, the intact structure of the isolated exosomes was sequestrated using a lysis buffer containing triton X-100 and doxorubicin concentration was subsequently measured in the solution. In summary, the mobile phase consisted of acetonitrile and water (PH = 3) with a ratio of 70:30 and the flow rate of the mobile phase was 1 mL/minute. The absorption spectrum at 233 nm was investigated by a UV detector. To draw a standard curve, four solutions containing serial dilutions of doxorubicin (5.2, 5, 10 and 20 ppm) were prepared and injected into the device.



Viability Assays

In order to quantify the extent of cytotoxic cell death in the studied groups and to investigate the effect of exosome inhibition on PLD cytotoxic function, flow cytometric analysis of cell death was done following annexin V/PI staining and the standard lactate dehydrogenase (LDH) release assay was also performed.


Annexin V/PI Staining

To study cell death by flow cytometry, U937 cells were first seeded in 6-well plates and incubated with different concentrations of PLD for 24 hours at 37°C and 5% CO2. After incubation, the cells were collected and washed with PBS and stained with annexin V/PI according to the protocol provided within the Mabtag kit. Finally, the data was acquired by a FACS Calibur flow cytometer and analyzed by the FlowJo software version X.



LDH

This assay is based on the measurement of the LDH enzyme released from damaged cells. Invitrogen commercial kit was used to perform the experiments. U937 cells were seeded in a 96-well plate and treated with different concentrations of PLD. At the end of the incubation time, 50 μL of each well was transferred to a new 96-well plate and 50 μL of the reaction mixture, provided in the kit, was added to each well and mixed gently. After 30 minutes of incubation, 50 μL of the stop solution was added to each well and after one hour the absorption was measured at 490 nm and 680 nm. The percentages of specific cytotoxicity of PLD in different study groups were then calculated using the following formula, where the obtained ODs were directly used to perform the calculations:

	




Statistical Analysis

The GraphPad Prism 6 software was used to perform all the statistical analysis of the present study. One-way analysis of variances (ANOVA) followed by a post hoc Tukey test was used to determine significant differences between groups and the results were reported as Mean ± SD. All experiments were performed in triplicate. P-value less than 0.05 were considered statistically significant.




Results


Virtual Screening and Molecular Docking

In order to find the best substrate for the ABCG2 transporter among the screened chemotherapeutic drugs used in the treatment of leukemia, structure-based docking was performed. Doxorubicin had the lowest binding energy among the drugs used in AML treatment (Table 1). To evaluate the validity of the screening and the final selected compound, molecular docking by ADT was performed for doxorubicin and mitoxantrone separately. The results of docking showed that doxorubicin had lower binding energy than mitoxantrone and therefore was selected for the present study. Considering the superiority of the liposomal form of this drug over its standard form, PLD was finally selected to be used in the experiments. The interaction of these two ligands is demonstrated in Figures 1 and 2.


Table 1 | Top 10 compounds obtained in virtual screening.






Figure 1 | The representation of mitoxantrone (A) and doxorubicin (B) docked with ABCG2. The ligands (mitoxantrone and doxorubicin) are shown in yellow. The active site residues are displayed as stick and the backbone of the receptor as ribbon.






Figure 2 | Two-dimensional (2D) representation of the interactions of mitoxantrone (A) and doxorubicin (B) with ABCG2, generated by discovery studio visualizer v16.1.0. The different residues are marked by colored circles and three-letter abbreviations, and the colors indicate the type of interaction.





Exosome Characterization

Exosomes extracted and purified from U937 cells in different study groups were collected. The micrographs of morphological evaluation by TEM displayed round, cup-shaped nano-vesicles with a size range of 30-150 nm (Figure 3A). Exosomal protein concentration was measured as an indicator of the extent of exosome release among different study groups. The exosomal protein concentration of the sole GW4869 group and the combinational 2 μM PLD + GW4869 group were significantly different from that of the control group; however, sole treatment with 2 μM PLD did not induce any significant change in the exosomal protein concentration of the cells (Figure 3B). Although exosomes are originated and secreted from different cells, their production process is the same in all cells; therefore, a number of markers can be used to identify the population of exosomes. For this purpose, we measured the presence of the tetraspin CD63 on the surface of the exosomes by flow cytometry. We also used an isotype control to ensure the specificity of the results. The results confirmed the expression of CD63 in the prepared samples of exosomes (Figure 3C).




Figure 3 | Characterization of exosomes isolated from U937 cells. (A) TEM micrograph shows cup-shaped morphology, (B) BCA protein concentration assay reveals decreased protein concentration after GW4869 treatment, #Significantly different compared to the control (P < 0.05), *Significantly different compared to the same concentration with/without GW4869 (P < 0.05), φSignificantly different compared to the GW4869-treated group, (C) The isolated U937 exosomes are positive for the CD63 marker.





Confirmation of Doxorubicin Loading in Exosomes

U937 extracted exosomes were examined by HPLC to investigate the loading of doxorubicin into the isolated exosomes. The results showed that doxorubicin can be exported from the U937 cells through exosomes (Figure 4).




Figure 4 | Doxorubicin detection in exosome samples by high-performance liquid chromatography (HPLC). (A) Absorption spectrum of digested exosomes extracted from untreated U937 cells, (B) Absorption spectrum of 10 ppm doxorubicin standard sample, (C) Absorption spectrum of digested exosomes extracted from U937 cells treated with 2 μM PLD. The presence of doxorubicin in the exosomes and thus the ability of the exosomes to package and export the drug is indicated based on the absorption spectrum of the injected digested exosome sample.





Exosome Release Inhibition Is Associated With Increased Cytotoxicity of PLD

In order to investigate the effect of exosome release inhibition on the cytotoxicity of PLD, after the treatment of U937 cells in different study groups, the percentage of cell death was determined with flow cytometry following Annexin V/PI staining and specific cytotoxicity was also calculated using the LDH release assay.

The results of flow cytometry indicated that co-treatment of U937 cells with GW4869 in combination with all concentrations of PLD was able to significantly increase its cytotoxicity compared to the same concentrations without GW4869 co-treatment (P<0.05) (Figure 5). The results of the LDH assay were almost in line with flow cytometry indicating a significant difference between the specific cytotoxicity calculated for 0.5 and 1 µM concentrations of PLD compared to the corresponding concentrations with GW4869 co-treatment (P<0.05) (Figure 6).




Figure 5 | Flow cytometry analysis of cell death in PLD-treated U937 cells in different groups. The graphs represent cell populations undergone complete cell death, which were identified as the sum of PI single positive plus annexin V/PI double-positive populations in each group. Based on the results, co-treatment of U937 cells with GW4869 in addition to different concentrations of PLD could increase its cytotoxicity compared to the corresponding concentrations without GW4869. Sole GW4869 treatment did not have any significant effects on the viability of U937 cells compared to the untreated control (P > 0.05). Ctrl, untreated control; GW, GW4869-treated; Lipo 0.5, 0.5 µM PLD; Lipo 0.5 + GW, 0.5 µM PLD with GW4869; Lipo 1, 1 µM PLD; Lipo 1 + GW, 1 µM PLD with GW4869; Lipo 2, 2 µM PLD; Lipo 2 + GW, 2 µM PLD with GW4869. #Significantly different compared to the control group (P < 0.05), *significantly different compared to the same concentration with/without GW4869 (P < 0.05).






Figure 6 | Quantitative analysis of specific cytotoxicity in U937 cells exposed to different concentrations of PLD with/without GW4869 by the LDH release assay. Co-treatment of U937 cells with GW4869 in addition to 0.5 and 1 µM concentrations of PLD could increase its cytotoxicity compared to the corresponding concentrations without GW4869. The combined use of the GW4869 and PLD was able to reduce the required concentration of the drug by half to yield the same cytotoxic effect. Sole GW4869 treatment did not have any significant effects on the specific cytotoxicity of U937 cells compared to the untreated control (P > 0.05). Ctrl, untreated control; GW, GW4869-treated; Lipo 0.5, 0.5 µM PLD; Lipo 0.5 + GW, 0.5 µM PLD with GW4869; Lipo 1, 1 µM PLD; Lipo 1 + GW, 1 µM PLD with GW4869; Lipo 2, 2 µM PLD; Lipo 2 + GW, 2 µM PLD with GW4869. #Significantly different compared to the control group (P < 0.05), *significantly different compared to the same concentration with/without GW4869 (P < 0.05).






Discussion

AML is a life-threatening blood malignancy that despite the advances in its therapy, more than 85% of the patients fail to respond to treatment. Previous studies have suggested that drug resistance is the key responsible factor for the treatment failures and short-term survival in these patients (4).

Cellular communication between cancer cells and their host cells forms a complex network that affects the progression potential of cancer cells. Classically, this network is defined by the cellular secretory molecules or the direct interaction of cells with each other. However, in the recent years, another fundamental mechanism of inter-cellular communication has been proposed based on the release of extracellular vesicles. Over the years, the formation, function and packaging process of extracellular vesicles, especially exosomes, have received much attention. Numerous studies have shown the roles of exosomes in various diseases including autoimmunity, neurodegenerative diseases, inflammation and cancer (15). Exosomes also play a key role in drug resistance induction and have been described as its important mediators. In this regard, studies have shown that exosomes cause drug resistance by exporting chemotherapeutic agents from cells. Tumor acidity increases the secretion of exosomes by the cells and drugs can be trapped within the acidic exosomes released by these cells (25, 26). This phenomenon of sequestration of drugs by the tumor-derived exosomes reduces the concentration of the drug in the tumor cells and is considered as a mechanism of drug resistance in the cell(s) of origin (27, 28).

Drug resistance is generally associated with multidrug resistance proteins (MDR). These proteins belong to the ABC transporter family, which carry various molecules along the plasma membrane. These transporters are involved in inducing exosome-mediated drug resistance, especially in the exosome-releasing cells (29, 30). ABCG2 is one of the key transporters and studies on the ABCG2-rich exosomes have shown that drugs such as riboflavin, topotecan and methotrexate can be expelled from the cells through exosomes (31). It has been suggested that the PI3K/Akt pathway may play a role in the ABCG2 arrangement on the exosome membrane (28). Accordingly, in this study, we screened a library of anti-leukemia drugs to find the best ABCG2 transporter substrate among different chemotherapeutic agents employed in the treatment of leukemia. During this screening, doxorubicin had the highest score among the drugs used for AML. In the next step, we performed in vitro studies to investigate the potential of AML cells to pack doxorubicin into exosomes and expel it from the cell(s) of origin. Furthermore, we studied the impact of exosome inhibition on the cytotoxic effect of PLD on U937 cells.

Doxorubicin, also known as Adriamycin, is the most widely used anthracycline, which has shown significant therapeutic effects in many types of cancers and is one of the most potent chemotherapy drugs. However, its application is limited due to its toxicity profile, especially cardiac toxicity (32).

Unfortunately, like all other cytotoxic agents, doxorubicin does not specifically target tumor markers and has the potential to affect the growth and function of host cells. The severity of side effects depends on the prescribed dose. In addition, doxorubicin has a very short half-life with a wide non-selective tissue distribution. Therefore, like many other anticancer drugs, effective treatment with doxorubicin often requires high concentrations, which can exacerbate toxic side effects due to the lack of selectivity (33).

Nanotechnology methods have proven promising to overcome the various limitations of cancer treatment. The high surface-area-to-volume ratio and high surface ligand density are among the important characteristics of nanoparticles employed herein. Nanoparticles increase the local concentration of the drug by controlled transport and release of the drug. PLD is among the organic nanoparticles of doxorubicin, which are superior to its classic form in terms of efficacy and less serious side effects (34).

In the present study, GW4869, a common exosome inhibitor, was used to investigate the role of exosomes in the induction of drug resistance to PLD. The inhibitory effect of GW4869 on exosome release has been investigated in several in vitro and in vivo studies. In one of these studies, Nakamura et al. showed that GW4869, by inhibiting the release of ovarian cancer exosomes, reduced the cancer invasion. It reduced the exosome release without inducing toxicity or affecting cell viability. The results of this study showed that targeting the ceramide pathway and consequently exosome release could be a good option to make the current ovarian cancer treatments more effective (35). In another study, Cai et al. examined the effect of bone marrow-derived mesenchymal stem cells (BMSCs)-derived exosomal miR-9-3p on bladder cancer cells. BMSCs and cancer cells co-culture showed decreased survival and invasion of cancer cells and increased apoptosis. GW4869 was used to investigate the role of exosomes and found that inhibition of exosomes increased the survival and invasion of cancer cells and decreased apoptosis. According to their observations, GW4869 alone had no effect on cell viability (36). In another study, Richards et al. found that GW4869 inhibited exosome secretion from gemcitabine-treated cancer-associated fibroblasts and also reduced drug resistance in pancreatic cancer. Considering the important role that they observed for GW4869 in reducing drug resistance, it was concluded that the use of GW4869 and exosomal inhibitors in general along with chemotherapy drugs can be an effective treatment strategy (37). In our study, after extracting the exosomes, we evaluated the CD63 surface marker, protein content and morphology to confirm the exosome produced by U937 cells.

Studies have shown that compared to the healthy individuals, the plasma of AML patients contains higher levels of exosomal protein. These exosomes have also been shown to be different in terms of their molecular profile among AML patients and healthy individuals. Moreover, exosomal protein levels in AML patients appear to reflect the extent of the disease and are associated with recurrence after treatment. Regarding treatment-related changes in exosomal protein levels, it appears that its significant reduction after chemotherapy is associated with a decrease in AML blasts in the bone marrow, resulting in lower exosome secretion (38). In the present study, the protein concentration in the GW4869-treated group was significantly lower than the control group, which indicates the successful inhibition of exosome release by this agent. GW4869 in combination with 2 μM PLD also significantly reduced the protein concentration and thus inhibited the release of exosomes. Various studies have shown that chemotherapy drugs can increase the secretion of exosomes from cancer cells (39). Increased exosome secretion of hepatocarcinoma cells induced by paclitaxel and carboplatin (40) and the stimulation of exosome release by doxorubicin in Balb/C mice (41) are only some of many examples supporting this notion. A possible mechanism for such an increase could be the effect of chemotherapy drugs on the induction of ceramide synthesis (42). Studies have shown that doxorubicin promotes the nSMase2 enzyme function, resulting in the production of ceramide (42). Accordingly, doxorubicin interferes with the function of GW4869 by affecting the ceramide production pathway, which may explain why GW4869 was not as efficient in combination with PLD as its sole use. Importantly however, it was still successful enough in lowering exosome release compared to the sole PLD group, which was the major goal of our study.

After confirming the successful isolation of exosomes and the inhibitory effect of GW4869 on exosome release, the presence of doxorubicin in the exosomes was investigated by HPLC. Finally, we evaluated the effect of this inhibition on drug resistance and cell death. For this purpose, cell death of PLD-treated U937 cells with/without GW4869 was assessed by the LDH assay and flow cytometry. Investigation of cell death in both tests showed that the use of GW4869 with each concentration of PLD increased cell death compared to the sole use of PLD at the same concentrations. Accordingly, it is possible that the inhibition of exosome release also contributed to the accumulation of PLD in the U937 cells and thus increased the sensitivity of these cells to treatment.

Interestingly, the extent of cytotoxic effect in the 1 µM PLD-treated group and the combinational 0.5 µM PLD and GW4869 treated group were not significantly different. This finding indicate that the concomitant use of lower concentrations of PLD with an exosome inhibitor could give rise to a cytotoxic effect similar to higher concentrations of the drug alone.

Increasing drug accumulation in cancer cells is a strategy to improve the effectiveness of chemotherapeutic drugs. Preventing drugs from leaving the cell via inhibiting the release of exosomes is a means of such strategy, which could increase the sensitivity of tumor cells to chemotherapy (43). On the other hand, the required concentration of chemotherapeutic agents may potentially be reduced, using a combination of these agents with exosome inhibitors. This could be a promising strategy in the design of novel treatment protocols by reducing the side effects of chemotherapy and, at the same time, maintaining the beneficial cytotoxic effects (44).

Our results were in accordance with as the results of a study by Koch et al. in which they used indomethacin to inhibit exosome release in B cell lymphoma. Indomethacin down-regulated the ABCA3 transporter, which is involved in the packaging and secretion of drugs such as anthracyclines into the exosomes. By increasing intracellular drug accumulation, indomethacin improved the efficacy of doxorubicin and counteracted drug resistance (45). In another study, chloramidine and bisindolylmaleimide-I were used to inhibit exosome release from PC3 and MCF7 cancer cell lines. Concomitant use of these two inhibitors and Fluorouracil (5-FU) increased the antineoplastic activity of 5-FU, which may be due to the increased drug accumulation in these cells (46). In agreement with the results of the present study, Khan et al. also showed that reducing the release of doxorubicin-containing exosomes from cancer cells by ketotifen, a mast cell stabilizer, could improve response to the drug, which was a confirmation of doxorubicin removal from cancer cells by exosomes (47).



Conclusion

The findings of this study provide evidence on the capability of AML cells to expel doxorubicin into exosomes leading to their resistance to PLD. Our results are consistent with the results of many studies on the role of exosomes in various diseases and emphasize the importance of exosomes as potential targets for the design of optimal treatment regimens for cancer.

As the number of exosome-focused clinical trials, from proteomic evaluation of secreted exosomes to engineered exosomes as drug delivery vehicles, has been increasing in recent years, there is a lack of clinical trials on drug resistance and evaluation of the clinical efficacy and safety of exosome inhibitors in combination with conventional treatment regimens. Finally, designing clinical trials on the role of exosomes and the effectiveness of their inhibition in managing drug resistance of various cancers to therapy is warranted.
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A significant number of patients (pts) with metastatic melanoma do not respond to anti-programmed cell death 1 (PD1) therapies. Identifying predictive biomarkers therefore remains an urgent need. We retrospectively analyzed plasma DNA of pts with advanced melanoma treated with PD-1 antibodies, nivolumab or pembrolizumab, for five PD-1 genotype single nucleotide polymorphisms (SNPs): PD1.1 (rs36084323, G>A), PD1.3 (rs11568821, G>A), PD1.5 (rs2227981, C>T) PD1.6 (rs10204225, G>A) and PD1.9 (rs2227982, C>T). Clinico-pathological and treatment parameters were collected, and presence of SNPs correlated with response, progression free survival (PFS) and overall survival (OS). 115 patients were identified with a median follow up of 18.7 months (range 0.26 – 52.0 months). All were Caucasian; 27% BRAF V600 mutation positive. At PD-1 antibody commencement, 36% were treatment-naïve and 52% had prior ipilimumab. The overall response rate was 43%, 19% achieving a complete response. Overall median PFS was 11.0 months (95% CI 5.4 - 17.3) and median OS was 31.1 months (95% CI 23.2 - NA). Patients with the G/G genotype had more complete responses than with A/G genotype (16.5% vs. 2.6% respectively) and the G allele of PD1.3 rs11568821 was significantly associated with a longer median PFS than the AG allele, 14.1 vs. 7.0 months compared to the A allele (p=0.04; 95% CI 0.14 – 0.94). No significant association between the remaining SNPs and responses, PFS or OS were observed. Despite limitations in sample size, this is the first study to demonstrate an association of a germline PD-1 polymorphism and PFS in response to anti-PD-1 therapy in pts with metastatic melanoma. Extrinsic factors like host germline polymorphisms should be considered with tumor intrinsic factors as predictive biomarkers for immune checkpoint regulators.




Keywords: metastatic melanoma, PD1, polymorphism, predictive biomarker, immunotherapy



Introduction

Programmed cell death-1 (PD-1) is a member of the CD28 family of co-stimulatory molecules and is expressed on activated CD4+ and CD8+ T cells (1). Upon binding to its ligand, programmed death-ligand 1 and 2 (PD-L1 and PD-L2), PD-1 is responsible for negatively regulating the effector phase of T-cell responses and maintaining immune tolerance (2). Constitutive high level expression of PD-1 on tumor specific T lymphocytes is a major factor restraining an effective anti-tumor immune response in patients with advanced malignancies (3). The monoclonal antibodies targeting PD-1, nivolumab and pembrolizumab, have shown impressive and durable responses in cancer patients resulting in regulatory approval in many cancer subtypes. Despite the success of these agents, a significant proportion of patients do not respond to anti-PD-1 therapy; therefore identifying biomarkers that predict therapeutic efficacy remains an urgent need (4). The human gene for PD-1, PDCD1, is localized on chromosome 2q37 (5). A number of single nucleotide polymorphisms (SNPs) in PDCD1 have been identified and shown to be associated with the development of autoimmune conditions, including Crohn’s disease, systemic lupus erythematosus, type I diabetes, rheumatoid arthritis, and multiple sclerosis (6). In addition, certain PD-1 polymorphisms have been shown to be associated with an improved viral control in patients with chronic viral infections (7). The effect of PD-1 polymorphism in cancer remains unclear, with some studies reporting an increase in the risk of developing some cancer types while others have reported a reduced risk (8–10). Despite the crucial role that the PD-1/PD-L1 pathway plays in limiting anti-tumor immune responses, there are no data exploring the potential influence of PD-1 polymorphisms on the treatment response to anti-PD-1 blockade.

In this study we retrospectively evaluated the association of polymorphisms in PDCD1 with responses and survival in patients with metastatic melanoma treated with anti-PD-1 monoclonal antibodies. We demonstrate that certain PD-1 SNPs may be associated with improved anti-melanoma outcomes after immunotherapy and can potentially serve as biomarkers.



Methods


Patients

Patients with metastatic melanoma treated with single agent anti-PD-1 antibodies, nivolumab or pembrolizumab, between January 2014 and June 2016 in three major Australian melanoma centers were studied. Data collected included: baseline demographics, disease stage, disease characteristics; details of PD-1 inhibitor treatment (type, dosage, number of cycles received); prior systemic treatments; and time to endpoint data. End-points evaluated were overall response rate (ORR; defined as CR or PR), progression free survival (PFS) and overall survival (OS). PFS was defined as time between date of commencement of therapy to date of progression or death. Response assessments were made as per the Response Evaluation Criteria in Solid Tumors (RECIST) v1.1 (11).



Genotyping

The SNPs selected for study were those either located in the promoter or untranslated region or coding region of the gene, those previously evaluated in relation to cancer, or those with evidence of functional significance in autoimmune diseases. DNA extracted from baseline blood samples were analyzed by polymerase chain reaction (PCR) and high-resolution melt (HRM) analysis on the Rotor-Gene 6000 (Corbett Life Science). A 20µL reaction mixture contained; 1X PCR Buffer, 2.5mM MgCl2, 800nM total of dNTPs, 250nM forward primer, 250nM reverse primer, 5 µM of SYTO9 intercalating dye (Invitrogen), 0.5 U of HotStarTaq polymerase (Qiagen), 2 ng of genomic DNA and UltraPure™ PCR grade water (ThermoFisher Scientific). The cycling and melting conditions for all PD-1 SNP genotyping assays were as follows; 15 min activation at 95°C followed by 55 PCR cycles of 98°C for 20 seconds, 65°C for 30 seconds and 72°C for 25 seconds, then a post PCR hold at 98°C for 1 min followed by high resolution melting from 68°C to 98°C, 0.2°C per step. All samples were tested in duplicate and analyzed using the Rotor-gene 6000 software.

The study was approved by individual institution ethics committees of Austin Health, Melbourne, Westmead Hospital, Royal North Shore and Mater Hospitals, Sydney and patients either prospectively consented to inclusion or consent was waived as per individual institution ethics committee guidance.


 





Statistical Analysis

Kaplan-Meier estimates of PFS and OS from commencement of immune checkpoint therapy were calculated separately for each individual SNP. Hazard ratios and corresponding 95% confidence intervals were estimated through univariate and multivariate Cox proportional hazard models. Multivariate logistic regression analysis was used to explore the association between responses and SNP genotype. We performed Fisher’s exact tests per SNP genotypes to assess if responses observed between different SNP genotypes was significant. All analyses were carried out using R version 3.4.0 (12).




Results


Demographics and Efficacy Analyses

A total of 115 patients received either pembrolizumab or nivolumab between January 2014 and June 2016. The median follow-up after commencement of anti-PD-1 therapy was 18.7 months (range 0.26 – 52.0 months). The median age was 71.3 years (29.4 – 92.4), all patients were Caucasian and BRAF V600 mutations were detected in 24% of patients, while NRAS mutations were detected in 25% (Table 1). Thirty-six percent of patients were treatment naïve, 52% being treated with prior ipilimumab. The genotype frequency of SNPs evaluated in this study is consistent those reported in Caucasian populations (13) (Table 2).


Table 1 | Demographics.




Table 2 | PD-1 SNPs.



In our study the ORR was 43% with 22 patients (19%) obtaining a complete response. The median PFS was 11.0 months (95% CI 5.4 - 17.3) and median OS was 31.1 months (95% CI 23.2 - NA).



Association Between Genotypes and Clinical Outcome

Five PD-1 SNPs were genotyped in this cohort of patients with metastatic melanoma treated with an anti-PD-1 inhibitor. Almost a third of patients, 32 (28%), had the PD1.3 rs11568821 A/G genotype and 83 (72%) the G/G genotype. Patients with the G/G genotype had more complete responses than with A/G genotype (16.5% vs. 2.6%) respectively (Figure 1). No significant association between the remaining SNPs and responses were observed or between SNP genotypes and response (Supplementary Table 1). Kaplan-Meier estimates of PFS were calculated for each SNP (Figure 2) as well as separately for each PD1.3 genotype (Supplementary Figure 1). On univariate analysis, none of the PD-1 SNPs evaluated influenced PFS or OS, however in a multivariate Cox regression model (Supplementary Table 2) including AJCC stage and an interaction term with age, the presence of the G/G PD1.3 SNP was significantly associated with an improved PFS (p= 0.04).




Figure 1 | Expected (E)-to-observed (O) ratio of responses according to PD-1 SNP. Responses for all 4 SNPs (A–D) are shown as complete response (CR), partial response (PR), stable disease (SD) or progressive disease (PD) by dividing number of expected responses by number of observed responses within each genotype. The solid line at y=1 represents a theoretical E:O ratio of 1:1. NA signifies data points where one genotype had 0 events.






Figure 2 | Kaplan-Meier curves of progression-free survival stratified by the individual SNPs. (A) the median PFS for PD1.3 rs11568821 GG allele was 14.1 months versus 7.0 months for the AG allele (HR 0.836 (95%CI (0.50-1.39) p=0.49); (B) the median PFS for PD1.5 rs2227981 CT allele 16 months (HR 0.79 (95%CI (0.48-1.27) p=0.329), 2.1 months for the TT allele (HR 1.78 (95%CI (0.70-4.57) p=0.228) versus 8.1 months for the CC allele; (C) the median PFS for PD1.6 rs10204525 21.3 months for the AG allele versus 9.2 months for the GG allele (HR 0.75 (95%CI (0.40-1.40) p=0.364); (D) the median PFS for PD1.9 rs2227982 CC allele was 11.0 months versus 5.4 months for the CT allele (HR 0.73 (95%CI (0.27-2.01) p=0.543).






Discussion

This is the first study to evaluate the association between response to PD-1 inhibitors and germline polymorphisms in PDCD1 in patients with metastatic melanoma. The ORR in our patient cohort was similar to those reported in clinical trials of anti-PD1 therapies in metastatic melanoma (14, 15). We identified that the G allele of PD1.3 rs11568821 was significantly associated with longer PFS in anti-PD-1 treated patients. Germline SNPs in immune-regulatory genes have been widely conducted, but mainly in the context of cancer-risk, as nicely summarized by Wagner et al. (16). Only a handful of studies have linked responses to immunotherapy or the advent of immune-related adverse events (irAEs) during treatment to SNPs in various immune-regulatory genomic regions, including CTLA4 and PDCD1 (17–20). The PDCD1 SNPs PD1.5 (rs2227981) and PD1.9 (rs2227982) are both located within exon 5 of the PDCD1. PD1.5 is a synonymous polymorphism while PD1.9 is a non-synonymous SNP resulting in the amino acid substitution from valine to alanine at codon 215. The PD1.1 SNP G/A (rs36084323) is located in the promoter region, and was very uncommon in our patient population as previously reported (21). PD1.3 (rs11568821) is a guanine (G) to adenine (A) SNP in intron 4 at nucleotide +7146. This substitution alters the binding of runt-related transcription factor 1 (RUNX1) transcription factors affecting transcriptional regulation and PD-1 expression (21–24). Additionally this SNP results in impaired PD-1-mediated inhibition of T cell proliferation and interferon gamma (IFNγ) production and augments lymphocyte activity (25). Our findings suggest that aberrant regulation of PD-1 expression leads to the observed increased efficacy of anti-PD-1 therapy in patients carrying this distinct polymorphism. In keeping with such a mechanism pre-clinical work demonstrates that a lower PD-1 expression level on tumor specific T lymphocytes is predictive for a response to anti-PD-1 blockade in mouse tumor models (26). It could also be speculated that the frequency of exhausted PD-1+ T cell subpopulations that can be reinvigorated by anti-PD-1 blockade may differ between individuals based on the presence of certain PD-1 germline polymorphisms but functional effects of PD1.3 in the cancer setting remains to be established. Of interest, several population-based studies conducted largely in the Asian population and meta-analysis of available data have shown a significantly lower cancer risk associated with the PD1.3 (rs11568821) SNP (8, 27, 28), while other studies could not confirm these findings (29). The risk for the development of melanoma and the here examined SNPs is unclear, and we have not been able to find well annotated WGS data in sufficiently large cohorts of melanoma patients to cross-reference observed-to-expected minor allele frequency (MAF) as derived from the 1000 Genomes project. TCGA is providing healthy tissue WGS data from only minor sample populations, WGS data from healthy tissue, and even the recently published Pan-cancer analysis of whole genomes provides only information for a small set of melanoma patients, not all of which are of Caucasian origin (30). Multiple other limitations for GWAS studies exist, including lifestyle and additional factors that may contribute to cancer risk and most of these limitations are true for our study as well. The MAF frequencies as listed in Table 2 demonstrate that a very large patient number beyond the here presented one would be necessary for a sufficiently powered (0.8) study. Additionally, the number of SNPs within each study needs to be corrected for further increasing the necessary sample size for significance. Hence, the here detected associations (and non-associations), while interesting, need confirmation in much larger cohorts, and efforts to establish these are currently underway (31). Another additional challenge is to distinguish between predictive vs prognostic associations, hence study control arms (where available from historical trials) would need to be typed for SNP occurrence as well.

So far efforts to identify predictive biomarkers to anti-PD-1 therapy have mainly focused on tumor intrinsic factors. PD-L1 expression on melanoma cells has shown to enrich for responders to treatment with anti-PD-1 antibodies however in all studies evaluating anti-PD-1 therapies, a significant proportion of PD-L1 negative patients benefitted from treatment (32–34). This can be explained by the spatial and temporal heterogeneous PD-L1 expression in tumor tissue and the discordance in PD-L1 expression between metastatic tissue of the same patient (35, 36). Furthermore, apart from inherent technical issues with IHC, varying IHC cut-offs to define PD-L1 positivity, oncogenic versus induced PD-L1 expression, staining of tumor versus immune cells and the dynamic nature of PD-L1 expression complicates its use as a reliable biomarker (37, 38). Similarly patients with tumors that harbor higher numbers of non-synonymous single nucleotide polymorphisms leading to an increased number of neoepitopes have a trend to a better response to anti-PD-1 treatment (39). In addition, clinical pathological factors including peripheral blood markers (38, 40) were also be shown of potential predictive value. More recently it has been shown that the composition of intestinal microbiome can influence the response to anti-PD-1 therapy (41). Given the complexity of anti-tumor immune responses it is now recognized that no single biomarker can predict the success to anti-PD-1 blockade. Nonetheless a variety of factors that are associated with more or less favorable outcomes are being identified and aggregating such tumor-intrinsic features and tumor-extrinsic factors is likely to lead to models (or algorithms) that can assist identifying those patients most likely to respond to anti-PD-1 therapy and those likely to need alternative approaches including combination immunotherapies. Our study identifies the G allele of PD1.3 rs11568821 as the potential first germline SNP biomarker for the efficacy of anti-PD-1 therapies.

In conclusion, this is the first study that potentially demonstrates an association of a germline PD-1 polymorphism and longer PFS in response to anti-PD-1 therapy in patients with metastatic melanoma. Unfortunately, no PBMCs are available from the study cohort, so we could not pinpoint therapy-predictive value of SNPs with PD-1 expression. Additionally, the relative short follow-up time and limited study cohort size (n=115) available for this study emphasizes the importance of confirmative study cohorts. Future studies should additionally include SNPs or SNV in other relevant genes that may influence response to anti-PD-1 treatment or combination immunotherapies that may be used upfront or sequentially if the initial therapy fails. Despite these limitations these results suggest that PD-1 rs11568821 may be a biomarker for identifying patients likely to benefit from anti-PD-1 therapies. Together with other immune-markers this will help in establishing patient-specific cancer- immunomaps for patient stratification and prediction of response.
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Neoadjuvant chemotherapy followed by radical cystectomy is the standard of care for patients diagnosed with muscle-invasive bladder cancer (MIBC). However, urinary diversion following radical cystectomy significantly reduces patient quality of life. In addition, patients who significantly respond to neoadjuvant chemotherapy have a strong will to preserve the bladder. Bladder-sparing therapy has become a research focus worldwide. Although the bladder-sparing regimen, referred to as trimodality therapy (TMT), has been accepted, the efficacy of immunotherapy combined with chemotherapy for bladder preservation in patients with MIBC has not yet been published. We describe the case of a 50-year-old male presented intermittent macrohematuria and was diagnosed with bladder urothelial carcinoma by diagnostic transurethral resection of bladder tumor (TURBt) with clinical stage IIIA (cT3bN0M0). A complete response was achieved after four courses of neoadjuvant chemotherapy combined with pembrolizumab. Then, we performed a second TURBt plus randomized biopsy by cystoscopy. The pathology indicated no tumor in the bladder. Adjuvant chemoradiotherapy and immunotherapy were subsequently performed. Imaging examinations, cystoscopy and urine tumor DNA (utDNA) levels were used for surveillance after treatment. Finally, the patient achieved bladder preservation and had remained cancer-free for 19 months at the last follow-up on February 20, 2021. This is the first published case study to describe neoadjuvant chemotherapy plus pembrolizumab followed by concurrent chemoradiotherapy as a novel bladder-sparing regimen and successfully achieved a promising outcome.




Keywords: muscle-invasive bladder cancer, immunotherapy, chemotherapy, bladder-sparing, next-generation sequencing



Introduction

Bladder cancer is the ninth most common cancer worldwide (1). Approximately 25% of patients with urothelial carcinoma were diagnosed with muscle-invasive bladder cancer (MIBC), which was an aggressive type (2–4). The recommended standard of treatment is neoadjuvant cisplatin-based chemotherapy followed by radical cystectomy (RC). Up to 50% of patients are ineligible to receive RC as a result of pre-existing contraindications (5). Due to the reduced quality of life after RC, some patients have a strong will to preserve their native bladders. How to achieve bladder preservation without influencing prognosis has become a research focus. Unfortunately, effective bladder-sparing options are limited. Immunotherapy, such as programmed cell death 1 (PD-1)/programmed death-ligand 1 (PD-L1) inhibitor treatment, has emerged as a prospective therapeutic approach for multiple solid tumors (6). In the PURE-01 phase II study, MIBC patients with clinical T2-3bN0M0 disease received pembrolizumab before RC, and 42% achieved a pathologic complete response (pCR) (7). This study indicated that pembrolizumab as neoadjuvant therapy could be a worthwhile regimen.

Herein, we report an innovative bladder-sparing regimen consisting of pembrolizumab and neoadjuvant chemotherapy followed by concurrent chemoradiotherapy.

Written informed consent to participate in this study was provided by the participant. Written informed consent was obtained from the individual for the publication of any potentially identifiable images or data included in this article.



Case Presentation

In April 2019, a 50-year-old man with a 10-year smoking history and a family history of lung and colorectal cancer experienced intermittent macrohematuria. Pelvic computed tomography (CT) revealed an irregular mass measuring 3.0 cm × 2.1 cm located at the anterior wall of the bladder (Figure 1A). Diagnostic transurethral resection of bladder tumor (TURBt) indicated that the tumor was cauliflower-like with broad base. The pathology revealed that the tumor was MIBC. As the chest/abdominal/pelvic CT scans indicated that the perivesical fat was invaded, the patient was diagnosed with clinical stage III-A (cT3bN0M0) bladder cancer.




Figure 1 | Imaging of the patient over the course of therapy. (A) The axial pelvic CT image before treatment demonstrated a mass was about 3.0 cm arising from the anterior wall of the bladder and the perivesical fat was invaded. (B) After two cycles of neoadjuvant therapy, the axial image from dynamic contrast-enhanced pelvic MRI indicated the thickness of enhanced anterior wall of the bladder decreased. (C) After four cycles of neoadjuvant therapy, the axial T2W image from pelvic MRI showed the light thickening of the anterior wall was persisting, but no node or tumor was found. (D) After concurrent chemoradiotherapy plus pembrolizumab, the axial contrast-enhanced MRI on arterial phase showed the bladder was normal with no sign of tumor recurrence. (E) The axial contrast-enhanced MRI on arterial phase still showed no tumor in the bladder at the last follow-up on February 20, 2021.



The tissue sample collected during TURBt had a purity of 65% and was submitted for next-generation sequencing (NGS) analysis using a 642-gene panel. The tumor mutation burden (TMB) was 19.10 Mutants/Mb and the microsatellite state was stable (MSS). Furthermore, inactivating mutation in the RB1 gene was detected (Table 1). The immunohistochemistry showed that the combined positive score (CPS) of the PD-L1 expression level was <1, as determined by using a monoclonal mouse anti-human PD-L1 clone (22C3) antibody, and the frequency of infiltrating CD8+ T cells was 2%.


Table 1 | Results of gene mutation analysis of the patient tumor tissue.



Considering the promising efficacy of anti-PD-1 immunotherapy for patients with advanced bladder cancer and the high pCR rate in MIBC-related research, the patient strongly requested neoadjuvant chemotherapy combined with immunotherapy.

Since May 14, 2019, the patient received the neoadjuvant treatment, which included four cycles of gemcitabine and cisplatin (GC) plus concurrent pembrolizumab. The regimen consisted of gemcitabine (1,000 mg/m2) on days 1 and 8, cisplatin (60 mg/m2) on day 2, and pembrolizumab (200 mg) on day 2. As a grade 3 adverse event of bone marrow suppression arose, the gemcitabine and cisplatin doses were decreased to 850 mg/m2 and 50 mg/m2 in the following cycles. After two cycles of neoadjuvant therapy, pelvic MRI showed that the thickness of the anterior wall of the bladder was lessened, and the thickest area was only 0.5 cm (Figure 1B). The patient was considered to have achieved a partial response.

On July 28, 2019, pelvic MRI was repeated after the fourth cycle of neoadjuvant therapy. The imaging results showed that light thickening of anterior wall was persisting, but no node or obvious tumor was shown (Figure 1C), and the result of urine cytology analysis was negative. Given these results, the patient strongly preferred bladder-sparing treatment.

On July 30, 2019, the patient received the second TURBt and randomized biopsies by cystoscopy. The pathological analysis showed inflammation and interstitial edema without any tumor in the bladder and the stage was downgraded to T0.

Concurrent chemoradiotherapy started 1 month after the second TURBt. The regimen consisted of image-guided intensity-modulated conformal radiotherapy to the true pelvis with 45 Gy in 25 fractions plus the local lesion with 20 Gy in 10 fractions and concurrent cisplatin (40 mg/m2, once per week for 5 cycles). The side effects during chemoradiotherapy included second-degree fatigue and leukopenia. However, the patient recovered after symptomatic treatments. To evaluate the effect of chemoradiotherapy, the patient received pelvic MRI plus chest/abdominal CT on January 7 (Figure 1D) and cystoscopy on January 10, 2020. The results revealed that the bladder was normal with no sign of tumor recurrence. During this period, the patient received concurrent pembrolizumab (200 mg per 21 days). Finally, the patient achieved bladder preservation.

In addition, to monitor the status of the disease, urine tumor DNA sequencing analysis was carried out three times by a 642-gene panel from October 2019 to August 2020. The results showed that the mutation frequency of RB1 decreased significantly (Figure 2). On February 20, 2021, MRI results showed that there was still no tumor in the bladder (Figure 1E). Cystoscopy and urine cytology analyses were also negative. The patient had maintained cancer-free status and excellent bladder function for 19 months at the end of follow-up. The overall treatment timeline is shown in Figure 3.




Figure 2 | The mutation frequency of the RB1 gene in the urine of the patient.






Figure 3 | Timeline of patient treatment.





Discussion

The latest National Comprehensive Cancer Network guidelines recommend that the standard of care for the treatment of MIBC is neoadjuvant cisplatin-based therapy combined with chemotherapy and subsequent radical cystectomy. However, some patients cannot accept urinary diversion surgery and instead seek a bladder-sparing treatment strategy as an alternative to radical cystectomy. The widely accepted bladder-sparing regimen for MIBC patients is the tri-modality therapy (TMT). Giacalone et al. reported that 475 patients with cT2-T4a MIBC who underwent TMT had 66% and 59% disease-free survival rates at 5 and 10 years, respectively, and the risk of salvage cystectomy at 5 years was 29% (8). This demonstrated that TMT can be offered as an effective therapy for patients seeking bladder preservation. However, only 6% to 19% of MIBC met the conditions for TMT. Although TMT therapy was recommended as an alternative regimen for selected MIBC patients, patients with MIBC unsuitable for TMT still desire bladder-sparing regimens. This study revealed an optimistic bladder-sparing outcome by adopting neoadjuvant chemotherapy plus pembrolizumab and subsequent concurrent chemoradiotherapy. It indicated that the frequency of RB1 mutation might play a promising role in monitoring tumor recurrence.

The tumor suppressor gene RB1 is mutated in approximately 14% of urothelial carcinomas and is important for DNA repair (9). Defects in DNA repair-associated genes confer sensitivity to chemotherapy in bladder cancer cell lines and animal models (10, 11). The results of another study showed that patients with genomic alterations in the DNA repair-associated gene RB1 had better overall survival (p = 0.007) after three cycles of cisplatin-based neoadjuvant chemotherapy for MIBC (12). According to the presence of an inactivating mutation of RB1 in our patient, the optimistic response to cisplatin-based neoadjuvant chemotherapy was similar to previous studies.

Pembrolizumab as a PD-1 inhibitor was approved by the Food and Drug Administration for the treatment of adult and pediatric solid tumors on June 16, 2020. In this case, the expression of PD-L1 was relatively low (CPS<1, TPS<1%), but a high TMB (19.10 mutants/Mb) was detected. These results suggested that the patient would benefit from pembrolizumab therapy. In the PURE-01 study, pembrolizumab neoadjuvant therapy before RC in patients with MIBC resulted in an impressively high proportion (42%) of patients with pT0 (7). This result indicated that pembrolizumab could be a worthwhile neoadjuvant therapy when limited to patients with PD-L1 positive or high-TMB (≥15 mut/Mb) tumors.

Since tumor-derived DNA can be released into circulation and mutations in circulating free DNA (cfDNA) can be detected in various biological fluids, the detection of urine tumor DNA by a high-throughput sequencing method for disease surveillance in bladder cancer has been proposed. Monitoring the recurrence of bladder cancer by utDNA analysis has been explored in previous studies. Christensen et al. found that a high frequency of FGFR3 and PIK3CA mutations in the urine was associated with the progression and metastasis of bladder cancer (13). In another study, Dudley et al. indicated that urine tumor DNA could monitor the recurrence of bladder cancer, including monitoring RB1 mutation status (14). In this case, the RB1 mutation frequency gradually decreased during subsequent follow-up. Meanwhile, the imaging results suggested that the patient remained free from recurrence, which was consistent with the RB1 frequency decrease. These results showed that imaging examinations combined with urine molecular monitoring may be conducive for follow-up after bladder preservation therapy.

The patient received a novel regimen of neoadjuvant chemotherapy plus pembrolizumab and subsequent chemoradiotherapy that successfully preserved his bladder with no immunotherapy-related adverse events. The findings presented in this case study indicate that neoadjuvant chemotherapy plus immunotherapy with subsequent concurrent chemoradiotherapy may be a bladder-preserving option for MIBC patients, especially for those with a high TMB and RB1 mutation score, and that the frequency of RB1 mutation may play a promising role in monitoring tumor recurrence.
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The immune checkpoint blockade therapy has completely transformed cancer treatment modalities because of its unprecedented and durable clinical responses in various cancers. With the increasing use of immune checkpoint blockades in clinical practice, a large number of patients develop acquired resistance. However, the knowledge about acquired resistance to immune checkpoint blockades is limited and poorly summarized. In this review, we clarify the principal elements of acquired resistance to immune checkpoint blockades. The definition of acquired resistance is heterogeneous among groups or societies, but the expert consensus of The Society for Immunotherapy of Cancer can be referred. Oligo-progression is the main pattern of acquired resistance. Acquired resistance can be derived from the selection of resistant cancer cell clones that exist in the tumor mass before therapeutic intervention or gradual acquisition in the sensitive cancer cells. Specifically, tumor intrinsic mechanisms include neoantigen depletion, defects in antigen presentation machinery, aberrations of interferon signaling, tumor-induced exclusion/immunosuppression, and tumor cell plasticity. Tumor extrinsic mechanisms include upregulation of other immune checkpoints. Presently, a set of treatment modalities is applied to patients with similar clinical characteristics or resistance mechanisms for overcoming acquired resistance, and hence, further research is required.
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Introduction

Since the approval of the first CTLA-4 blockade by the US Food and Drug Administration (FDA) in 2011 (1, 2), immune checkpoint blockades (ICBs) have completely changed cancer treatment modalities (3–6). Due to more extensive use of ICBs in clinical practice, several patients exhibit disease progression, although with an initial response, termed as acquired resistance (AR). However, the underlying mechanisms of AR and strategies for overcoming AR are limited and poorly summarized. Previous research (7–9) has focused on primary resistance to ICBs, providing limited description about AR, whose mechanisms and countermeasures differ from those of primary resistance. In addition, updated information on AR needs to be emphasized.

In this review, we clarify the principal elements of AR to ICBs including the (1) definition of AR; (2) clinical characteristics of AR; (3) underlying mechanisms of AR; and (4) potential strategies to overcome AR. We hope that this review will help researchers and clinicians recognize AR to ICBs more comprehensively and in detail.



Definition of AR to Immune Checkpoint Blockades

Primary resistance occurs when cancer cells do not respond to immunotherapy, whereas AR normally occurs as disease progression after an initial response. Contrary to primary resistance, the current definition of AR is highly heterogeneous among groups or societies. Different researchers define AR differently when they explore the underlying mechanisms or design clinical trials, with the main controversies being prior response (10, 11) (whether the stable disease should be regarded as a response to ICBs), treatment duration time (10, 12) (a cut-off time to distinguish from primary resistance), and treatment discontinuation (10, 13) (whether disease progression after discontinuation to ICBs should be regarded as AR). These divergent views have obstructed the integrated interpretation of each solitary study and further research in this field. To clarify the underlying resistance mechanisms to immunotherapy, Sharma et al. introduced a three-category classification of primary resistance, adaptive immune resistance, and AR (7). However, adaptive immune resistance can manifest like primary resistance or AR in the clinic, and they did not clearly define these terms (7). The International Association for the Study of Lung Cancer (IASLC) expert panel has defined primary resistance (no objective tumor radiographic response and treatment duration < 6 months) and AR (an objective tumor response and treatment duration ≥ 6 months) for lung malignancies immunotherapy, but they did not consider other clinical settings in addition to advanced disease or the issue of treatment discontinuation (14). The Society for Immunotherapy of Cancer (SITC) proposed expert consensus definitions for PD-(L)1 inhibitor monotherapy resistance in solid tumors (15) (Table 1), which can be widely applicable. However, definitions based on empirical data from clinical trials, patient registries, or previous studies investigating treatment beyond progression and/or treatment after relapse are still needed, which will fuel future research on AR to ICBs, providing guidelines for clinical practice.


Table 1 | The definitions for PD-(L)1 inhibitor monotherapy resistance in solid tumorsa.



AR is considerably different from primary resistance to ICB therapy based on three aspects— (1) immunophenotypes: AR mainly occurs in inflamed tumors, while primary resistance occurs in excluded or desert tumors, which lack sufficient immune infiltration (16); (2) underlying mechanisms: AR is attributed to the mutual evolution of tumor and tumor microenvironment (TME) under the pressure of ICB-activated immune elimination, while primary resistance can be attributed to the host, tumor, TME, and microbiome, a reflection of baseline status resisting ICBs (17–19); and (3) coping strategies: the coping strategies of AR could be specific to the resistance mechanisms, aiming at extending the patients’ survival, while the coping strategies of primary resistance are comprehensive and largely dependent on heating the cold tumor (20).



Clinical Characteristics of AR

Unlike primary resistance, the rates of AR have not been routinely reported and thus are not characterized across tumor types. Based on available data of response duration time, Schoenfeld et al. inferred the AR rate and found that AR rate ranges from 11% to 71% among different tumor types, with the median of 39%, and a tumor with a lower response rate has a higher AR rate (21). Additionally, based on clinical trial data, AR to nivolumab in melanoma at 5-year follow-up was 39% (22), while AR to nivolumab in non-small-cell lung cancer (NSCLC) at 4-year follow-up was 65% (23).

In the population of patients with response to ICBs, the median duration of response (DOR) was heterogenous among different tumor types, lines of therapies, or PD-L1 levels. Patients with melanoma had the longest DOR, with the median of more than four years. While the median DOR in other tumor types was usually less than two years, indicating that more than half responders would progress within two years (Supplementary Table 1).

In the population of patients with AR to ICBs, the clinical characteristics of these patients were not routinely reported in clinical trials. Based on the limited clinical trials and real-world studies on this topic (24–28), AR is more likely evident in patients with prior partial response (PR) instead of complete response (CR) (stable disease is not taken into consideration). The median time to resistance is inconsistent and needs further validation. Oligo-progression is the main pattern of resistance. The median survival time after AR seems heterogeneous among different patients and largely depends on the successive treatment (Table 2). However, it must be noted that the definition of AR in these studies is either not given or different from the SITC recommendations, without the requirement of 6-month drug exposure and 3-month limit for drug discontinuation.


Table 2 | Clinical characteristics of acquired resistance to ICBs.





Underlying Mechanisms of AR

Based on the origin of AR, AR to immunotherapy can be divided into two major categories, though the phenotype of these two categories is almost similar in the response and resistance phases (Figure 1). The first type of resistance is a special form of Darwinian natural selection that comes from the selection of genetic or epigenetic heritable traits that exist in the tumor mass before a therapeutic intervention (29). Intratumor heterogeneity can come from numerical or structural chromosomal instability, somatic mutagenesis, and epigenetic diversity (30). AR-related heterogeneity lies in various aspects of anti-tumor immunity. Additionally, the quantity and quality of resistant tumor cell clones reflect the forms of resistance. The abundant and high-quality resistant clones provide a basis for the occurrence of primary resistance, while scarce and low-quality resistant clones retain the possibility for AR.




Figure 1 | Two modes of acquired resistance to immunotherapy. In the Darwinian natural selection mode, immunotherapy resistant tumor cell clones pre-exist in the tumor mass. They are present at the treatment initiation phase and resist the immune response. In the homeostatic resistance mode, resistant clones are not present before the treatment initiation but emerge under the additional immune pressure it generates. Brown, yellow, and green cells denote different resistant tumor cell clones and blue cells denote sensitive tumor cell clones.



PD-L1 expression is broadly used as a biomarker for the initiation of PD-(L)1 inhibitor therapy, approved by the US FDA, although it has many shortcomings (17). However, PD-L1 expression is associated with T cell infiltration and forms a scattered but not disseminated pattern in tumor tissues (31), which can result in different responses of the individual tumor cell to PD-(L)1 inhibitor. PD-L1 expression also shows heterogeneity among different anatomic sites and decreases after ICB therapy (32). Tumor cells can express neoantigens, resulting from the instability of the genome, which can be recognized by the cytotoxic immune cells and elicit effective anti-tumor immunity (33–35). Similarly, neoantigens exhibit intratumor heterogeneity, and the clonal neoantigen load rather than the subclonal one can predict ICB-treated patient survival (36, 37). Single-cell RNA-Seq data from lung adenocarcinoma patients and cell lines revealed the intratumor heterogeneity of IFN-γ signaling pathway genes and tumor antigen expression levels (38). Proteomic analysis of the single cell-derived tumor organoids also revealed that the human leukocyte antigen (HLA) class I peptides are heterogeneous within a tumor mass (39). Rosenthal et al. reported 64 untreated early-stage NSCLC patients in the TRACERx 100 cohort with 164 tumor regions and found a great heterogeneity of the immune infiltration status among different regions of the same tumor in the same patient (40). The different immune infiltration status also leads to different immune editing levels (40).

After the initiation of ICBs, responders experienced genomic contraction, loss of the tumor cells expressing specific neoantigens, expansion of specific T cells targeting the corresponding neoantigens, and upregulation of other checkpoints (such as TIGIT, TIM-3, and VISTA), with the left cancer clones more resistant to the activated immunity (41). Gu et al. established a unique mouse system that utilized clonal tracing and mathematical modeling to monitor the growth of each cancer clone in response to ICBs, revealing that ICB-resistant cancer clones pre-exist in the tumor mass and finally result in AR (42). The smaller the tumor size, the more abundant are the ICB-resistant clones (42). One of the identified resistant clones had higher expression of genes involved in DNA replication and sterol biosynthesis and lower expression of those involved in ribosome biogenesis. The other resistant clone had a higher expression of genes involved in interferon response and lower expression of those involved in growth factor binding. Both clones had higher expression of genes indicating cytotoxic T cell dysfunction, while the MHC-I expression and the sensitivity to IFN-γ were normal (42). Additionally, Darwinian natural selection can be exemplified by the dissociated responses (43) to ICBs and the phenomenon that patients with prior PR are more likely to acquire resistance to immunotherapy compared to those with CR (Table 2).

The second type of resistance to immunotherapy is AR in sensitive tumor cells, also called “homeostatic resistance” (29). It is easy to understand that adaptive changes can occur within tumor cells to help them survive the drug-induced massacre. In the field of target therapy for lung cancer, epidermal growth factor receptor (EGFR) T790M mutation gradually emerges with the initial mutation of 19del or L858R unchanged, thus leading to AR to the first- or second-generation tyrosine kinase inhibitors (TKIs) (44, 45). One example of this type of resistance for immunotherapy is that tumor cells can upregulate PD-L1 under the pressure of the immune cell-secreted IFN-γ (46).

It is difficult to study the underlying mechanisms of AR following the two categories mentioned above, although they are easy to understand. Regarding a specific mechanism underlying AR (such as a certain gene mutation), researchers have not been able to determine whether this trait pre-exists in the tumor or is truly acquired at the individual cell level (high-resolution technologies will fuel the related research, such as single-cell RNA-seq (47) and spatial multi-omics (48)). It seems that Darwinian natural selection has a greater contribution to AR than homeostatic resistance (49, 50); however, the question remains unanswered. Furthermore, the two categories mentioned above do not completely fulfill the role of immune cells, which is fundamental for anti-tumor immunity. Thus, we classified the underlying mechanisms of AR to immunotherapy into tumor intrinsic factors and extrinsic factors (Figure 2).




Figure 2 | Tumor intrinsic and extrinsic mechanisms of acquired resistance to immunotherapy. (A) The left panel illustrates tumor intrinsic mechanisms of acquired resistance, including neoantigen depletion, defects in antigen presentation machinery, interferon signaling deficiency or prolonged exposure, tumor-induced exclusion/immunosuppression, and tumor cell plasticity. (B) The right panel illustrates tumor extrinsic mechanisms of acquired resistance, mainly through upregulating other immune checkpoints, such as TIM-3, LAG-3, and VISTA.




Tumor Intrinsic Mechanisms Underlying AR


Neoantigen Depletion

High-quality neoantigens are crucial for the efficacy of ICBs (37), and their depletion results in AR. Under the pressure of immune elimination, cancer cells can escape immune attack through the HLA loss of heterozygosity (LOH) or neoantigen depletion (40, 51). The neoantigen depletion is more pronounced in patients with intense immune infiltration or with HLA intact than HLA LOH (40). In a study (10) including four NSCLC patients with AR to ICBs, the comparison between pre-treatment and post-treatment samples revealed that some predicted neoantigens were lost in the post-treatment samples with no significant differences in the expression of PD-L1, PD-1, CTLA-4, or genetic aberrations related to immune responses. In addition, the lost neoantigens have high affinity to MHC and TCR, which can stimulate the T cells in vitro in the corresponding patients (10). Similarly, another group (52) also identified the reduced expression of high-immunoreactivity neoantigens in a metastatic uterine leiomyosarcoma patient with AR to PD-1 blockade, although the biallelic PTEN loss was also detected in the treatment-resistant tumor, indicating that the same tumor can resist immunotherapy through more than one mechanism. Notably, tumor antigen depletion is also a usual resistance mechanism in T cell transfer therapy (53, 54). However, it remains elusive whether the depletion of neoantigens is a consequence of Darwinian natural selection with the neoantigen-expressing clones eradicated or is a biological adaptation at an individual cancer cell level; the former seems inevitable for cancer immunotherapy, the strategies of which are inducing new immunogenicity, while the latter can be overcome by the modulation of certain molecular events.



Defects in Antigen Presentation Machinery

Tumor antigens can only be recognized by the cytotoxic T lymphocyte after combining with MHC-I and being presented on the cancer cell surface (55), while the defects in this process result in AR. The effective antigen presentation machinery depends on the normal functions of HLA-I, TAP, beta-2-microglobulin (B2M), and other molecules (56). Under the pressure of immune infiltration, cancer cells can evade immune attacks through aberrations of antigen-presenting genes; furthermore, the mutations of HLA genes are more likely to occur in the TCR-binding domain (57, 58). In a study (12) including four metastatic melanoma patients with AR to pembrolizumab, homozygous B2M frame-shift deletion was detected in a resistant tumor sample, with IHC validating the loss of MHC class I heavy chain at the cancer cell outer-membrane, even though diffuse intracellular staining indicated continued production of MHC class I molecules, in line with the transporting and stabilizing function of beta-2-microglobulin. B2M and the location of MHC-I were normal in the pre-treatment sample of this patient (12). The biallelic loss of B2M (homozygous mutation or heterozygous mutation combined with LOH) in the resistant tumor is also confirmed by other groups (13, 59).

However, the efficacy of ICBs is heterogeneous among patients with B2M LOH, for retaining a wide type allele of B2M. In a study by Sade-Feldman et al. (59), B2M LOH was detected in both the pre-treatment tumor and the post-treatment tumor of Pat 99, while the beta-2-microglobulin protein was lost only in the post-treatment sample, in line with the patient acquiring resistance after a prior response. In Pat 25, B2M LOH and beta-2-microglobulin protein loss were both detected in the pre-treatment tumor and post-treatment tumor, with the patient primarily resisting therapy (59). In a larger cohort, B2M LOH was also detected in patients with response to ICBs (4/36, 11.1%), although it mainly occurred in patients resistant to ICBs (20/69, 28.9%), with a significant difference (p = 0.03) (59). Additionally, B2M LOH can predict a worse survival to checkpoint blockade therapy (59). These phenomena indicate that B2M LOH can increase the possibility of beta-2-microglobulin loss, and the protein loss can result in resistance to ICBs, while B2M LOH solely cannot. The retained wide type allele of B2M may undergo epigenetic modification. Similarly, the relationship between single allelic truncating B2M mutation and AR remains elusive.

In contrast, some studies reported the inessential role of B2M in ICBs immunotherapy. Three retrospective studies of patients with colorectal carcinoma both found that a B2M mutation was more likely to happen in the microsatellite instability-high (MSI-H) patients and the B2M status was not associated with tumor immune infiltration (60–62). Furthermore, Middha et al. reported that B2M status was not associated with MHC-I expression and the MSI-H patients with inactivating mutation of B2M can still respond to ICBs, with the beta-2-microglobulin loss validated by IHC (62). Based on a study of patients with mismatch repair deficiency (d-MMR) and its supplementary information (11), the mutation of B2M can also be detected in patients with response to ICBs, though the IHC results were not available. The probable explanation of these phenomena is that the neoantigen-rich tumors (MSI-H or d-MMR) can present the antigen, independent of beta-2-microglobulin or beta-2-microglobulin, playing a different role in primary resistance compared to AR. Rizvi et al. also reported a patient with biallelic B2M mutation responding to anti-PD-1 therapy, with IHC validating the beta-2-microglobulin loss (63). However, detailed information was not available to evaluate the status of MSI or MMR (63). The relationship between beta-2-microglobulin, MHC-I, and cancer immune response needs further exploration, especially in the MSI-H or d-MMR tumors.

HLA-I is another component of antigen presentation machinery. There are limited reports about the contribution of HLA-I mutation to the efficacy of ICBs for the high polymorphism of the HLA loci (64), but it seems that there are still some recurrent mutations that are positively selected to resist immune attack (57, 64). The two studies (65, 66) contradicted each other about whether LOH of HLA-I is associated with response or resistance to ICBs, though it is widely accepted that HLA LOH is a strategy of cancer cells to evade immune attack (51) and the HLA-corrected TMB shows better predictive value than TMB (67). In a case of T cell transfer therapy targeting mutant KRAS (68), the patient progressed after the prior response to the injected HLA-C*08:02–restricted tumor-infiltrating lymphocytes. The resistant lesion was resected and found to have lost the chromosome 6 haplotype encoding the HLA-C*08:02 class I major histocompatibility complex (MHC) molecule (68). However, high-grade evidence is still needed to illustrate whether HLA-I LOH can result in AR to ICBs. Some studies reported the relationship between transcriptional downregulation of MHC class I molecule and resistance to immunotherapy. Paulson et al. (69) reported two patients with AR to combined immunotherapy (T cell transfer combined with ICBs). Comparison of the pre-treatment and post-treatment tumor from the first patient revealed the transcriptional loss of HLA-B with the injection of HLA-B restricted CD8+ T cells (69). The resistant tumor from the second patient transcriptionally downregulated HLA-A with the injection of HLA-A restricted CD8+ T cells (69). Furthermore, the transcriptional loss of HLA-I can be rescued by hypomethylating agents (69). Lee et al. (70) reported that MHC class I downregulation was a hallmark of resistance to PD-1 inhibitors and was associated with the MITFlow/AXLhigh de-differentiated phenotype and cancer-associated fibroblast signatures. In addition, the resistant phenotype was driven by TGB-β (70). Mechanically, the transcriptional loss of HLA-I can be mediated by PRC2 (71). It is worth noting that some emerging factors can also affect the antigen presentation machinery, such as HPV16 E5 (72), IL-8 (73), and autophagy (74). The relationship between these factors and AR needs to be researched in the future.



Dual Effects of Interferon Signaling

IFN-γ plays a pivotal role in ICB therapy, including directly killing cancer cells (75), upregulating MHC-I (76), upregulating PD-L1 (46), and other immune-modulating functions (77). The intact IFN-γ pathway includes IFNGR1, IFNGR2, JAK1, JAK2, STAT1, and the downstream response elements, as well as negative modulating elements such as SOCS-1 (77, 78). Gao et al. found that melanoma tumors resistant to CTLA-4 inhibitor contain genomic defects in IFN-γ signaling genes and confirmed that the knockdown of the IFNGR1 gene in B16/BL6 tumors diminished the efficacy to CTLA-4 inhibitor (79). Similarly, the biallelic JAK1/2 loss-of-function mutation leads to the defects of IFN-γ induced PD-L1 expression, resulting in primary resistance to PD-1 blockades (80). In the study of four melanoma patients with AR to pembrolizumab (12), the resistant tumors of two patients were found to harbor JAK1 or JAK2 truncating mutation combined with LOH, leading to the biallelic loss of function, while no JAK1/2 mutations were seen in the baseline tumors. On the functional level, the JAK1/2 loss of function leads to the defects of IFN-γ induced growth arrest, MHC-I expression, and PD-L1 expression (12). The findings were also validated by another group (13). Moreover, the genomic analysis revealed that the loss of tumor suppressor CDKN2A can enhance the susceptibility of JAK2 loss, increasing the rate of AR (81). However, Luo et al. reported the difference between JAK1 and JAK2, with JAK1 deficiency being able to mediate resistance to anti-PD-L1 immunotherapy while JAK2 could not (82), consistent with a recent report that metastases with JAK2 loss-of-function might be regressing under immunotherapy (83). As for the LOH or heterozygous mutations of the IFN-γ signaling genes, retaining a wide type allele, the tumors are still under effective immune attack (84, 85).

Although the defects of IFN-γ signaling can drive AR, the prolonged interferon signaling can also elicit resistance to ICBs through multiple inhibitory pathways, such as upregulation of IDO and other immune checkpoint ligands (86). IFN-γ serves as an essential element for cytotoxic T cell-dependent cancer genome immunoediting (87). In the preclinical study (88), IFN-β can increase the tumor infiltration of regulatory T cells via NOS2, resulting in immunosuppression and AR. Besides, IFN-β can coordinate with all-trans retinoic acid to upregulate CD38, resulting in resistance via the adenosine receptor signaling (89).



Tumor-Induced Exclusion/Immunosuppression

The immune desert tumors are well-known to resist immunotherapy due to the lack of pre-existing immune elements (90). Spranger et al. first reported that the tumor-intrinsic Wnt/β-catenin activation is the main cause of immune desert (91). Besides, Peng et al. reported that loss of PTEN can decrease the immune infiltration, thus promoting the formation of immune desert (92). PTEN loss of function occurs via the PI3K-Akt pathway (93). In the study of Peng et al. (92), PTEN loss resulted in primary resistance in mice receiving adoptive cell therapy, and PTEN loss positively correlated with primary resistance in a patient cohort receiving anti-PD-1 therapy. As for AR, George et al. reported a patient with metastatic uterine leiomyosarcoma receiving anti-PD-1 monotherapy, the resistant sample of which was detected with biallelic PTEN loss (52). Trujillo et al. also reported biallelic PTEN loss as an AR mechanism for a patient with melanoma receiving combined immunotherapy of anti-PD-1 and anti-CTLA-4 (94). They also reported a patient with melanoma receiving melanoma-peptide/interleukin-12 vaccine, the resistant sample of which was detected with β-catenin activation (94). In the cohort of melanoma patients with AR to ICBs (95), PTEN loss was detected in four patients and β-catenin activation was detected in two patients, without overlap.

In addition to genetic changes, tumor cells can also induce immunosuppression to resist immunotherapy via multiple approaches. Under the pressure of ICBs-induced immune activation, tumor cells can increase the infiltration of regulatory T cells via IFN-β/NOS2 (88), recruit myeloid-derived suppressor cells (MDSCs) via PD-L1-NLRP3-Wnt5a-CXCR2 (96), and secrete CSF-1 to increase the level of tumor-associated macrophages (TAMs) (97). However, it remains elusive whether CSF-1 induced TAMs are immunoreactive or immunosuppressive (16). The clinical trial of anti-CSF-1R antibody largely failed (98). Intriguingly, TAMs can also steal anti-PD-1 mAbs to alleviate efficacy (99). Kim et al. identified two immune subtypes of triple-negative breast cancer, including neutrophil-enriched (NES) and macrophage-enriched subtypes (MES), and the MES-to-NES conversion can mediate acquired ICBs resistance (100). Furthermore, tumor-derived bone morphogenetic protein 7 (BMP7), a member of the TGF-β superfamily, promotes resistance to immunotherapy (101). Adenosine is considered an important immunosuppressive cytokine (102). During the treatment of PD-1 inhibitors, tumor cells can upregulate CD73 to increase adenosine production, leading to AR (103). Moreover, the upregulation of CD73 was validated in the resistant tumor from a melanoma patient with initial CR to pembrolizumab, while CD73 was at a relatively low level in the baseline tumor (103). Similarly, tumor cells can also upregulate CD38 to promote adenosine production, leading to AR (89). Indoleamine 2,3 dioxygenase (IDO) is the rate-limiting enzyme that catabolizes tryptophan (Trp) into kynurenine (Kyn), controlling the function of T cells (104). The upregulation of IDO in tumor cells can also induce immunosuppression, resulting in resistance (105, 106).



Tumor Cell Plasticity Drives Acquired Resistance

Tumor cell plasticity represents the ability of tumor cells to undergo phenotypic changes in response to environmental stimuli without modifying their genome. The contribution of tumor cell plasticity to the acquired anti-tumor therapy resistance has been recognized recently (107, 108).

One important issue is transdifferentiation. The transdifferentiation of non-small-cell lung cancer (NSCLC) to small-cell lung cancer (SCLC) is considered to be one of the AR mechanisms to target therapy (109). It is thought that this transdifferentiation depends on the inactivation of RB1, without the dependency of EGFR status or tyrosine kinase inhibitors use (109). There are indeed several case reports about the ICBs induced transdifferentiation of NSCLC to SCLC (110–112). There were five patients in total. Four of them were treated with nivolumab and one with pembrolizumab. After progression on ICB, three of them received EC chemotherapy (etoposide-carboplatin) and all responded. However, the ICBs induced transdifferentiation and the underlying mechanisms data from large cohorts is yet to be confirmed.

Another issue is the epithelial−mesenchymal transition (EMT). EMT is thought to be associated with extensive anti-tumor therapy resistance (107, 108, 113). Sehgal et al. found that immunotherapy persister cells, which can resist CD8 T-cell mediated killing, expressed Snai1 and stem cell antigen-1 (Sca-1), and exhibited hybrid epithelial-mesenchymal features (114). SOX2, another transcription factor associated with EMT, was reported to promote resistance to ICBs (115). Additionally, Dongre et al. found that quasi-mesenchymal cells can not only resist anti-CTLA-4 therapy but also protect epithelial cells from immune attack (116). Tumor cell plasticity is a concept that easy to understand but hard to research. The high-resolution technologies may help the related research, such as single-cell RNA-seq (47) and spatial multi-omics (48).




Tumor Extrinsic Mechanisms Underlying AR

The main tumor extrinsic mechanism for AR is the upregulation of other immune checkpoints, such as TIM-3, LAG-3, and VISTA (117). With tumor progression, other immune checkpoints are sequentially upregulated, with PD-1 upregulated as an early event, while LAG-3 and BTLA upregulated as a late event (118). BTLA has two classical inhibitory motifs, ITIM and ITSM, and an immune activating motif Grb2 (119, 120). Ritthipichai et al. reported that CD8+BTLA+ tumor- infiltrating lymphocytes exerted better anti-tumor immunity than the BTLA- counterpart (120). Therefore, the specific contribution of BTLA to AR needs further exploration. Moreover, T cells with PD-1 high expression are more severely exhausted and show poorer response to PD-1 inhibitors, while T cells with PD-1 moderate expression can be saved by PD-1 inhibitors (118). Riaz et al. found that multiple immune checkpoints were upregulated during nivolumab treatment (41). Through mouse models with AR to PD-1 inhibitors, Koyama et al. found that PD-1 inhibitors were still bound to the T cells in drug-resistant specimens, but TIM-3 upregulation resulted in drug resistance (121). In addition, the anti-TIM-3 antibody was able to overcome the drug resistance, but CTLA-4 and LAG-3 were upregulated sequentially (121). Furthermore, they also reported two cases of AR to PD-1 inhibitors, in which TIM-3 was upregulated (121). Shayan et al. found that the PD-1 inhibitors induced TIM-3 upregulation was achieved through the PI3K-Akt pathway (122). Recently, the TIM-3/Galectin-9 pathway has been shown to induce primary resistance and AR to ICBs (123). In the preclinical study, Huang et al. found that when one of these three immune checkpoints, PD-1, LAG-3, and CTLA-4, was inhibited, the other two were upregulated, thus limiting the efficacy of the single inhibitor (124). In the cohort of NSCLC patients with AR to ICBs (13), eight patients were able to obtain matched samples before and after treatment, of which three patients were detected with TIM-3 upregulation, five with LAG-3 upregulation. In addition, the three patients with TIM-3 upregulation also demonstrated a co-upregulation with LAG-3 (13). MHC-II is a ligand of LAG-3 (125). For the MHC-II positive tumors, not only LAG-3 was upregulated in the resistant specimens, but also FCRL6, another receptor of MHC-II, was upregulated and suppressed the immune function (126). FCRL6 might be an emerging immune checkpoint (126). Furthermore, their group also found that the upregulation of TIM-3 and LAG-3 was not associated with primary resistance, but only with AR (126).

Gao et al. first reported the upregulation of VISTA in prostate cancer patients after CTLA-4 inhibitor treatment (127). In the cohort of melanoma patients with AR to ICBs (95), twelve patients were able to obtain matched samples before and after treatment, eight of which were detected with VISTA upregulation.

TIGIT was first identified by Yu et al. in 2009 as an immune checkpoint rheostat that suppresses the activation of T cells (128). TIGIT is mainly expressed on T cell subsets (including Tregs and memory T cells) and NK cells (128, 129). Indeed, a preclinical study showed that TIGIT blockade can prevent NK cell exhaustion and elicit potent anti-tumor immunity (130). A preliminary phase II clinical trial showed that the combination of TIGIT blockade and anti-PD-L1 antibody has better objective response rate (ORR) and median Progression Free Survival (mPFS) than anti-PD-L1 antibody alone in the first line setting (131). However, the specific contribution of TIGIT to AR is still not clear. It is unknown whether the superiority of the combination with TIGIT blockade can be translated into later line settings, which means conquering the real AR to prior immune checkpoints.

Although the upregulation of other immune checkpoints has been considered the main tumor extrinsic mechanism to AR, some other tumor extrinsic factors also potentially result in AR and need further research, including tumor vasculature, systemic and tumoral metabolic status, microbiome, and multiple cytokines.




Potential strategies to Overcome AR

Understanding the clinical characteristics and underlying mechanisms of AR is ultimately required for overcoming them. As mentioned above, the mechanisms of AR are highly diversified, including neoantigen depletion, defects in antigen presentation machinery, aberrations of interferon signaling, tumor-induced exclusion/immunosuppression, tumor cell plasticity, and upregulation of other immune checkpoints. Patients may resist ICBs through one of these mechanisms or a combo of them. So, it is hard to find one strategy to fit all the situations. The more executable strategy is to apply a set of treatment modalities to patients with the same clinical characteristics or resistance mechanisms (Table 3).


Table 3 | The potential strategies to overcome acquired resistance.




Strategies for Oligo-Progression

Since most patients with AR to ICBs develop oligo-progression (Table 2), local therapy becomes the most available way to overcome resistance. Radiotherapy can not only control the local disease but also shows a synergistic effect on immunotherapy (132, 133), thus being a preferred choice. Local resection is another choice worthy of consideration that has been proved safe for patients with advanced NSCLC after ICB therapy (134, 135). Cryotherapy also seems feasible under certain conditions (136). In the Keynote 006 study, three patients received local resection and a second-course pembrolizumab therapy after the single-site progression with initial complete response, two of whom achieved a second-course complete response while one achieved stable disease (26). In a retrospective cohort of 26 patients with NSCLC, 15 patients who received local therapy achieved better overall survival than the total population (27).



Strategies for Neoantigen Depletion

Oncolytic virotherapy is an effective way to elicit new immunogenicity for tumors lacking in neoantigen (137–140). In the case reports of talimogene laherparepvec (T-VEC) treatment to overcome AR to ICBs in melanoma patients, three of six patients were evaluated as PR (141). Simultaneous anti-PD-1 and vaccine therapy can also reverse resistance (142). Furthermore, superantigens (SAgs) treatment emerges as a promising strategy to elicit immunogenicity (143). The detailed approaches to heat the cold tumor can be referred to in another review (20).



Strategies for Defects in Antigen Presentation Machinery

As for the defects in antigen presentation machinery, the coping strategy is either repairing the defects or activating the anti-tumor immunity independent of antigen presentation. However, the current knowledge about both approaches is very lacking. NK cell-based therapy might be an effective way to overcome this type of resistance, for the MHC-I loss is an activating signal for NK cell toxicity (144). RIG-I activation is also a promising strategy (145). Kalbasi et al. reported that overexpression of NLRC5 (nucleotide-binding oligomerization domain-like receptor family caspase recruitment domain containing 5) and intratumoral delivery of BO-112, a potent nanoplexed version of polyinosinic: polycytidylic acid (poly I: C), each restored MHC-I expression (146).



Strategies for Aberrations of Interferon Signaling

Defects in tumor-intrinsic interferon (IFN) signaling fail ICBs against cancer, but these tumors still maintain sensitivity to the T cell-based adoptive cell therapy (ACT). Kalbasi et al. reported that ACT was effective against tumors with JAK2 loss (146). As tumors with JAK1 loss show significant downregulation of MHC-I, ACT combined with overexpression of NLRC5 or intratumoral delivery of BO-112 was an effective approach (146). As for the IFN-β induced resistance, IFN-β inhibition might be an effective strategy.



Strategies for Tumor-Induced Exclusion/Immunosuppression

Since tumor-induced exclusion/immunosuppression involves the activation of multiple signaling pathways, pharmacological inhibition would be effective in this regard, including pathways of Wnt/β-catenin, PI3K-Akt, IFN-β/NOS2, CSF-1, TGF-β, adenosine, and IDO. Additionally, microenvironment-targeting combinations are also the future directions of cancer immunotherapy and can be referred to in another review (147).



Strategies for Tumor Cell Plasticity

Epigenetic modulation is an effective approach to restrict tumor cell plasticity, but concrete strategies need to be explored (148, 149). Targeting minimal residual disease (MRD) is worthy of consideration for decreasing the tumor load to restrict plasticity (150). Selective inhibition of the EMT program might also help overcome AR to ICBs. Tsoi et al. found that melanoma can be categorized into four subtypes following a differentiation trajectory with subtype-specific sensitivity to ferroptosis induction. This presents a therapeutic approach to target the differentiation plasticity to increase the efficacy of immunotherapy (151). Besides, induction of ferroptosis has other immune-activating functions (152, 153). The detailed strategies to target tumor cell plasticity can be referred to in the other reviews (107, 108).



Strategies for Upregulation of Other Immune Checkpoints

Theoretically, the sequential inhibition of other immune checkpoint receptors such as TIM-3, LAG-3, and VISTA can help overcome AR. Indeed, dozens of early-phase clinical trials have been initiated to explore the clinical efficacy of these checkpoint blockades with or without another checkpoint blockade, which can be referred to in other reviews (154–156). TIGIT is expressed on both T cells and NK cells and TIGIT blockade can elicit NK cell-based anti-tumor immunity (128–130), which might have specific significance for patients with AR to T cell-based ICB therapy. Besides, a phase II clinical trial has showed that TIGIT blockade can synergize with anti-PD-L1 antibody (131). The TIGIT blockade combinations are also promising candidates to overcome AR. It should be noted that the line of the designed therapy is important with regard to overcoming AR. Even if a combination strategy shows superior efficacy in the first-line setting, whether it can overcome AR to prior immune checkpoint blockades (in the second-line setting after prior ICB failure) is still unanswered. Above all, the evidence from these clinical trials and real-world studies is awaited.



Other Strategies

Since the guidelines or expert opinions about the treatment after ICB failure are scarce, there are various approaches in clinical practice to treat patients with AR to ICBs. Continuation of prior ICB combined with other therapies, such as chemotherapy, anti-angiogenesis therapy, radiotherapy, target therapy, and another immune checkpoint inhibitor, is frequently used. Another approach usually used is by changing immunotherapy into classical later-line modalities of chemotherapy. The evidence to support these attempts is at its infancy and arises a core question as to whether to stop using the prior ICBs. The INSIGNA study (https://clinicaltrials.gov, NCT03793179) will preliminarily answer the question about which is superior between prior ICB plus chemotherapy and chemotherapy alone for the patients with AR to ICBs.




Discussion

With the increasing use of ICBs in clinical practice, a large number of patients develop AR. However, the knowledge about AR to ICBs is limited and poorly summarized. Through reviewing the published papers associated with this term, we clarified the principal elements of it. The definition of AR to ICBs is inconsistent at present, but expert opinions are available for this question. Oligo-progression is the main resistance pattern. The underlying mechanisms of AR involve tumor intrinsic factors and extrinsic factors. Neoantigen depletion can protect tumor cells from immune attack, however, it is unclear whether the depletion of neoantigens is a consequence of Darwinian natural selection with the neoantigen-expressing clones being eradicated or is a biological adaptation at an individual cancer cell level. Antigen presentation deficiency can also protect tumor cells from being recognized and killed by the immune cells, which includes biallelic B2M mutation and HLA-I down-regulation. IFN-γ is a crucial mediator of anti-tumor immunity. The defects in the IFNG pathway can lead to AR, while the prolonged IFN-γ exposure can also elicit resistance by upregulating IDO and other immune checkpoint ligands. Under the pressure of immune elimination, tumor cells can induce an immunosuppressive microenvironment through the genetic approaches (Wnt/β-catenin activation and PTEN loss) and the non-genetic approaches (recruiting Treg, TAM, and MDSC and upregulating IDO, adenosine, and TGF-β pathway). Tumor cell plasticity preserves the great potential for AR. One important issue is transdifferentiation from NSCLC cells to SCLC cells, the other is the EMT program. The tumor extrinsic mechanisms of AR are mainly through the upregulation of other immune checkpoints, such as TIM-3, LAG-3, and VISTA. The potential strategy to overcome AR is to apply a set of modalities to patients with the same clinical characteristics or resistance mechanisms. Although not discussed in this review, monitoring resistance is an important issue, and the circulating tumor DNA could be an effective tool.

One of the future directions in this field is to explore the mechanisms underlying AR to ICBs more comprehensively. New tools, such as CRISPER screen, single-cell RNA sequencing, and spatial multi-omics, will fuel the related research. It is worthy of noting that many mechanisms of primary resistance to ICBs have not been completely elucidated in the field of AR. For example, gut microbiota and tumor metabolism have been acknowledged to play important roles in primary resistance to ICBs (157–159), while their contribution to AR is largely unknown and thus needs future exploration. The other issue in this field is that translational research is urgently needed to extend patients’ survival. Through efforts to overcome AR, immunotherapy can be a promising therapeutic modality for curing cancer.
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There is little evidence around Camrelizumab combined with cytoreductive nephrectomy (CN) and radiotherapy (RT) as a treatment option for metastatic renal cell carcinoma (mRCC). The influence of CN on immune responses and the abscopal effect are not well understood. In this paper, we report a case of anti-programmed cell death-1 (PD-1) treated with combined RT once CN reduced the primary tumor burden (TB). This patient also encountered an increased response to targeted radiotherapy after immune resistance. We also observed a macrophage-to-lymphocyte ratio (MLR) peak, which may be correlated with subsequent pseudoprogression after thoracic radiotherapy. Consequently, even with the disease, this patient has remained stable. This peculiar instance suggests there is a need to investigate the underlying mechanisms of CN in promoting the abscopal effect during immunotherapy when combined with RT. It also suggests that there is a need for further investigation into the role of RT in overcoming immune resistance, and the value of MLR in predicting pseudoprogression. We hypothesize that a heavy tumor burden might suppress the abscopal effect, thereby ensuring that CN promotes it. However, radiotherapy may overcome immune resistance during oligoprogression.
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Introduction

Renal cell carcinoma (RCC) accounts for approximately 85% of all pathological renal carcinomas. Among all of these cases, 70% are clear cell renal cell carcinomas (ccRCC) (1). Approximately 30% of all kidney carcinoma patients have multiple distant metastases such as lung, bone, brain, and other organs upon diagnosis, of which the 5-year survival rate is only around 8% (2). Renal carcinoma has strong immunogenicity. Cytokine therapy was generally offered before the discovery of a number of targeted therapies, which eventually became standard first-line interventions for ccRCC (3). However, immunotherapies have now become the first-line therapy and have gradually become a new treatment mode for metastatic, inoperable, medium-high risk ccRCC (4–6).

Based on the results of various clinical trials, immune monotherapy combined with CN or RT appear to prolong survival (7, 8). CN therefore appears to reduce the tumor burden so that the immunotherapeutic effect is enhanced. Immunotherapy combined with RT also improves survival, although the abscopal effect is infrequent (9–11). The abscopal effect is a rare phenomenon associated with radiotherapy (11). It refers to the release of immunocompetent molecules from apoptosing tumor cells after local radiotherapy and the stimulation of immune responses, which leads to the reduction and control of tumor lesions without RT (12). Multiple studies have revealed that combined radiotherapy and immunotherapy can be more effective at overcoming tumor immunosuppression and increasing the incidence of abscopal effect compared to RT alone, regardless of the type of immune checkpoint inhibitor combined with either CTLA-4 or PD-1/PD-L1 inhibitors (13, 14).

However, there is no data on the effect of CN in immunotherapeutics when combined with RT or the potential abscopal effect that comes with it. This is the first report of a patient who was administered Camrelizumab combined with CN and radiotherapy as a second-line treatment for mRCC. In this instance, CN appeared to promote the abscopal effect when receiving immunotherapy and RT. RT plays an important role in oligoprogressive metastasis and may be useful in overcoming immune resistance.



Case Description

A 65-year-old man presented at an outpatient clinic with a chief complaint of excruciating pain around his waist and lower left limb for more than 10 months. Physical examination revealed a left lumbar mass, which warranted further examination. On June 22, 2016, positron emission tomography-computed tomography (PET/CT) enabled clinicians to identify a 6.1 cm mass located in the left kidney with multiple bone and double lung metastases. The largest lesion was approximately 1.2 cm and was located in the inferior lobe of the right lung. Lumbar magnetic resonance imaging (MRI) highlighted the existence of a soft mass near the fifth lumbar vertebra (L5) (Figure 1).




Figure 1 | Disease status timeline and PET/CT scan of primary and metastatic lesions accompanied by treatment regimens. CN, cytoreductive nephrectomy; RT, radiotherapy; PET/CT, positron emission tomography-computed tomography/computed tomography; PD, progressive disease; PR, partial response; Point-in-time filled with color represents continuous use of Camrelizumab.



To relieve the patient’s pain, lumbosacral adnexal tumor resection from the fourth lumbar vertebra to the first sacral vertebra with internal fixation and pyramidal plasty of the first sacral vertebra was performed on June 28, 2016. Post-operative pathology determined metastatic ccRCC. Tissue-based genetic testing also showed high VEGFR1 mRNA expression; consequently, treatment with Sunitinib was initiated in mid-August 2016. However, serum creatinine level rose from a pre-Sunitinib level of 74 μmol/L to a high of 202 μmol/L over approximately two years. Thyroid function appeared normal prior to receiving the targeted therapy, but thyroid stimulating hormone levels also progressively rose to 85.23 mIU/L while the T4 thyroid hormone decreased to 7.10 pmol/L until Sunitinib was discontinued.

On May 30, 2018, when the patient first underwent a routine examination in our hospital, CT scans revealed that the left renal mass had enlarged to 10.4 cm with the largest 2.2 cm lesion transforming into the left lung, and vertebral metastases had recurred. These findings met the standard definition for progressive disease (PD) according to RECIST guidelines (15). Programmed cell death receptor ligand 1 (PD-L1) expression tests were negative (Figure 2). We recommended a combined dose of axitinib and pembrolizumab as a second-line treatment. However, this patient declined and preferred a single dose of Camrelizumab (AiRuiKa™) instead, a programmed cell death 1 (PD-1) inhibitor at 200 mg q2W for four cycles in step with helical tomotherapy at 45 Gy in 15 fractions for the L5 metastasis lesion.




Figure 2 | FFPE tissue photomicrograph from metastatic lesion stained for negative PD-L1 assessment. PD-L1, programmed cell death receptor-ligand 1.



On August 14, 2018, CT re-examination showed that the disease had progressed globally, with the left renal primary lesion enlarging once more from 10.4 cm to 10.9 cm. The left pulmonary metastasis had also increased from 2.2 cm to 2.9 cm, with new metastases appearing in both lungs. It was suspected that this was due to heavy renal tumor burden; therefore, this patient underwent CN to the left renal mass on September 10, 2018. Post-operative pathological diagnosis confirmed ccRCC. The patient continued receiving 200 mg q3W Camrelizumab after CN.

On December 17, 2018, CT revealed that the size of the largest metastasis in the left lung was reduced to 1.0 cm after two post-operative cycles of Camrelizumab, which suggested a substantial disease response. This first abscopal effect manifesting through combined radiotherapy and immunotherapy occurred after CN. Subsequent re-examination reflected relative disease stability with regular immunotherapy; however, the lesion in the left inferior lobar bronchus increased to 2.8 cm even after 20 post-operative cycles of Camrelizumab, indicating disease progression according to the imRECIST standard (16).

On November 22, 2019, oligoprogressive lesion-targeted radiotherapy was commenced at 45 Gy in 15 fractions with an MLR peak during radiation (Figure 2). RT was completed on December 12, 2019 without severe adverse reactions or discontinuation of Camrelizumab. Unfortunately, CT scans taken on the March 16, 2020 showed that the targeted metastatic lesion continued to grow to 6.4 cm even after radiation. Interestingly, the density of another small metastatic nodule theoretically outside the field of radiation was lower than previously recorded.

According to the imRECIST standard (16), we recommended a tissue biopsy to determine whether there was pseudoprogression of the disease. However, the patient declined. The patient continued Camrelizumab treatment, resulting in a second abscopal effect which showed that the superior lobe of left lung metastasis had shrunk (Figure 1). After seven further cycles of Camrelizumab, CT revealed that the lesion in the left inferior lobe had also shrunk in size from 6.4 cm to 3.6 cm, which appeared to confirm suspected pseudoprogression. Until now, the patient’s disease has remained stable with Camrelizumab maintenance. The efficacy of Camrelizumab in this patient was unaffected by negative PD-1/PD-L1 expression, and all adverse reactions caused by Sunitinib diminished without additional severe immune-related adverse events (irAEs) except for minor renal function damage.

The patient also had normal fasting blood glucose levels from November 2018 to August 2019, which is peculiar for a man with a history of diabetes for more than ten years without discontinuing insulin. Hematological indices, including white blood cell (WBC), neutrophil (N), and lymphocyte (L) levels, remained stable throughout the treatment. However, the number of monocytes and the macrophage-to-lymphocyte ratio (MLR) peaked during radiotherapy for lung metastasis, which may be correlated with subsequent pseudoprogression (Figures 1 and 4).



Discussion

As the most common pathological type of renal carcinoma, ccRCC is associated with a dismal prognosis. Furthermore, the median PFS of mRCC ranges from six to ten months (1). Current evidence suggests that ccRCC is a highly immunogenic tumor and should therefore be subjected to immune checkpoint inhibitor-based interventions (4, 6). Our report highlights the remarkable effect of Camrelizumab when combined with CN and radiotherapy regardless of PD-L1 expression. Abscopal effects associated with RT combined with immunotherapy occurred twice during treatment after CN. Local radiotherapy for oligoprogressive lesions was also beneficial for immune resistance and pseudoprogression and was probably associated with the MLR peak in blood.

According to various animal models, the immune microenvironment changes after hypofractionated RT because PD-L1 expression is upregulated in tumors, weakening the immunosuppressive effect and activating cytotoxic T cells; this in turn reduces tumor invasive myeloid-derived suppressor cells (MDSCs) (17). In two previous retrospective studies, researchers have found that the overall survival of melanoma patients with signs of the abscopal effect after radiotherapy combined with CTLA-4 inhibitors was significantly longer than for those without (12, 18). Some studies have also reported an abscopal effect in mRCC during radiation with checkpoint inhibitor immunotherapies such as nivolumab or pembrolizumab (19–21).

Our patient encountered abscopal effects twice, which may be related to the aforementioned mechanisms involved in the immune microenvironment. He was treated with Camrelizumab after Sunitinib resistance, which is the first report focusing on a Chinese PD-1 monoclonal antibody for ccRCC in addition to tirelizumab (22). However, after four cycles of Camrelizumab immunotherapy and irradiation, the disease continued to progress slowly. We then supplemented the strategy with CN; unexpectedly, the efficiency evaluation measure highlighted a partial response and the first abscopal effect occurred. We infer that CN reduced the number of tumor cells so that there were sufficient PD-1 proteins combined with PD-L1. This in turn activated T cells, enabling them to avoid being suppressed. Physiological memory accumulated over the previous RT six months, and there was a transformation in the remaining M1 macrophages in distant metastases which may lead to the first abscopal effect.

Cytoreductive nephrectomy always plays an unpredictable role for patients with mRCC (23). There are both advantages and futilities associated with this intervention (24). As immune checkpoint inhibitors are rapidly becoming the standard treatment for mRCC, the synergistic effect of CN combined with ICIs has been questioned once more. A previous retrospective study suggested that the median overall survival in the CN plus IO group was not attained, while the median OS in the IO arm was 11.6 months with an HR of 0.23 (7). Other similar studies exploring CN in the treatment with immunotherapy are yet to be initiated; therefore, the evidence base is relatively immature. Unfortunately, there are still no relevant studies that report CN promoting the abscopal effect. Our patient benefited from CN combined with immunotherapy and radiotherapy because of the accelerated abscopal effect experienced with this treatment. Although RT is known to stimulate immunotherapy and reduce tumor burden as well, the disease still progressed after RT for L5 metastasis in advance. However, after CN the disease response was PR immediately. It does have the possibility that CN reduced tumor burden with the accumulative effect of RT for L5. But we couldn’t evaluate the effect of CN and L5 radiotherapy on reducing the number of tumor cells respectively because we hadn’t detected TB timely. However, Patients with heavy tumor burden may be more capable of coping with CN, immunotherapy, and RT combinations, thereby providing a window of opportunity; however, further research is required.

Several previous studies have found that the level of CRP negatively correlates with both OS and cancer-specific survival (25–28). Reichle et al. suspected that tumor cells produce CRP, which is thought to be the reason why patients with larger tumor volumes have higher CRP levels (29). Tatokoro et al. also hypothesized that CRP could be used to accurately reflect tumor burden as a biomarker (30). In this case, the patient’s serum CRP level significantly reduced from 36 mg/L to 2.69 mg/L since Camrelizumab and RT for L5 metastasis intervention, as well as CN afterwards, which may reflect the combination therapy of ICI and RT does reduce the tumor burden. Another study found that tumor burden is associated with baseline T‐cell receptor β‐chain (TCRB) diversity, and that high diversity of TCRB increases the accumulation of CD4+ and CD8+ T cells. This in turn initiates further immune response and increases the likelihood of an improved prognosis (31). During radiotherapy, TCRB was enriched with tumor-associated antigens that enhanced the immune efficiency. RT indirectly activates T cells that infiltrate tumor lesions and increases TCRB diversity, which accelerates the efficacy of immune checkpoint inhibitors. Therefore, the combination of RT and immunotherapy can greatly enhance the anti-tumor effect.

This patient developed an acquired immune resistance after receiving Camrelizumab for more than one year. As a matter of course, we commenced RT even if the targeted lesion continued to grow, while the density of another small metastatic nodule outside the field of radiation lessened. After continuous immunotherapy, CT revealed that the radiated lesion decreased in size, which confirmed pseudoprogression and the abscopal effect. Immunotherapy resistance against PD-1/PD-L1 has been observed in different solid tumors (32). Patients with low expression of PD-L1 or TMB are more likely to acquire adaptive resistance to ICI. If OP refers to no more than two progressive metastases, more than 56% of the progression in solid tumors is oligoprogression in acquired resistance during ICI, which can easily be addressed with local RT (33). There is one previous report of a woman with metastatic anorectal mucosal melanoma who received CR after radiotherapy before encountering oligoprogression during nivolumab immunotherapy (34). Therefore, RT reversing acquired immune resistance is substantial.

A prospective study by Welsh et al. found that adjuvant radiation therapy can overcome resistance to anti-PD-1 treatment by inducing IFN-β production and elevating MHC class I expression (35). They also found that RT combined with OXPHOS inhibition not only reverses PD-1 resistance in non-small-cell lung cancer, but also enhances anti-tumor immunity (36). In 2019, researchers discovered that resistance to PD-1 checkpoint blockade may be overcome by ADAR1 loss (32). However, another study found that resistance to PD-1 blockade is associated with an inactivation of antigen presentation (37). Our patient had a negative PD-L1 expression and benefited from a second course of radiotherapy when he incurred Camrelizumab resistance, suggesting that there was an underlying acquired immune resistance. RT clearly reversed resistance to Camrelizumab, after which pseudoprogression and a second abscopal effect were observed. This peculiar occurrence presents several unknowns, and the role of RT in overcoming immune resistance requires further investigation.

CT imaging suggested that pseudoprogression manifests with temporary tumor enlargement or new lesions, which can actually be an indicator for improved prognosis (38). The overall incidence of pseudoprogression is approximately 6% in solid tumors and between 5.7 to 8.8% in renal carcinoma (9, 10). Radiotherapy changes the tumor microenvironment and enhances anti-tumor responses by inducing T lymphocyte aggregation in lesions (39). Another new pattern of progression within eight weeks of initial treatment of immunotherapy is called hyperprogression, which has several different definitions (40–42). The incidence of hyperprogression in lung cancer ranges from 5% to 19.2% (43) and generally predicts poor prognosis (44). Patients have a higher possibility of incurring hyperprogression when they are older (70+ years), have EGFR/ALK/MDM2/MDM4 mutations, or have multiple metastases (42, 44, 45). The factors with which we differentiate pseudoprogression and hyperprogression include patients’ clinical symptoms, serum levels of IL-8, ctDNA, and PET-CT (46).

We observed a peak MLR in our patient’s regular blood work during radiotherapy, in which the number of monocytes was ten times greater than normal (Figure 3). In recent years, the role of macrophages in tumor immunotherapy has become controversial. We know that there are various sources of macrophages within different organs, while tumor-related macrophages (TAMs) are often considered to originate from circulatory monocytes (47). This constitutes what is known as an immunosuppressive triangle with Treg cells and MDSCs within the tumor microenvironment (48). TAMs can be divided into two distinct phenotypes according to different polarizations. Dormant M0-TAMs can be driven toward classical (M1) or alternative (M2) activation under the stimulation of the microenvironment (49). M1 type macrophages enhance immune responses and play an important anti-tumor role via pro-inflammatory cytokines, inducible nitric oxide synthase 2, and MHC class II molecules (50). M2 type macrophages are enriched in the hypoxic region of tumor tissues, expressing functions such as promoting angiogenesis, remodeling matrices, and suppressing adaptive immunity. The number of M2 type macrophages positively correlates with the progression of tumors, with many studies showing that TAMs predominantly display an M2-like phenotype (51).




Figure 3 | (A) Hematological indexes remained stable except the number of monocytes peaked during radiotherapy; (B) MLR remained stable and then peaked during radiotherapy; (C) Serum CRP level significantly reduced after Camrelizumab and RT. WBC, white blood cell; N, neutrophil; L, lymphocyte; M, macrophage; MLR, macrophage-to-lymphocyte ratio; NLR, neutrophil-to-lymphocyte ratio; CRP, C-reactive protein.



For surface biomarkers however, CD80 and MHC II expression in M1 type macrophages were particularly high. Although this is not the case for CD206, which appears similar to M0 macrophages; the level of CD206 expression in M2 type macrophages is considerably higher. Under continuous immune microenvironment stimulation, low or intermediate radiation doses can influence changes in macrophage phenotype by the expression of surface molecular markers (52). An original study revealed that low-dose irradiation can program macrophages into an M1 phenotype, which leads to the normalization of tumor vasculature and aggregation of immune cells in tumor sites (53). Our patient probably underwent more M1 type macrophage transformation after RT. Then, with a residual memory of RT, tumor cells decreased during CN, and extra M1 macrophages had the opportunity to gather distant metastases through blood vessels, providing a possible reason for the MLR peak and pseudoprogression after radiotherapy (Figures 1 and 4).




Figure 4 | Hypothesis for the mechanism of Camrelizumab combined with CN and RT. RT destroys tumor cells so that more tumor-associated antigens can be released and recognized by tissue-resident DCs, accelerating the activation of T cells which increases the rate of activated T cells. With CN decreasing the TB, enough Camrelizumab could combine with PD-L1 expressed on tumor cells, so that T cells avoid being suppressed and work. During Camrelizumab prescription, radiation may change the microenvironment which might convert more M0-macrophages into M1-macrophages. More activated T cells and M1-macrophages wandered in blood vessels, which can account for pseudoprogression and abscopal effect. CN, cytoreductive nephrectomy; RT, radiotherapy; DCs, dendritic cells; TB, tumor burden; PD-L1, programmed cell death receptor-ligand 1.



To the best of our knowledge, this is the first reported case in which a patient apparently encountered temporary diabetes remission while receiving immunotherapy. All previous studies have found that type I diabetes is a common temporary side effect of immune checkpoint inhibitors (54, 55). Anti-PD-1/PD-L1 monoclonal antibody can induce insulin-dependent diabetes as one severe side effect (56, 57). A basic study found that low PD-L1 expression is associated with type I diabetes, where diabetes was reverted by upregulating PD-L1 expression to inhibit autoimmune response (58). Therefore, our case is peculiar and unprecedented, providing the first clinical evidence of this phenomenon. As such, we ought to consider the mechanisms that may be involved, specifically PD-L1 expression during treatment.

In conclusion, we observed a remarkable effect of CN combined with Camrelizumab and radiotherapy, regardless of PD-L1 expression. Interestingly, the abscopal effect associated with RT and immunotherapy occurred twice during treatment. CN also reduced the tumor burden, which may have promoted the first abscopal effect during RT. Local radiotherapy was again added when the patient encountered immune resistance, after which pseudoprogression and the second abscopal effect were observed. MLR during RT may also be a useful biomarker for predicting radiotherapeutic efficacy and prognosis. This is the first clinical evidence of this nature; therefore, we ought to consider the molecular mechanisms involved in radiation-related pseudoprogression, abscopal effect, and immune resistance. It is therefore of paramount importance that clinicians working in this field take the time to report any instances that may provide further insight.
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The tumor immune microenvironment (TIME) is likely an important determinant of sensitivity to immune checkpoint inhibitor (ICI) treatment. However, a comprehensive analysis covering the complexity and diversity of the TIME and its influence on ICI therapeutic efficacy is still lacking. Data from 782 samples from 10 ICI clinical trials were collected. To infer the infiltration of 22 subsets of immune cells, CIBERSORTx was applied to the bulk tumor transcriptomes. The associations between each cell fraction and the response to ICI treatment, progression-free survival (PFS) and overall survival (OS) were evaluated, modeling cellular proportions as quartiles. Activity of the interferon-γ pathway, the cytolytic activity score and the MHC score were associated with good prognosis in melanoma. Of the immune cells investigated, M1 macrophages, activated memory CD4+ T cells, T follicular helper (Tfh) cells and CD8+ T cells correlated with response and prolonged PFS and OS, while resting memory CD4+ T cells was associated with unfavorable prognosis in melanoma and urothelial cancer. Consensus clustering revealed four immune subgroups with distinct responses to ICI therapy and survival patterns. The cluster with high proportions of infiltrated CD8+ T cells, activated memory CD4+ T cells, and Tfh cells and low levels of resting memory CD4+ T cells exhibited a higher tumor mutation burden and neoantigen load in melanoma and conferred a higher probability of response and improved survival. Local systemic immune cellular differences were associated with outcomes after ICI therapy. Further investigations of the tumor-infiltrating cellular immune response will lay the foundation for achieving durable efficacy.
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Introduction

Immune checkpoint inhibitors (ICIs), which modulate immune responses against tumors, have revolutionized the field of tumor therapy. ICIs work not only by blocking the receptor and/or ligand connections of molecules that participate in the inhibitory brakes of T cell activation or function but also by activating other cells to enhance the immune response against tumors. ICIs targeting cytotoxic T lymphocyte-associated protein 4 (CTLA-4; ipilimumab) and programmed cell death 1 (PD-1; pembrolizumab and nivolumab) and its ligand (programmed cell death-ligand 1, PD-L1; atezolizumab, durvalumab and avelumab) have been approved by the US Food and Drug Administration (FDA). In clinical practice, these antibodies are utilized as first-line medicines for a variety of solid and liquid tumors, such as melanoma (1), gastric cancer (2), and hematological malignancies (3), displaying an unprecedented prolongation of patient survival.

Although several patients have experienced dramatic tumor regression following ICI therapy across a variety of cancer indications, resistance to ICIs restricts the proportion of patients that can obtain a durable response. For example, for melanoma, one of the cancer types with the highest probability of sensitivity to ICIs, 60–70% of patients cannot achieve a clinical benefit from anti-PD-1 treatment; among those that do, 20–30% ultimately experience tumor progression (4). Generally, the mechanisms of resistance can be classified into two categories: primary and acquired. Patients who do not show an initial response to ICI therapy are referred to as having primary resistance or nonresponse; patients with acquired resistance are sensitive to ICIs in the beginning but develop resistance and experience tumor relapse or progression later. Dissecting the mechanisms of resistance should not only make it possible to predict a patient’s response to ICI therapy prior to treatment but ultimately could give some revelations for increasing the response rate. Therefore, great efforts have been made to dissect the mechanisms of resistance. Multiple factors have been revealed to influence ICI effectiveness, such as the PD-L1 expression level (4, 5), the mutational burden of the tumor (6, 7), and critical signaling pathways such as interferon-γ (IFN-γ) (8, 9). Nevertheless, as reviewed in the study by Bagchi et al., perhaps the most prominent predictive biomarker is the composition of tumor-infiltrating immune cells in patients before and after treatment with ICIs (10).

The tumor microenvironment mainly includes tumor cells and tumor-infiltrating immune cells admixed with stromal components, such as extracellular matrix and blood vessels. Studies on the tumor microenvironment have revealed the contributive roles of tumor-infiltrating immune cells in the therapeutic response and resistance to immunotherapy in various cancer types (11, 12). ICIs activate pre-existing tumor-infiltrating lymphocytes, which recognize and eliminate dysplastic and neoplastic cells, contributing to the response to immunotherapy (13). For instance, CD8+ T cells located in different positions and with different functional statuses have an effect on the response to ICIs. Intratumoral memory-like CD8+ T cells were positively correlated with the response to ICI treatment (14). Moreover, the existence of CD8+ T cells at the tumor invasive margins prior to the initiation of therapy was associated with a favorable ICI response, while the proliferation of intratumoral CD8+ T cells during therapy was correlated with tumor relapse or metastasis (15). Additionally, Sade-Feldman et al. conducted single-cell RNA-sequencing analysis on tumor biopsy specimens obtained at baseline from patients with advanced melanoma and demonstrated that patients who exhibited a response to ICIs had a larger number of memory CD4+ T cells (14). In addition to T cells, another cell type that has been studied extensively regarding ICI therapies is macrophages; for example, tumor-associated macrophages (M2 macrophages) display a variety of protumor effects by releasing immunosuppressive cytokines, such as transforming growth factor-b (TGF-b), that suppress antitumor immune responses and are associated with resistance to ICI treatment (16). The mechanisms by which tumor-infiltrating immune cells participate in the development of a systemic antitumor response are orchestrated or thwarted after ICI treatment are still under exploration, and comprehensive studies based on a large sample size that evaluate the relevance of immune cell fractions to patient prognosis after ICI therapy are urgently needed. However, so far, this type of research is still lacking.

As technology has advanced and there are growing numbers of ICI trials with available omics data, it is possible for us to conduct large-scale analysis with cohorts covering the multiformity of the immune context of the TIME, which influences the response to ICI therapy. A computational framework, CIBERSORTx (17), which accurately estimates the relative proportions of 22 immune cell types with distinct functions, was applied to 782 tumor transcriptomes from 10 publicly available ICI-related datasets. We observed tumoral and systematic immune cell milieus before ICI therapy and tested the degree of correlation with response, PFS and OS, across cancers (pan cancer) and by cancer types, targets and drugs. A deeper understanding of the diversity of the association between ICI efficacy phenotypes and different functional immune cell subsets was obtained, and this information was used to predict and guide immunotherapeutic responsiveness.



Methods and Materials


Gene Expression Data of Patients Treated With Immunotherapy and Data Processing

This computational retrospective study takes advantage of ICI trials with publicly available omics data. The clinical and matched mRNA expression data of tumors from 10 published ICI clinical studies (listed in Additional file 1: Table S1) were collected. Datasets were labeled as the first author plus the publication year. For the Chen 2016 (18), Hugo 2016 (19), Prat 2017 (20), Nathanson 2017 (21), Riaz 2017 (22), Kim 2018 (23), and Gide 2019 (24) datasets, the processed mRNA datasets were downloaded from the TIDE data portal (http://tide.dfci.harvard.edu/download/) on November 23, 2020. As described in the study by Fu et al., for each RNA-seq dataset, the transcriptomic profiles were log2 (1+ transcripts per kilobase million [TPM]) transformed, the log scale transcriptome data across patients were standardized by quantile normalization, and then the expression values of each gene were further normalized by subtracting the average among all samples. Only samples from ICI pretreatment tumors were included. For the Braun 2020 (25), the mRNA and clinical datasets were download from the supplementary of the original paper. The Mariathasan 2018 (26) dataset was obtained from the R package “IMvigor210CoreBiologies” (http://research-pub.gene.com/IMvigor210CoreBiologies). To be consistent with the above datasets, we transformed the count values into log2(TPM+1), standardized the log-transformed values across patients by quantile normalization, and further normalized the expression values of each gene by subtracting the mean value among all samples. The processed expression matrix was utilized for downstream analyses. The supplementary files of the original publication were searched to collect clinical information. Figure 1 illustrates the samples used at each phase of the statistical analysis.




Figure 1 | Study flow diagram. OS, Overall survival; PFS, Progression-free survival, ccRCC, clear cell renal cell carcinoma.





Immune Response–Related Signatures

Herein, four kinds of immune response–related gene signatures were assessed. To evaluate the immune score that measured the content of tumor-infiltrating immune cells in each patient across different datasets, ESTIMATE (Estimation of STromal and Immune cells in MAlignant Tumor tissues using Expression data) was utilized (27). The MHC score was calculated as the average expression level of the “core” MHC-I gene set, which contains NLRC5, TAP1, TAP2, HLA-A, HLA-B, HLA-C, PSMB9, PSMB8, and B2M (28). The cytolytic activity score (CYT score) was formulated according to the average expression levels of the granzyme A (GZMA) and perforin (PRF1) genes defined in a previous study (29). Gene lists of the IFN-γ pathway were accessed from the Molecular Signatures Database (30). The pathway score was calculated as the mean expression levels of the genes included in this pathway.



Infiltrating Immune Cell Subsets

To estimate the proportions of immune cell subsets in a mixed cell population from RNA-seq data, the CIBERSORTx (17) (https://cibersortx.stanford.edu/) deconvolution algorithm was used (Submitted job type: ‘Impute cell fractions’). The LM22 signature was set as a reference, and the relative immune cell proportions from each processed dataset were estimated in 1000 permutations with B mode batch correction, with quantile normalization disabled for RNA-seq data. The B mode batch correction mode was utilized to correct for batch effects between the LM22 signature generated from the microarray-based dataset and the dataset utilized here, which consisted of RNA-seq data. A p value that measures the reliability of the deconvolution results was computed, and samples with a p value >0.05 were discarded from downstream association analyses. For the Uppaluri 2020 dataset (31), the cell proportions in absolute mode generated with CIBERSORT, the former version of CIBERSORTx, rather than normalized RNA-seq data were provided. Relative cell fractions were obtained by normalizing the CIBERSORT output to the sample-level total number of immune cell counts.



Clinical Outcomes

Clinical information on age, sex, ICI targets, ICI drugs, response to ICI treatment and survival was collected. Tumor response was determined using the Response Evaluation Criteria in Solid Tumors (RECIST) as described in the original publications. We categorized patients with complete response (CR) and partial response (PR) as responders and compared them with non-responders who displayed stable disease (SD) or progressive disease (PD). Samples with CR, PR, and SD > 6 months were considered to show clinical benefit, while patients with SD <= 6 months and PD were classified as nonclinical benefit. The clinical endpoints were response, clinical benefit, PFS and OS. The clinical outcomes provided in each dataset are listed in Table S1.



Statistical Analysis

To test the association between the inferred fractions of immune cell types and response or clinical benefit, logistic regression analysis was performed. Patients with a CIBERSORTx p-value of ≥0.05 were filtered. To derive more easily interpretable ORs, in the logistic regression models, quartiles (25%, 50% and 75%) of the proportions of each immune cell type were modeled as continuous variables. To evaluate the associations between the immune cell types in the tumor microenvironment and progression-free survival (PFS) and overall survival (OS), survival analysis was conducted. Patients with a follow-up time or OS time of less than 1 month who were likely to have postoperative complications were excluded. Cox regression analyses were stratified by study, with quartiles of each of the 22 immune cell subsets modeled as a continuous variable. The Kaplan-Meier method was used to draw survival curves for the subgroups. The log rank test was used to evaluate the difference in the survival rates. We also tested the associations between clinical outcomes and age and grade. Covariates and immune cell subtypes significantly associated with outcomes in univariate analyses were included in the multivariable models.

Furthermore, to address the possibility that choosing variables from univariate analysis may result in the exclusion of some associated variables when confounding is properly controlled (32), multivariable logistic and Cox regression models were fitted (with 22 immune cell subsets as predictors accounting for the possibility of confounding) via the penalized maximum likelihood using the “glmnet” package (33) for dichotomous dependent variables and for time-to-event data. The penalization factor was selected according to 1,000 rounds of cross-validation.

To explore whether distinct patterns of tumor-infiltrating immune cells were represented, we performed consensus clustering analysis on the immune cell subsets of cases with a CIBERSORTx p value less than 0.05. To ensure comparability between the low and high overall proportion of cell subtypes, the values of relative immune cell fractions were rescaled between zero and one for each cell subset. The unsupervised clustering “Pam” algorithm based on Manhattan distance was chosen, executed by using the “ConsensusClusterPlus” R package (34), with 1,000 repeats for stable classification.

Pairwise correlations between immune cell subtypes were assessed with Pearson’s correlation analysis and depicted in heatmaps using the “pheatmap” R package. The chi-square test was used to analyze the correlations between categorical variables. The associations between the quantiles of the immune response signature and clinical outcomes were tested with the abovementioned statistical methods. The association between immune clusters and clinical outcomes was tested with the chi-square test for response and survival analysis with PFS or OS. The difference in mutation burden and neoantigen load between immune clusters was evaluated with one-way ANOVA.

All statistical analyses were performed with R software version 3.6.3 (35). The cutoff for a statistically significant p value was 0.05.




Results


Response to ICI Therapy of the Study Populations

Classical clinicopathologic factors (age, sex, grade, drug, target, clinical benefit, response, OS and PFS) were collected (Tables S1, S2). The ratios of response (Figure 2A) and clinical benefit (Figure 2B) to different ICI therapy targets (PD-1, PD-L1 and CTLA-4) across cancer subtypes were calculated and compared. Since the response and clinical benefit concordantly overlapped (Figure S1), response was selected as one of the main clinical outcomes in the following association analysis. Overall, the response ratios of melanoma to ICI therapy (combined with PD-1 and CTLA-4 inhibitors) were 66%, which was the highest among these ICI trails. Meanwhile, melanoma patients treated with CTLA-4 inhibitors had a low response ratio (25%). The cancer type with the lowest response ratio to ICI therapy among these cancers was head and neck cancer, with a ratio of 22%. The PFS (Figure 2C) and OS (Figure 2D) rates across cancer subtypes treated with ICIs were compared and depicted. Patients with melanoma represented a higher PFS and OS rates compared with urothelial cancer (log rank p<0.05). There is no significant difference between the OS rates of melanoma and clear cell renal cell carcinoma (ccRCC).




Figure 2 | Clinical outcomes of ICI related datasets. Spine plots for response (A) and clinical benefit (B) and survival plots for PFS (C) and OS (D) and by cancer types. P-values from log-rank tests are depicted.





Leukocyte Composition in Bulk Tumors

The individual relative infiltration levels of 22 distinct leukocyte subsets were deconvoluted from the transcriptome data of 782 patients in ICI clinical cohorts and summarized (Figure 3A). The ratios of 547 genes composing the LM22 signature that were available for CIBERSORTx analysis in each study are depicted in Figure S2. The average number of genes represented was 77.8%. A total of 95.1% of samples (744/782) had CIBERSORTx p < 0.05. Among these patients, the least and most variable immune cell types were activated NK cells (1.54% ± 2.23%) and M2 macrophages (11.25% ± 10.82%), respectively. All 22 immune cell subsets showed infiltration in over 50% of the samples (Figure S3).

The fractions of the 22 immune cell subsets were weakly to moderately correlated with cancers overall (Figure 3B) and with melanoma (Figure S4A), urothelial cancer (Figure S4B), gastric cancer (Figure S4C) and ccRCC (Figure S4D). Generally, naïve CD4+ T cells and resting NK cells showed the strongest positive correlation (R=0.38), whereas activated NK cells and resting NK cells showed the strongest negative correlation (R=-0.42).




Figure 3 | Summary of the estimated relative fractions of 22 tumor-associated leukocytes in this study and immune response prediction signatures in melanoma. (A) Heatmap of unsupervised clustering of tumor-infiltrating immune cells in cohorts treated with ICIs. Rows and columns represent tumor-infiltrating immune cells and samples, respectively. (B) Heatmap of the correlation coefficient matrix of all 22 immune cell proportions across cancers. (C) correlation of immune scores. Forest plot demonstrating ORs (boxes) and 95% CIs (horizontal lines) for the association with response to ICI therapy for these four immune signatures (D). Forest plot demonstrating HRs (boxes) and 95% CIs (horizontal lines) for the association with PFS (E) and OS (F) to ICI therapy for these four immune signatures. In the forest plots, significant associations were colored with red. NK cells, natural killer cells; sqCLC, squamous cell lung carcinoma; Non-SqCLC, non–small cell lung carcinoma; SD, stable disease; PD, progressive disease; PR, partial response; CR, complete response.





Transcriptome-Based Immune Response Score

Gene signatures have been shown to affect the immune response of patients. The associations between clinical outcomes after ICI therapy and the following four distinct immune gene expression signatures were evaluated: (1) immune score, which is a measure of the total immune infiltration in the tumor; (2) IFN-γ pathway activity, which is a critical cytokine for activating and sustaining an effective antitumor effect (8); (3) cytolytic activity, which is a measure of cytolytic enzymes used by immune cells to kill tumor cells; and (4) MHC score, which is a measure of antigen presentation required for tumor cell recognition by T cells and subsequent T cell–mediated killing. These four immune-related signatures were calculated for all cancer patients included in this study, and positive correlations were found between them (Figure 3C). Then, the association between the immune signatures and clinical outcomes was investigated across cancer types, and we found diversity across cancer types (Figures 3D–F). For melanoma, patients with higher immune content (odds ratio [OR] 1.36, 95% CI 1.03-1.81, p=0.032), CYT scores (OR 1.50, 95% CI 1.13-2.01, p=5.34×10-3) MHC scores (OR 1.62, 95% CI 1.22-2.18, p=9.90×10-4) and IFN-γ scores (OR 1.62, 95% CI 1.22-2.18, p=1.12×10-3) were associated with an increased probability of response to immunotherapy and significantly improved PFS (p<0.05). The associations between immune content, IFN-γ and OS were not significant for melanoma (Figure 3F). Gastric cancer patients with higher IFN-γ (OR 3.17, 95% CI 1.51-8.26, p=6.24×10-3) and MHC (OR 2.33, 95% CI 1.19-5.23, p=0.02) scores tended to have a higher probability of response to ICIs. However, for ccRCC, patients with higher IFN-γ signature associated with unfavorable OS after ICI therapy (HR=1.22, 95% CI 1.03-1.43, p=0.022).



Immune Predictors of Response to ICI Therapy

The relationship between immune cell subsets and response to ICIs was evaluated (Figure 4). We found that patients who achieved CR/PR had prolonged survival for melanoma (HR 0.04, 95% CI 0.02-0.10 p=2.30×10-11 for PFS, Figure S5A; HR 0.05, 95% CI 0.02-0.13 p=2.21×10-9 for OS, Figure S5B), ccRCC (HR 0.05, 95% CI 0.11-0.27, p=7.0×10-16 for PFS, Figure S5C; HR 0.05, 95% CI 0.03-0.09, p<2.0×10-16 for OS, Figure S5D) and urothelial cancer (HR 0.04, 95% CI 0.02-0.10, p= 2.68×10-12 for OS, Figure S5E). For melanoma (Figure 4A), activated memory CD4+ T cells (OR 1.72, 95% CI 1.29-2.33; p=2.72×10-4, Figure 4C), M1 macrophages (OR 1.52, 95% CI 1.14-2.06; p =4.77×10-3, Figure 4D), CD8+ T cells (OR 1.37, 95% CI 1.03-1.83; p =2.98×10-2, Figure 4E), Tfh cells (OR 1.57, 95% CI 1.18-2.10; p =2.20×10-3, Figure 4F) were significantly associated with response, while resting memory CD4+ T cells (OR 0.65, 95% CI 0.49-0.87; p=3.62×10-3, Figure 4G) and resting mast cells (OR 0.71, 95% CI 0.53-0.94; p=1.78×10-2, Figure 4H) showed a significant association with a lack of response and, therefore, resistance to ICI therapy. For urothelial cancer (Figure 4B), M1 macrophages (OR 1.76, 95% CI 1.34-2.33; p =5.69×10-5, Figure 4I), CD8+ T cells (OR 1.74, 95% CI 1.33-2.32; p =8.55×10-5, Figure 4J), activated memory CD4+ T cells (OR 1.70, 95% CI 1.29-2.26; p=1.95×10-4, Figure 4K), and Tfh cells (OR 1.54, 95% CI 1.18-2.03; p =1.60×10-3, Figure 4L) were significantly associated with response, while resting memory CD4+ T cells (OR 0.70, 95% CI 0.54-0.91; p=8.03×10-3, Figure 4M) showed a significant association with a lack of response. In gastric cancer, M1 macrophages, CD8+ T cells, and activated natural killer (NK) cells were associated with an increased probability of response, while resting CD4+ T cells, naïve CD4+ T cells, naïve B cells and activated mast cells were correlated with a decreased probability of response (Figure S6). Due to the relatively small sample size (n=37) of gastric cancer, these findings still need further validation. However, no relationships between immune cells and response to ICI were statistically significant for ccRCC (Figure S6B). The relationship between immune cell subsets and clinical benefit following ICI therapy was also evaluated, and the results were in accordance with those of response (Figure S7). Univariate and multivariate analyses were conducted for melanoma (Table S3) and urothelial cancer (Table S4). In melanoma, univariate analysis revealed that age and sex were not associated with the response to ICI therapy (Table S3A). Multivariate analysis (Table S3B) revealed that activated memory CD4+ T cells (OR 1.59, 95% CI 1.17-2.20; p=3.83×10-3) contributed to the adjusted model. In multivariable logistic regression models with penalized maximum likelihood estimation, activated memory CD4+ T cells (OR=1.54) and Tfh cells (OR=1.36) demonstrated high OR point estimates (Table S3C). Activated memory CD4+ T cells (OR 1.47, 95% CI 1.08-2.04; p=1.76×10-2) and Tfh cells (OR=1.46, 95% CI 1.08-1.99, p=1.45×10-2) contributed to the adjusted model for urothelial cancer.




Figure 4 | Associations between ICI response and tumor-infiltrating immune cell subtypes. Forest plot demonstrating ORs (boxes) and 95% CIs (horizontal lines) for the association with response to ICI therapy in melanoma (A) and urothelial cancer (B). The size of the box is negatively proportional to the standard error of the OR. * denote ORs with a p-value < 0.05. Spine plots demonstrating the distribution of response rates within quartiles of immune cell subsets (C-M). OR, odds ratio; CI, confidence interval.





Prognostic Associations of Tumor-Infiltrating Leukocytes

The fractions of tumor-infiltrating immune cells were correlated with the survival of tumor patients treated with ICIs. A total of 286 patients had RFS information (median RFS time =0.40 years, 223 with disease progression). A total of 586 patients remained after removing those with OS ≤ 1 month, with a median OS time of 1.17 years (379 events). The HRs and 95% CIs of immune cell subtypes for PFS (Figure 5) and OS (Figure 6) are illustrated with forest plots. Association analyses to evaluate the prognostic effect of immune cells by cancer type (n>10) were performed. There were variations in terms of the prognostic effect of immune cells by cancer type. In ccRCC, M0 macrophages were significantly associated with poor PFS (HR=1.16, 95% CI=1.00–1.33; p=4.23×10-2) and OS (HR=1.24, 95% CI=1.06–1.44; p=6.77×10-3) (Figure S8). In melanoma, three types of immune cells were significantly associated with the survival of patients after treatment with ICI drugs: Tfh cells (HR 0.61, 95% CI 0.46-0.82, p=8.56×10-4 for PFS; HR 0.72, 95% CI 0.56-0.93, p=1.22×10-2 for OS), M1 macrophages (HR 0.63, 95% CI 0.48-0.83, p=1.05×10-3 for PFS,; HR 0.73, 95% CI 0.57-0.93, p=1.21×10-2 for OS), and activated memory CD4+ T cells (HR 0.76, 95% CI 0.59-0.99, p=3.82×10-2 for PFS; HR 0.72, 95% CI 0.57-0.93, p=1.01×10-2 for OS). These findings might somewhat account for the association between these immune cell subsets and a favorable response to ICI therapy. Moreover, naïve CD4+ T cells were associated with poor PFS (HR=1.35, 95% CI=1.04-1.77, p=2.68×10-2). Neither age nor sex was associated with PFS (Table S3D) or OS (Table S3E). Multivariable Cox regression analyses were conducted, and the results revealed that none of these immune subsets left in the model for PFS (Table S4F) and OS (Table S4G) may accounting for the relatively small sample size. In multivariable Cox regression models with penalized maximum likelihood estimation, the immune cells with the lowest HR estimates for PFS (Table S3H) and OS (Table S3I) were follicular helper T cells (HR=0.82) and M1 macrophages (HR=0.87), respectively. In urothelial cancer, CD8+ T cells (HR =0.80, 95% CI=0.69-0.93; p=3.53×10-3) contributed to the multivariate model (Table S4E) and with the lowest HR estimate (HR=0.86) in multivariable Cox regression models with penalized maximum likelihood estimation for OS (Table 4F).




Figure 5 | Associations between PFS and immune cell subtypes. Forest plot demonstrating HRs (boxes) and 95% CIs (horizontal lines) for the association with PFS after ICI therapy in melanoma (A) and ccRCC (B). The results were obtained from univariate Cox regression analysis. The size of the box is negatively proportional to the standard error of the HR. * denote HRs with a p-value < 0.05. Survival curves of quartiles of immune cell fractions (C–H). Illustrated p-values are from log-rank tests. HR, hazard ratio, OS, Overall survival, CI, confidence interval.






Figure 6 | Associations between OS and immune cell subtypes. Forest plot demonstrating HRs (boxes) and 95% CIs (horizontal lines) for the association with PFS after ICI therapy in melanoma (A) and urothelial cancer (B). The results were obtained from univariate Cox regression analysis. The size of the box is negatively proportional to the standard error of the HR. * denote HRs with a p-value < 0.05. Survival curves of quartiles of immune cell fractions (C–L). Illustrated p-values are from log-rank tests. HR: hazard ratio. PFS, Progression-free survival; CI, confidence interval.





Identified Immune Clusters

To explore whether different patterns of the TIME could be distinguished based on the 22 immune cell subsets, consensus clustering (34) of all samples was conducted.

We assessed the cumulative distribution function, the proportion of ambiguous cluster values, and the consensus matrix and consensus cluster index, which indicated four clusters in the data (Figure S9). The tumor-infiltrating immune cell ratios by cluster are presented in Figure 7A, and their distributions are shown as box plots in Figure S10. The distribution of patients in the four immune clusters is illustrated in Figure 7B. Survival analysis revealed differences in RFS (log rank p=2.0×10-6, Figure 7C) and OS (log rank p=2.65×10-6, Figure 7D) among the immune subtypes. Distinct probabilities of response to ICI therapy (p value=1.79×10-3, Figure 7E) were shown between immune clusters. Cluster 4, characterized by high proportions of CD8+ T cells, activated memory CD4+ T cells, and Tfh cells and low levels of resting memory CD4+ T cells, conferred a higher probability of response (47% vs 26% on average) and improved RFS and OS after ICI therapy.




Figure 7 | Consensus clustering of 782 samples based on immune cell ratios. Stacked bar charts of immune cell proportions by immune cluster (A). Alluvial diagram of immune cluster distribution in patients with different immune clusters, responses to ICI therapy, and OS outcomes (B). Survival plots by immune cluster separately for OS (C) and PFS (D). P-values calculated with log-rank tests are represented. Spine plots depicting the correlation between immune clusters and response in melanoma (E). Differences in mutation burden (F) and neoantigen burden (G) among distinct immune clusters (ANOVA test, p < 0.0001). Spine plots depicting the correlation between immune clusters and immune phenotype (H). OS, overall survival; PFS, progression-free survival.





Correlation Between the Immune Clusters and Mutation Load

Studies have shown that tumor mutation burden (TMB, nonsynonymous variants) might determine patients’ response to ICI therapy. A higher TMB level was positively correlated with the probability of response to PD-1 inhibitors and favorable PFS in the KEYNOTE 012 clinical trial (6, 36). In addition, tumor neoantigen burden (TNB) was positively associated with response to atezolizumab and OS (26). Taking the critical clinical implications of TMB and TNB into consideration, we investigated the intrinsic correlation between TMB/TNB and immune clusters. Notably, using the Mariathasan2018 dataset with mutation load and neoantigen load information available for each sample, we compared the TMB and neoantigen load burden within different immune clusters and found a significant association between immune cluster and mutation load (p= 3.41×10-8, Figure 7F), neoantigen load (p= 2.52×10-13, Figure 7G) and immune phenotype (p<2.2×10-16, Figure 7H). Patients in cluster 4 exhibited a significantly higher TMB and neoantigen load than those in the other clusters. Immune clusters were significantly associated with the immune phenotype (desert, excluded and inflamed), largely due to the enrichment of the inflamed subtype (64.81% to 26.12% overall) and the lack of the desert subtype (17.31% to 27.23% overall) in cluster 4 (Figure 7H). Infiltrated–inflamed tumor immune microenvironments, characterized by high tumor-infiltrating cytotoxic lymphocytes expressing PD-1 and leukocytes and tumor cells expressing PD-L1, are considered to be immunologically ‘hot’ tumors that exhibit an effective response to ICIs (11). Collectively, these findings suggest that the diversity of tumor-infiltrating immune cells to some degree attributed to the molecular features of the tumor.




Discussion

The relationship between tumor-infiltrating immune cells and the antitumor effects of ICIs is complicated. By using CIBERSORTx, a computational technique that can accurately estimate leukocyte constituents in bulk tumors, the distinct patterns of immune cell infiltration across tumors and the complicated relationships with response, RFS and OS of 22 immune cell fractions based on different cancer types, targets and drugs were revealed. Our findings are in line with those of the limited literature, which suggests the reliability of our findings.

Previous studies have shown that the immune content score, the MHC score, the CYT score and IFN-γ pathway activity are associated with the immune response. For instance, cytolytic activity was measured across eighteen kinds of tumor types, and higher expression was found to be correlated with counterregulatory immune responses and favorable prognosis (29). IFN-γ, as an important cytokine in antitumor immunity, works by increasing cytotoxic CD8+ T cell activity, contributing to a Th1 response, exerting antiproliferative effects and so on (8). A highly activated IFN-γ pathway has been proposed as an effective predictor of patients’ response to anti-PD-1 agents (4, 9). In addition, MHC molecules participate in the development of the immune response. In this retrospective study, we made full use of publicly available ICI datasets and found that higher levels of these four scores were associated with an increased probability of response to ICI therapy in melanoma and gastric cancer and favorable PFS and OS in melanoma. However, these associations were not found in ccRCC, reflecting the exhausted phenotype (37).

Computational techniques, such as CIBERSORTx (17), xCell (38) and TRUST (39), were established for the estimation of cellular heterogeneity from the transcriptome data of mixed samples. Using CIBERSORTx (17) to infer the relative ratios of 22 leukocyte fractions from gene expression profiles, we have performed, as far as we know, the most comprehensive analysis of the prognostic impact of tumor-associated leukocytes in patients treated with ICIs until now. Some immune suppressor cells (CD8+ T cells, Tfh cells, activated memory CD4+ T cells and M1 macrophages) were found to be correlated with favorable clinical outcomes, but resting memory CD4+ T cells and resting mast cells showed negative associations with prognosis across cancers and in melanoma and urothelial cancer. Traditionally, CD8+ T cells have been implicated as important effector cells responsible for the induction of antitumor immunity. Studies have demonstrated that the increased amount of memory-like CD8+ T cells either in peripheral tissues or infiltrating tumor tissues before or after the initiation of treatment is predictive of a favorable response to ICIs (14, 15, 40, 41). Kilian and colleagues found that the abundance of CD8+ effector memory cells in the blood circulation of patients with metastatic melanoma was positively associated with the response to ICIs (40). It should be noted that the functional status of CD8+ T cells within tumors have been associated with diverse ICI therapy outcomes. For instance, CD45RA−CD8+ T cells and CD8+ T effector memory cells in the peripheral blood of melanoma at baseline were positively associated with response to ipilimumab treatment, while CD45RA+ naive CD8+ T cells were more abundant in non-responsive patients (41). Subrahmanyam et al. (41) showed that CD4+ and CD8+ memory T cell subsets in the peripheral blood of melanoma patients prior to therapy play critical roles in the response to anti-CTLA-4. However, although not statistically significant (OR=0.76, 95% CI=0.54-1.05, p=9.67×10-2 for response; HR=1.09, 95% CI=0.93-1.27, p=3.06×10-1 for OS), a higher number of infiltrated CD8+ T cells in ccRCC was associated with poor prognosis, which is in line with the findings of previous studies (37, 42). Similar to CD8+ T cells, it has been suggested that the abundance of CD4+ T cell subsets prior to treatment has predictive ability in distinguishing responders from nonresponders to ICIs. Evidence suggests that CD4+ T cells play a potential role in the antitumor immune response. It has been reported that a higher abundance of CD4+ T cells in blood is associated with prolonged OS in melanoma patients treated with ipilimumab (135). In a recent study, Kagamu et al. (43) showed that a heightened frequency of CD62LlowCD4+ T cells in NSCLC patients’ peripheral blood at baseline was predictive of favorable PFS following anti-PD-1 treatment. Similarly, single-cell RNA-sequencing analysis conducted on advanced melanoma biopsies showed that ICI responders had a higher content of memory CD4+ T cells at baseline (14). In our study, we found that a high level of activated memory CD4+ T cells and a low level of resting memory CD4+ T cells were correlated with a higher response rate and prolonged survival of ICI-treated melanoma patients.

Tfh cells, as specialized T helper cells, release the chemokine CXC-chemokine ligand 13 (CXCL13), which targets B cells and Tfh cells themselves through CXC-chemokine receptor 5. Both a high abundance of Tfh cells and a high expression level of CXCL13 correlated with increased survival in breast cancer (44) and colorectal cancer (45). In a recent study using a mouse model of triple-negative breast cancer in a preclinical trial of anti-CTLA-4 and anti-PD1 therapy, Daniel et al. found that B cells and Tfh cells were direct mediators of the ICI response (46). Tfh cells have not been deeply explored in terms of the response to ICI therapy, which needs further exploration. Overall, we found that high fractions of M0 macrophages were associated with poor survival in ccRCC, while high fractions of M1 macrophages conferred favorable prognosis, regardless of response, RFS and OS, in melanoma and urothelial cancer. Macrophages are tissue-resident differentiated monocytes with phagocytic activity. M0 macrophages can be polarized into M1 and M2 subtypes, which display distinct immunoregulatory characteristics. M1 macrophages have proinflammatory properties and promote antitumor TH1-type responses, whereas M2 macrophages are anti-inflammatory in nature and show protumoral activity. This study emphasizes the prognostic effect of M1 macrophages on ICIs. However, the mechanism by which M1 macrophages contribute to the immune response to ICIs still needs further experimental exploration. This study highlights the necessity of taking the variability of macrophage functional subtypes into full consideration.

The consensus clustering analysis based on tumor-infiltrating immune cells displayed four immune clusters with distinct prognoses. In addition, immune clusters were correlated with tumor TMB, TNB and immune phenotypes. Cluster 4, featuring high levels of CD8+ T cells, Tfh cells, M1 macrophages, and activated CD4+ T cells and low levels of resting CD4+ T cells, had high TMB and TNB levels. TMB is a well-recognized biomarker, and higher tumor mutational loads are closely correlated with the response to ICIs across multiple cancers, such as melanoma and NSCLC (6, 7). The common characteristic of tumors with high TMB is their high neoantigen load, which increases the visibility of the tumor to immune cells and activates a stronger antitumor response, potentiating their sensitivity to ICIs. The critical role of TMB is obvious within molecular subtypes of the same kind of tumor; for example, colorectal cancer patients with tumors demonstrating microsatellite instability or deficient mismatch repair and intact mismatch repair have a 40% and 0% response following anti-PD-1 therapy, respectively (47). However, there are exceptions, as low tumor mutational burdens and sensitivity to ICI therapies have been found, for instance, in metastatic renal cell carcinoma (48). Even so, as a general observation, low mutational load, and therefore low availability of neoantigens, is a main influencing factor for nonresponsiveness to ICIs. Herein, we conducted an integrative analysis with genomic and transcriptome data, which contributes to uncovering the underlying mechanism driving the establishment of immune clusters that correlate with the therapeutic effects of ICIs.

In a relatively large analysis of tumor datasets from 10 ICI trials, we estimated the relative abundance of tumor-infiltrating immune cell subsets in detail. The findings of this study may be reliable and generalizable. Nevertheless, limitations inevitably exist in our study. First, as a retrospective study, the proportions of immune cell subsets were computationally measured based on bulk transcriptomics from tumor tissues rather than quantified with experimental techniques such as flow cytometry, immunohistochemistry and newly developed single-cell RNA sequencing. Nevertheless, our findings are robust, as the findings of this study are in line with those of the publication regarding histologically characterized cohorts. Second, the diversity of ICB trials that utilized different checkpoint blockade agents, as well as different combinations collected in the analysis increases the generalizability but limit the specificity of our findings. Third, the findings reported here require experimental validation.

In conclusion, our study indicates that higher MHC scores, CYT scores and IFN-γ pathway activity are correlated with good prognosis following ICI therapy in melanoma. Additionally, we revealed that the fractions of CD8+ T cells, Tfh cells, activated memory CD4+ T cells and M1 macrophages were associated with a favorable response, PFS and OS after ICI therapy in melanoma and urothelial cancer. Moreover, resting memory CD4+ T cells were correlated with poor clinical outcomes. An immune cluster characterized by high levels of CD8+ T cells, Tfh cells, and activated memory CD4+ T cells and low levels of resting memory CD4+ T cells was identified and associated with high TMB/TNB and outperformed prognosis compared with the other immune clusters. These findings contribute to a deeper understanding of the tumor immune microenvironment for effective ICI therapy, improve the ability to predict and guide immunotherapeutic responsiveness and pave the way for drug combination strategies.
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Engineered T cell therapies such as chimeric antigen receptor (CAR) expressing T cells (CAR-T cells) have great potential to treat many human diseases; however, inflammatory toxicities associated with these therapies present safety risks and can greatly limit its widespread use. This article briefly reviews our current understanding of mechanisms for inflammatory toxicities during CAR T-cell therapy, current strategies for management and mitigation of these risks and highlights key areas of knowledge gap for future research.
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Introduction

Although CAR-T cell therapy has been in development for more than two decades (1), recent U.S. FDA approval of one BCMA-targeting and several CD19-targeting CAR-T cell therapies for certain relapsed/refractory hematologic malignancies have energized the field (2–8). Many other CAR-T cells targeting various antigens other than CD19 are either in pre-clinical development or currently in clinical trials to treat various human diseases such as cancer, infectious diseases, autoimmune diseases, cardiac diseases etc. (9, 10). It is anticipated that the field of CAR-T cell therapy will continuously grow, and new CAR-T cells will be developed to treat previously incurable human diseases.

Based on the data obtained from clinical studies with CD19 CAR-T cell therapies, CAR-T cells can be curative in those patients who respond to the therapy; however, not all patients respond in a similar manner and challenges such as resistance and relapses have been observed (3, 11–14). Following infusion, CAR-T cells may fail to proliferate or persist leading to loss of therapeutic response (15). One of the mechanisms that can lead to loss of function is CAR-T cell exhaustion (3, 12). Strategies such as use of checkpoint inhibitors (e.g. anti-PD-1 or anti-PD-L1) to block PD-1 and PD-L1 interaction between CAR-T cells and cancer cells are being used in clinical trials to restore CAR-T cell function (15, 16). Other strategies to mitigate CAR-T cell exhaustion are also in development (17–19).

Loss or decrease in target antigen expression can also affect efficacy of CAR-T cell therapy. Antigen-null or antigen-dim cancer cells can arise via various mechanisms, which can contribute to resistance to CAR-T therapy (20–23). Experience with CD19 CAR-T cells suggest a significant number of patients can relapse due to loss of CD19 expression (11). Other rare events such as transduction of a tumor cell during manufacturing and subsequent CAR expression in the malignant cell resulting in resistance to CAR-T cell therapy has been also observed (24). Thus, numerous mechanisms may contribute to resistance and relapse during CAR-T cell therapy. Therefore, future studies are warranted to better understand mechanisms for resistance and relapses during CAR-T cell therapy and develop novel strategies to overcome these challenges.

CARs are synthetic receptors that are developed to interact with target cells with high specificity. Although CAR-T cells with high specificity are desirable, expression of target antigen in normal cells can lead to unwanted toxicities. For example, CD19-targeting CAR T cells effectively kill both CD19+ tumor cells and CD19+ normal B cells resulting in prolonged B cell aplasia (25). Long-term B cell aplasia can be detrimental and can lead to increased risk of infections (25). Expression of target antigen in normal cells can also pose a significant safety risk. In one study, a patient receiving an ERBB2-targeting CAR-T cell therapy died after 5 days, because the CAR-T cells unintentionally targeted lung epithelial cells that expressed low levels of ERBB2 (26). Thus, it is critical to develop strategies to specifically target diseased cells while sparing healthy cells during CAR-T cell therapy (27).

Another hallmark challenge associated with almost all CAR-T cell therapies is development of systemic inflammatory toxicities such as cytokine release syndrome (CRS) and neurotoxicity (28). CRS symptoms can include flu-like symptoms, hypotension, capillary leak, hypoxia, and severe CRS can lead to multi-organ failure. Neurotoxicity symptoms can include headaches, delirium, seizures, and cerebral edema. These symptoms usually occur within the first two weeks, but more severe cases can present within 72 hours (28). In CD19 CAR-T cell therapies, CRS severity was found to vary significantly among patients with up to 46% of severe cases observed in some studies, which typically requires admittance to the intensive care unit (2–6, 29). These inflammatory toxicities have been observed in almost all CAR-T cell clinical trials, including the FDA-approved CAR-T cell therapies Kymriah, Yescarta, Tecartus, Breyanzi and Abecma (2–7). While new CAR-T cell clinical trials are still facing these challenges, methods to diagnose and better treat inflammatory toxicities during CAR-T cell therapy are also in development (6, 30, 31).

One of the major challenges for developing effective treatment strategies for inflammatory toxicities during CAR-T cell therapy is poor understanding of mechanisms for heterogenous inflammatory response and factors that contribute to these toxicities. CAR-T cells are also being developed to treat various solid tumors; however, there are several challenges that need to be addressed to improve safety and efficacy of CAR-T cells against solid tumors (32). Furthermore, severity of inflammatory toxicities that may arise following CAR-T cell treatment against solid tumors is poorly understood. Thus, future work to understand mechanisms for inflammatory toxicities and identification of factors that contribute to these toxicities during CAR-T cell therapy against solid and liquid tumors may help in rational design of CAR-T cells that are safer and may also help in developing novel strategies to effectively manage and treat these toxicities.



Current Understanding of Mechanisms Contributing to Inflammatory Toxicities

Inflammatory toxicities such as CRS and neurotoxicity are associated with the presence of high levels of inflammatory proteins and cytokines such as GM-CSF, IL-6, IL-1β, C-reactive protein (CRP), etc. in the serum of patients treated with CAR-T cells (33, 34). One of the major sources of these pro-inflammatory cytokines are myeloid cells that are activated during CAR-T cell therapy (35–38). Post-infusion and following target cell recognition, CAR-T cells are activated and secrete various inflammatory factors, such as GM-CSF, which can activate myeloid cells and promote the rapid production and secretion of pro-inflammatory cytokines such as IL-6 and IL-1β that contribute to inflammatory toxicities (37, 39). Since, cytokines like IL-6 and IL-1β are not primarily produced by CAR-T cells, targeting these cytokines by immunomodulatory agents may not completely prevent CRS and neurotoxicity; however, understanding mechanisms for myeloid cell activation during CAR-T cell therapy may help develop strategies that can prevent or reduce activation of myeloid cells. One such strategy to reduce myeloid activation is through reducing extraneous CAR-T cell activation that can occur from on-target/off-tumor activity (40). Thus, by targeting antigens that are expressed only in diseased cells or by implementing better strategies to reduce on-target/off-tumor activity, unwanted CAR-T cell activation may be reduced, which may help reduce bystander myeloid cell activation.

Toxicity from CAR-T cell therapies can greatly vary, which can be due to multiple factors including patient heterogeneity, baseline tumor burden, CAR-T cell dose, differences in starting material for autologous products or the CAR-T cell manufacturing process (34).Tumor burden can be predictive of toxicities as clinical studies have found that patients with a higher baseline tumor burden or treated with higher number of CAR-T cells have greater incidence of inflammatory toxicities and demonstrate poor survival compared to patients with lower tumor burden (34, 41). Other factors, such as patient microbiome, metabolome, or cytokine profile etc. may also modulate CAR-T efficacy and safety and warrant further investigation (42, 43).

Manufacturing process can also greatly affect CAR-T cell safety and efficacy (44). For example, selection of CD4 and CD8 positive T cells following apheresis during manufacturing improved CAR-T cell efficacy, but this process also resulted into CAR-T cells with increased inflammatory toxicities (45). T cell subsets or activation and/or differentiation state of T cells in the CAR-T cell product can also impact CAR-T cell safety and efficacy. CAR-T cell products containing higher numbers of stem-like memory cells or central memory have demonstrated improved expansion, persistence and efficacy (46, 47). Single-cell analysis of various CAR-T cell subsets has revealed different populations of cells contribute to different inflammatory cytokines and effector function (48). Further studies on impact of various T cell subsets present in the CAR-T cell product on safety and efficacy may help improve safety by allowing for either enrichment or depletion of specific T cell subset.

CAR-T cell design and choice of co-stimulatory signaling molecules can also impact safety and efficacy (19). First-generation CARs used a single signaling domain, which was found to have poor persistence and low efficacy (49–52). The first-generation CARs were primarily derived from murine antibodies, which may have also contributed to poor persistence and low efficacy. With the addition of a co-stimulatory domain in the second-generation CARs such as the FDA-approved CAR-T cell products, CAR-T cell efficacy was greatly improved. However, patients treated with these more active CAR-T products also experienced inflammatory toxicities (2–6). Additionally, studies have evaluated correlation between specific domains and susceptibility to inflammatory toxicities. For the five FDA-approved CAR-T cell products, they either contain the CD28 (Yescarta and Tecartus) or 4-1BB (Kymriah, Breyanzi and Abecma) as co-stimulatory signaling domain, correlation between signaling domains and toxicity has remained inconclusive in part due to differences in clinical grading scales and cancer types (19). Due to improvements in inflammatory toxicity management over recent years, it has been challenging to directly compare various studies as more recent studies treat patients earlier or even prophylactically in some cases (6). Thus, it will be important for future clinical studies to compare the safety and efficacy of new emerging CAR-T therapies with other CAR-T cells to better understand effect of various co-stimulatory domains on inflammatory toxicities.

While second generation CAR constructs are used in FDA-approved products and many more are in clinical development, some clinical studies are also assessing third generation CAR constructs that often contain both the CD28 and 4-1BB stimulatory domains (31). Although due to differences between patient population, trial design etc. results from these third-generation CAR-T cells cannot be compared with second-generation CAR-T cells, results from early trials have been encouraging and have shown that third-generation CAR-T cells can achieve higher levels of activation without increasing the frequency and severity of inflammatory toxicities (31, 53). The increased activation without increased toxicity may be due to the earlier use of immunomodulators, rapid CAR-T exhaustion, differences in baseline tumor burden or other unknown mechanisms that warrant further investigation Data from a multi-arm clinical trial using either second-generation or third-generation CAR-T cells may also provide additional insights into this observation. As new CARs are designed and used to treat various diseases, it will be important to better understand how these changes will impact not only their ability to eliminate target cells, but also produce sustained effect and reduce the risk of severe side-effects.



Current Strategies for Management of Inflammatory Toxicities and Limitations

Currently, following onset of inflammatory toxicities, treatment strategies focus on reducing overall inflammation by using corticosteroids, or inhibiting inflammatory cytokines, such as IL-6 or IL-1β, signaling pathways (28, 54). Although, administration of the anti-inflammatory therapies are typically given following onset of CRS; some studies have also used it prophylactically (30). While these treatment strategies are effective in reducing severity of these inflammatory toxicities, they do not prevent their occurrence, nor do patients uniformly respond to these interventions (28). Furthermore, immunosuppressive agents such as corticosteroids have a systemic effect, blunting immune cell responses that can impact therapeutic efficacy. Some studies suggest that the effect of corticosteroids on CAR-T cell function is likely to be minimal (30, 55); however, other studies have found it to be inhibitory (56). These differences may be due to the timing, duration and dose of steroids used in these studies. In addition, corticosteroid resistant inflammatory toxicities have been observed during CAR-T cell therapy resulting in multi-organ failure and death (57).

Pro-inflammatory cytokines such as IL-6 and IL-1β are commonly associated with inflammatory toxicities during CAR-T cell therapy and these cytokines are significantly elevated in the blood following CAR-T cell infusion (35). These myeloid-derived cytokines activate other immune cells including themselves (35). Thus, anti-IL-6 or anti-IL-1β therapy could prevent the positive-feedback loop of myeloid activation and help reduce CRS severity. Currently tocilizumab, an IL-6 receptor antagonist, is the only FDA-approved therapy for treating CAR-T cell-associated CRS (58). Additionally, it has been also used as a preventative treatment, including patients with high tumor burdens, as it does not seem to affect CAR-T cell function and can mitigate the initial severity of CRS (30, 59). While tocilizumab has shown promise in resolving CRS severity, it has many limitations. For example, tocilizumab has been found to be less effective in resolving neurotoxicity symptoms (60, 61). This is likely because tocilizumab is a large antibody molecule, which is unable to cross the blood brain barrier (BBB) (62). Treatment with tocilizumab can also be clinically ineffective in up to 30% of patients (58), and tocilizumab-refractory CRS can develop in some patients (57, 63). Since tocilizumab targets the IL-6 receptor and not the cytokine, its effect in some patients may be reduced due to the presence of soluble IL-6 receptor. Further studies need to evaluate the impact of other therapies on CAR-T cell associated inflammatory toxicities, such as siltuximab that binds to the IL-6 cytokine and removes it from circulation (64). Furthermore, preclinical studies have shown that IL-6 deficient mice still develop CRS symptoms when treated with CAR-T cells (65) suggesting targeting IL-6 alone may not be sufficient in all patients and additional therapeutic strategies are needed to treat both CRS and neurotoxicity.

One such inhibitor that may help treat CRS and neurotoxicity when used in in conjunction with IL-6 inhibitors is anakinra. Anakinra is an antibody-based IL-1 receptor (IL-1R) antagonist, which is an FDA-approved drug for treating patients with rheumatoid arthritis and other inflammatory diseases (66). While the use of anakinra for treating CAR-T cell induced toxicities requires additional clinical trials, this therapy may be effective in treating both CRS and neurotoxicity (54, 67). Previous work has found that anakinra and IL-1β can traverse the BBB (33, 36, 68), and in preclinical studies anakinra reduced both CRS and neurotoxicity (35, 36). However, similar to tocilizumab, blocking IL-1β signaling by anakinra may not completely treat inflammatory toxicities as IL-1R deficient mice also developed CRS symptoms following CAR-T cell infusion (65). Together, these data suggest that inhibition of inflammatory cytokines such as IL-6 and IL-1β may not be sufficient to treat inflammatory toxicities in all patients. Furthermore, the effect of these agents on bystander immune responses that also contributes to CAR-T cell efficacy is unknown. Future studies are required to better understand mechanisms contributing to these inflammatory toxicities during CAR-T cell therapy, which may aid in better management of these toxicities. It is also important to note that while current management strategies have several limitations, CAR-T cell therapy has saved many lives. Thus, current toxicity management strategies should continue to be used with CAR-T cell therapy until better management or preventive strategies are identified.



Current Strategies to Prevent Inflammatory Toxicities During CAR-T Cell Therapy

In response to the toxicities that accompany CAR-T cell therapy, research has focused on rational CAR design and genetic manipulation of T cells in order to prevent inflammatory toxicities. New CAR constructs have been designed to contain additional domains to improve CAR-T cell activity (69). These multi-CARs increase the specificity through either requiring recognition of two antigens on the cells surface (bispecific CAR) or requiring the absence of an antigen (inhibitory CAR) (70–72). The increase in specificity can reduce unwanted CAR-T cell activation by reducing on-target/off-tumor activity, which may result into lower levels of inflammatory factors released by CAR-T cells.

Other methods are also in development to increase on-target activity. Expression of chemokine receptors like CCR4, CXCR1, or CXCR2, improved anti-tumor activity by increasing CAR-T cell localization to tumors (73, 74). Increased cellular localization to tumors may also help reduce on-target/off-tumor activation of CAR-T cells and peripheral myeloid cells. Additionally, CARs can include molecular switches that can be controlled post-infusion to modulate the level of CAR-T activation (69). While these strategies can help mitigate side-effects by reducing overall activity, they do not directly inhibit the development of inflammatory toxicities.

Use of small molecule inhibitors to prevent inflammatory cytokines signaling may also help reduce severity of inflammatory toxicities in patients. For example, Bruton’s tyrosine kinase inhibitor (BTKI) has been shown to reduce production of the inflammatory cytokine IFN-gamma from both CAR-T cells and tumor cells (75). BTKIs are FDA-approved drugs and are frequently used to treat hematological cancers prior to CAR-T cell therapy (6, 76, 77). One study found that pre-treatment with Ibrutinib (BTKI), was able to effectively reduce CRS severity (78), and this strategy is currently being evaluated in an ongoing clinical trial (NCT03960840). It has been also proposed that BTKIs reduce CRS severity through reducing the expression of inflammatory cytokines, such as IL-6 and GM-CSF (75). Although these early findings are promising, the effect of BTKIs on safety and efficacy of CAR-T cell therapies needs to be further studied.

Another small molecule, metyrosine, have been shown to prevent inflammatory toxicities through inhibiting catecholamine production (38). Catecholamines (e.g. dopamine) are secreted by CAR-T cells and act as an endogenous immunomodulator by inducing expression of various cytokines, including IL-6 and IL-8 (79). In an in vivo preclinical study, prophylactic treatment of metyrosine significantly reduced inflammatory cytokine levels without affecting efficacy (38). Metyrosine is an antihypertensive drug used to treat pheochromocytoma (80). Like metyrosine, atrial natriuretic peptide also inhibited catecholamines and reduced CRS-associated cytokine production from CAR-T cells (38). Since catecholamines have previously been linked to neurotoxicities (81), inhibition of catecholamines may help reduce both CRS and neurotoxicity.

Modulation of post-transcriptional processes have been also studied as a potential strategy to reduce inflammatory cytokines during CAR-T cell therapy. JTE-607 (TO-207) is a CPSF3 inhibitor that blocks pre-mRNA processing into mature mRNA and has been shown to reduce the processing and secretion of cytokines from monocytes in vitro (82). This mRNA-processing inhibitor had minimal effects on the release of soluble factors from CAR-T cells, suggesting that it selectively inhibits cytokine production in monocytes (82). An early clinical study found that a single dose of JTE-607 appeared to be well-tolerated and reduced the severity of endotoxin-induced inflammation in healthy individuals (83). If this inhibitor can effectively prevent the release of multiple cytokines without effecting the mRNA processing in CAR-T cells and other healthy tissues, it could be more effective than therapies that only target a single cytokine. However, the mechanism of selectively inhibiting only cytokine mRNA processing, while not effecting other cells or transcripts, requires further research. Thus, small molecule drugs can be effective in managing or treating inflammatory toxicities during CAR-T cell therapy. However, these drugs can also affect tumor cells and impact CAR-T cell efficacy, thus, effect of small molecule drugs on tumor cells should be also carefully assessed before using these drugs for treating CAR-T cell toxicities.

Another method that has been in development to modulate inflammatory cytokine expression is through genetic manipulation of CAR-T cells. As IL-6 and IL-1β are crucial cytokines involved in inflammatory toxicities, CAR-T cells have been engineered to express and secret interleukin-1 receptor (IL-1RA), which can sequester free IL-1β in circulation (36). This approach is similar to the strategy of using anakinra, but in this strategy, IL-1RA would be expressed prior to IL-1β induction and be continuously released into the blood from CAR-T cells. A similar approach could be used with an IL-6 receptor alone or in combination with IL-1RA. Another study found that knockdown of IL-6 in CAR-T cells reduced IL-6 production from monocytes, which may be due to reduction in IL-6 positive-feedback loop (39). Thus, these various strategies to design CAR-T cells to prevent IL-6 and IL-1β signaling may help reduce severity of inflammatory toxicities during CAR-T cell therapy.

Over-expression of CD40 ligand (CD40L) on CAR-T cells increased anti-tumor efficacy through CD40L interactions with CD40 expressed on tumors (84). The over-expression of CD40L also increased expression of IL-1RA resulting into lower IL-1β expression (84). Thus, this strategy of CD40L expression in CAR-T cells may help reduce inflammatory toxicities; however, CD40L also interacts with CD40 on antigen presenting cells, which may lead to increased activation of myeloid cells (35). Thus, future studies should carefully evaluate the effect of overexpression of CD40L on CAR- T cell safety and efficacy.

While targeting inflammatory cytokines such as IL-6 or IL-1β may help reduce severity of inflammatory toxicities during CAR-T cell therapy, it does not prevent the onset of these toxicities. Since these inflammatory cytokines are not primarily produced by CAR-T cells (85), targeting CAR-T cell factors that contribute to myeloid cell activation may be more effective in preventing onset of these toxicities. GM-CSF is one of those promising factors, which is secreted by CAR T-cells following activation and activates myeloid cells but does not appear to contribute to CAR-T cell function (37, 65, 86). In vitro inactivation of GM-CSF in CAR-T cells reduced myeloid cell-derived inflammatory cytokines (37), and in some studies GM-CSF inhibition reduced expression of some CRS associated cytokines, such as IL-6, but not IL-1β (37, 65, 86–88). However, in animal studies, GM-CSF neutralization did not completely prevent inflammatory toxicities (86). As the mechanisms for inflammatory toxicities are likely to be very complex, it is anticipated that additional factors released by CAR-T cells contribute to these inflammatory toxicities. Thus, future studies are warranted to identify these novel inflammatory factors released by CAR-T cells to help rationally design CAR-T cells that are less toxic.

Current strategies to rationally improve CAR-T cells have primarily focused on improving its efficacy (10). One of such modifications is deletion of the NR4A transcription factors to reduce CAR-T cell exhaustion and improve efficacy (18). Although, NR4A deletion improved CAR-T cell potency in preclinical animal studies, GM-CSF was significantly upregulated over 20-fold in the NR4A knockout CAR-T cells. This suggests that while deletion of NR4A may improve CAR-T cell function, it may also significantly increase myeloid cell activation and inflammatory toxicities. Thus, multiple genetic manipulations may be required to improve overall safety and efficacy of CAR-T cells. Genome editing tools have greatly improved in recent years and can effectively knock-out, modify, and insert genes within primary cells. With these improvements, it has become possible to incorporate a variety of modifications to T cells during CAR-T cell manufacturing. As new genetic modifications are introduced to improve CAR-T cell safety and efficacy, the effect of these modifications should be carefully evaluated, and a comprehensive risk assessment should be performed prior to initiation of clinical studies.

Other immune cells such as natural killer (NK) cells that express CAR (CAR-NK) are also in development (89). In a phase I clinical study, anti-CD19 CAR-NK cells demonstrated a potent anti-tumor response without causing any severe inflammatory toxicities (90). Although, additional studies will be required to further corroborate safety and efficacy of CAR-NK cells, these early data suggest that CAR-NK cells may be safer than CAR-T cells. Furthermore, future studies of CAR-NK cells and characterization of mechanism contributing to lower inflammatory toxicities during CAR-NK cell therapy may also provide insights into mechanism for inflammatory toxicities during CAR-T cell therapy and aid in rationally designing CAR-T cells that are safer and effective.



Conclusions and Future Perspectives

As CAR-T cell therapies are being developed to treat a wide variety of human diseases, it is critical to understand inflammatory toxicities associated with these therapies and develop strategies to effectively manage or prevent these adverse events (Figure 1). While current treatment strategies help reduce the severity and duration of inflammatory toxicities, there are several limitations of these current strategies. Additionally, current management strategies can have heterogeneous response in patients, can be toxic and are expensive. Furthermore, they do not target the underlying cause of inflammatory toxicities during CAR-T cell therapy. Understanding mechanisms contributing to inflammatory toxicities during CAR-T cell therapies will help to greatly improve safety of these therapies by helping develop less toxic CAR-T cells during manufacturing and by developing better treatment strategies for patients who develop these toxicities (Figure 1). As the CAR-T cell field grows, it is anticipated that the CAR-T cell design and manufacturing process will be more complex. Thus, it is critical that future studies address these underlying challenges in an urgent manner so that the benefit of this effective therapy in treating numerous human diseases can reach to widespread population.




Figure 1 | Current understanding of mechanism for inflammatory toxicities during CAR-T cell therapy, current management strategies and future strategies for prevention. (A) Mechanism: Activated CAR-T cells release soluble factors upon CAR engagement with target antigen. These soluble factors can aid in the anti-tumor response, or they can activate bystander myeloid cells. Activated myeloid cells secrete inflammatory cytokines, such as IL-6 and IL-1β, that lead to the inflammatory toxicities observed in patients infused with CAR-T cells. (B) Management: Current management strategies focus on reducing inflammatory cytokines or cytokine signaling pathways by either using anti-inflammatory drugs, such as corticosteroids that may reduce inflammatory cytokines release by CAR-T cells or myeloid cells or by targeting specific cytokine receptors, such as IL-6R by tocilizumab and IL-1R by anakinra. (C) Prevention: New approaches that focus on preventing the onset of CRS. These strategies include: 1) modifying CAR-T cells during manufacturing such as genetic alterations to inactivate inflammatory genes, 2) designing CARs with novel domains that are less inflammatory, 3) targeting multiple antigens on tumors to reduce on-target off-tumor activation, 4) inhibiting pro-inflammatory CAR-T cell factors using antibodies (e.g. anti-GM-CSF), or inhibiting myeloid cell activation by 5) using small molecule inhibitors (e.g. BTKI), 6) expressing inflammatory cytokine receptor (e.g. IL-1R) on CAR-T cells or 7) using myeloid cell-specific transcriptional Inhibitor (e.g. JTE-607).
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Classically activated M1 macrophages and alternatively activated M2 macrophages are two polarized subsets of macrophages at the extreme ends of a constructed continuum. In the field of cancer research, M2 macrophage reprogramming is defined as the repolarization of pro-tumoral M2 to anti-tumoral M1 macrophages. It is known that colony-stimulating factor 1 (CSF1)/CSF1 receptor (CSF1R) and CSF2/CSF2R signaling play important roles in macrophage polarization. Targeting CSF1/CSF1R for M2 macrophage reprogramming has been widely performed in clinical trials for cancer therapy. Other targets for M2 macrophage reprogramming include Toll-like receptor 7 (TLR7), TLR8, TLR9, CD40, histone deacetylase (HDAC), and PI3Kγ. Although macrophages are involved in innate and adaptive immune responses, M1 macrophages are less effective at phagocytosis and antigen presenting, which are required properties for the activation of T cells and eradication of cancer cells. Similar to T and dendritic cells, the “functionally exhausted” status might be attributed to the high expression of programmed death-ligand 1 (PD-L1) or programmed cell death protein 1 (PD-1). PD-L1 is expressed on both M1 and M2 macrophages. Macrophage reprogramming from M2 to M1 might increase the expression of PD-L1, which can be transcriptionally activated by STAT3. Macrophage reprogramming or PD-L1/PD-1 blockade alone is less effective in the treatment of most cancers. Since PD-L1/PD-1 blockade could make up for the defect in macrophage reprogramming, the combination of macrophage reprogramming and PD-L1/PD-1 blockade might be a novel treatment strategy for cancer therapy.
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Introduction

Macrophages exhibit a high degree of plasticity when exposed to various environmental stimuli. They are polarized to one of two opposite types in vitro, classically activated M1 macrophages that can be induced by lipopolysaccharide (LPS), interferon-γ (IFN-γ), or colony-stimulating factor 2 (CSF2, also known as granulocyte-macrophage colony-stimulating factor) or alternatively activated M2 macrophages that can be induced by interleukin 4 (IL4), IL13, or CSF1 (also known as macrophage colony-stimulating factor) (1–3). M2 macrophages are further categorized as M2a, M2b, M2c, and M2d cells upon stimulation of different M2 drivers (4). Generally, M1 macrophages exert an immune protective role via the secretion of pro-inflammatory cytokines, whereas M2 macrophages are characterized by anti-inflammatory properties, which contribute to tissue remodeling and tumor progression (3). Multiple co-stimulatory and antigen-presenting molecules are expressed on the cell membrane of antigen-presenting cells (APCs), including macrophages. When confronted by tumor antigens, macrophages engulf and present them to T cells to boost the anti-tumor immune reaction by acting synergistically with co-stimulatory molecules (1). However, the function of macrophages is more complex in the tumor microenvironment. Tumor-associated macrophages (TAMs) are thought to exhibit an M2-like phenotype, lose their antigen-presenting capacity as innate immune cells, and play a pro-tumoral role in the tumor microenvironment in a paracrine manner (5, 6). The phenotype of TAMs dynamically changes with the development and progression of tumors. At an early stage, macrophages harboring anti-tumor capacity are recruited to the tumor microenvironment; however, with tumor progression, these macrophages are “educated” by tumor-secreted cytokines to acquire an M2 phenotype (1). It is accepted that M1 and M2 are two extreme forms of polarization in vitro, and TAMs usually exhibit a mixed M1–M2 phenotype, and not a simple M1 or M2 only phenotype, in vivo (7–9).

Macrophage reprogramming, also called macrophage repolarization, is defined as the repolarization of differentiated macrophages from alternatively activated M2 phenotype to the classically activated M1 phenotype, and vice versa. Several methods have been developed to reprogram M2 macrophages, including use of targeted antibodies, small molecular inhibitors, and free or vector-delivering nucleic acids, among others. Although M2 macrophage reprogramming has been adopted in clinical trials, the treatment outcome remains uncertain. In this review, we aim to shed light on the defects in M2 macrophage reprogramming and provide better treatment strategies for cancer therapy.



Macrophage Reprogramming Strategies

Molecular targets for M2 macrophage reprogramming include Toll-like receptor 7 (TLR7), TLR8, TLR9, CD40, histone deacetylase (HDAC), PI3Kγ, CSF1, and CSF1 receptor (CSF1R) (10). TLR agonists induce M1 polarization and exert an anti-tumor effect via the increased release of pro-inflammatory mediators. CD40 agonists increase the expression of co-stimulatory and antigen-presenting molecules on macrophages and the secretion of pro-inflammatory mediators, which enhances the T cell–dependent anti-tumor effect (10). TLR signaling and CD40 are known to be activated by IFN-γ (11, 12), which is a driver of M1 polarization. Both HDAC and PI3Kγ are involved in the M2 polarization of macrophages, providing intracellular targets for macrophage reprogramming. The inhibition of HDAC or PI3Kγ exerts an anti-tumor effect via the downregulation of M2 and upregulation of M1 molecules (10). As has been reported, PI3K is present downstream of CSF1R and is epigenetically activated during M2 polarization (13).

The CSF1/CSF1R axis is the most attractive target to reprogram M2 macrophages, and multiple agents have been developed for clinical practice, including small molecule inhibitors (PLX3397, BLZ945, ARRY-382, etc.) and neutralizing antibodies against CSF1 or CSF1R (10, 14). In the tumor microenvironment, tumor cell-derived CSF1 is enriched within peri-tumoral tissues and functions as a chemoattractant to recruit circulating monocytes, subsequently resulting in increased macrophage infiltration (15). CSF1R is a transmembrane receptor for CSF1 and IL34 with tyrosine kinase activity. Binding of CSF1 or IL34 induces the homodimerization of CSF1R and the activation of downstream MEK, PI3K, and PLC-γ2 signaling pathways, which are crucial for the proliferation and differentiation of macrophages (13). It was reported that CSF1/CSF1R blockade-based anti-tumor therapy could result in loss of macrophages in the tumor either by mitigating recruitment, TAMs survival and/or differentiation from monocytes (3). Ao et al. reported that CSF1R inhibitor PLX3397 suppressed tumor growth without depletion of TAMs infiltration in a mouse model of liver cancer (16). These discrepancies might be attributed to the heterogenicity of different tumor species and different CSF1/CSF1R blockade agents. It is accepted that activation of the CSF1R signaling pathway induces the M2 polarization of macrophages (14). In contrast with CSF1/CSF1R signaling that induces M2 polarization, the CSF2/CSF2R pathway induces M1 polarization of macrophages. CSF1R and CSF2R are constitutively expressed on the cell membrane of macrophages. Both CSF1/CSF1R and CSF2/CSF2R signaling pathways play important roles in macrophage reprogramming. Infiltrating macrophages are “educated” by tumor cell-derived CSF1 or IL34 to acquire an M2 phenotype, characterized by the high expression of CD163 or CD206 (17–19). After blockade of the CSF1R signaling pathway, macrophages are repolarized instead through the CSF2/CSF2R axis to acquire an M1 phenotype (16). CSF2 enhances the antigen presentation capacity of macrophages with increased expression of major histocompatibility complex-II (MHC-II) (20). In addition to inducing M1 polarization, CSF2 is also responsible for the development of dendritic cells (DCs) and granulocytes, which are also APCs that exert a similar anti-tumor effect as M1 macrophages (21, 22).

However, it has been reported that traditionally defined M1 macrophages with “anti-tumor properties” could also facilitate the metastasis of hepatocellular carcinoma in a paracrine manner (23). IL-1β released by M1 macrophages induces the expression of co-inhibitory molecules in tumor cells, which hampers the direct anti-tumor effect of cytotoxic T cells (24). Although these M1 macrophages are presented with high MHC-II expression, the process of phagocytosis and antigen presentation does not function as expected and needs further investigation. Therefore, after macrophage reprogramming from M2 to M1, the restoration of the phagocytic and antigen-presenting capacity of macrophages as innate immune cells should be taken into consideration to develop strategies for anti-tumor therapy.



Independent Role of the PD-L1/PD-1 Axis in Macrophages

Programmed cell death-ligand 1 (PD-L1) was reported to be expressed on a variety of cells, including tumor cells and APCs (mainly DCs and macrophages), and acts as a ligand for programmed cell death protein 1 (PD-1), which is mainly expressed on T cells. The binding of PD-L1 on macrophages to PD-1 on T cells antagonizes the co-stimulating and antigen-presenting effect of macrophages on T cells, leading to T-cell anergy and tumor cell immune escape. In addition to being a ligand for PD-1, PD-L1 inhibits the proliferation and activation of macrophages by suppressing the mechanistic target of rapamycin signaling pathway in macrophages. In addition, PD-L1 induces an immunosuppressive phenotype and inhibits the antigen-presenting capacity by reducing the expression of co-stimulatory molecules in macrophages. PD-L1 blockade increases the production of co-stimulatory molecules (CD86 and MHC-II) and pro-inflammatory cytokines (tumor necrosis factor α [TNFα] and IL12), which comprises the phenotype and expression profile of M1 macrophages (25). However, transcriptomic analysis showed that in addition to increasing the expression of pro-inflammatory genes, CCL2, a key driver of macrophage recruitment and M2 polarization is also upregulated. It was reported that PD-L1 blockade reinvigorates T cells, which is accompanied by increased IFN-γ production, further driving the M1 polarization of macrophages (26). However, the direct impact of PD-L1 on macrophage polarization is uncertain. The correlation between PD-L1 expression and macrophage polarization is ambiguous. Multiple factors involved in both M1 and M2 polarization (IFN-γ, TNFα, LPS, IL4, IL6, IL10, IL13, etc.) increase the expression of PD-L1 on macrophages (27–31). Therefore, PD-L1 is not an exclusive biomarker of M1 or M2 macrophages.

Recently, PD-1 was also found to be expressed on TAMs but not on circulating monocytes or spleen macrophages. The tumor microenvironment might play a critical role in the expression of PD-1 in macrophages. PD-1 inhibits the phagocytosis of TAMs, which is an inherent attribute of APCs in innate immunity (32). Peritoneal macrophages with high PD-1 expression are dysfunctional with reduced bactericidal capacity (33). It has been reported that macrophages with high PD-1 expression are more likely to be the pro-tumoral M2 subtype with increased CD206 expression and reduced MHC-II expression (32). Rao et al. reported that anti-PD-1 therapy induces M1 polarization in macrophages and exerts an anti-tumor effect in the absence of CD8+ T cells (34). In this study, the authors concluded that combining macrophage reprogramming with anti-PD-1 therapy is unnecessary, because anti–PD-1 alone can eliminate PD-1-expressing microglia, thus driving M2 to M1 repolarization. However, this result should be interpreted with caution. Even after PD-1-expressing macrophages have been eliminated, M1 polarization of the remaining macrophages might not occur without extra stimulation or induction. Thus, the role of CSF2 or IFN-γ should be taken into consideration.

As reported, activation of the PD-L1/PD-1 axis represents a state of “functional exhaustion” in T cells and DCs (35–37). Exhausted T cells are initially functional when exposed to antigen but gradually become silent after persistent stimulation. The exhausted T cells are characterized by increased expression of inhibitory molecules and decreased secretion of effector cytokines, including IL2, IFN-γ, and TNFα. The inhibitory receptors expressed on exhausted T cells include PD-1, cytotoxic T-lymphocyte-associated protein 4 (CTLA4), T-cell immunoreceptor with Ig and ITIM domains (TIGIT), lymphocyte-activation gene 3 (LAG-3), B and T lymphocyte attenuator (BTLA), T-cell immunoglobulin and mucin-domain-containing protein 3 (TIM3), V domain Ig suppressor of T-cell activation (VISTA), and CD96, among others (38). Similarly, these macrophages with high PD-L1 or PD-1 expression could also be called “functionally exhausted.” PD-L1 or PD-1 expression hampers the anti-tumor effect of macrophages as innate and adaptive immune cells, which could be restored after PD-L1/PD-1 blockade.



M2 to M1 Reprogramming is Associated With Increased PD-L1 Expression

Analysis of Gene Expression Omnibus data sets (GSE95404, 71253, 66805, 95405, 69607) by comparing the transcriptional differences of M1 (induced by CSF2 or LPS/IFN-γ) and M2 (induced by CSF1 or IL4) macrophages revealed that PD-L1 expression is significantly higher in M1 macrophages than in M2 macrophages. Antonios et al. showed that the expression of PD-L1 is also significantly higher in CD163− cells than in CD163+ cells (39). A recent study identified an immune suppressor induced by CSF1, Siglec-15, which is negatively correlated with PD-L1 expression (40). CSF1R blockade increases the expression of PD-L1 in pancreatic ductal tumor cells and CD11b+Ly6Chigh monocytes (41), but the underlying mechanism remains unknown. CSF2 plays an important role in directing M1 polarization after blockade of the CSF1/CSR1R signaling pathway, which is involved in M2 polarization. Shelby et al. showed a positive correlation between PD-L1 and CSF2 concentrations in gingival crevicular fluid of patients diagnosed with periodontitis (42). It has been reported that the expression of PD-L1 on APCs is transactivated by STAT3 (43). Tumor-derived CSF2 increases the expression of PD-L1 in granulocytes by activating the JAK/STAT3 signaling pathway, which inhibits the anti-tumor effect of T cells and contributes to the progression of gastric cancer (44) and hepatocellular carcinoma (45). In liver myeloid-derived suppressor cells, activation of the CSF2/JAK2/STAT3 pathway increases the expression of PD-L1, which facilitates the intrahepatic metastasis of liver neoplasm (46). It was also reported that CSF2 increases the secretion of CXCL8 in macrophages, which further induces the expression of PD-L1 on TAMs in an autocrine manner and inhibits the anti-tumor effect of CD8+ T cells (47). However, the underlying mechanism through which CSF2 increases PD-L1 expression on macrophages has not been fully elucidated.

PD-L1 expression is known to increase in M1 macrophages when induced with CSF2, LPS, or IFN-γ. An in vitro study showed that phorbol-12-myristate 13-acetate-activated THP-1 macrophages exhibit higher PD-L1 expression after LPS stimulation (48). IFN-γ released by tumor-infiltrating T lymphocytes increases PD-L1 expression in macrophages, which in turn inhibits the anti-tumor effect of T cells, resulting in a state of “adaptive immune tolerance” (49, 50). Both IFN-γ- and LPS-induced PD-L1 expression on tumor-infiltrating macrophages is dependent on the activation of STAT3 (51, 52). Moreover, activation of the TLR4/ERK axis is responsible for LPS-induced PD-L1 expression (53). In addition to CSF1/CSF1R blockade, macrophage reprogramming using HDAC inhibitors or agonistic anti-CD40 antibodies increases the expression of PD-L1 on macrophages, which limits the anti-tumor effect of reprogrammed TAMs (54, 55). Although the impact of macrophage reprogramming targeting PI3Kγ on PD-L1 expression is unknown, it has been reported that PI3Kγ inhibition increases the expression of PD-L1 on myeloid-derived suppressor cells (56). This evidence shows that all of these macrophage reprogramming strategies have the same side effect of increased PD-L1 expression on macrophages (Figure 1). Although PD-1 is also reportedly found on macrophages, the impact of macrophage reprogramming on PD-1 expression has not yet been reported.




Figure 1 | Diagrammatic sketch of macrophage reprogramming increasing the expression of PD-L1. PD-L1, programmed death-ligand 1; PD-1, programmed cell death protein 1; CSF1, colony-stimulating factor 1; CSF1R, CSF1 receptor; CSF2, colony-stimulating factor 2; CSF2R, CSF2 receptor; HDAC, histone deacetylase; IFN-γ, interferon-γ; TLRs, toll-like receptors; MHC-II, major histocompatibility complex-II; mAb, monoclonal antibody; Mφ, macrophages.





Macrophage Reprogramming and PD-L1/PD-1 Blockade in Cancer Therapy


Shortcomings of Single-Agent Anti-Tumor Strategies

In recent years, PD-L1/PD-1 monoclonal antibodies have gained widespread attention for cancer treatment. They show a strong anti-tumor effect in certain cancers such as Hodgkin’s disease and desmoplastic melanoma, among others. However, in most cancers, including non-small-cell lung carcinoma, gastroesophageal cancer, urinary neoplasm, and hepatocellular carcinoma, PD-L1/PD-1 blockade alone is only effective in a small proportion of patients (with objective response rates ranging from 15% to 25%) (57). Resistance to PD-L1/PD-1 blockade might be attributed to a lack of pre-existing T-cell infiltration in certain tumors. Another mechanism for ineffective anti-PD-L1/PD-1 monotherapy is the increased macrophage infiltration in the tumor microenvironment (58). Tumor-derived CSF1 induces the expression of granulin in macrophages, which impedes the infiltration of cytotoxic CD8+ T cells at the site of the tumor lesion, resulting in resistance to immune checkpoint therapy (59, 60). Therefore, therapies combining anti-PD-L1/PD-1 monoclonal antibodies have been adopted as a priority for clinical practice for selected cancers. For advanced hepatocellular carcinoma and clear cell renal cell carcinoma, anti-PD-L1/PD-1 single-agent therapy is only recommended as a second-line treatment option when first-line treatment fails (61, 62).

Even though macrophage reprogramming using CSF1R inhibitors or CSF1 antibodies has been achieved for anti-tumor therapy, their effectiveness is still uncertain in most cancers. The CSF1R inhibitor PLX3397 has shown significant anti-tumor effects in animal models (63–67), but its treatment efficacy in clinical settings remains unknown. PLX3397 is effective for tenosynovial giant cell tumors (68, 69) with a 39% overall response rate in a phase III clinical trial (69). However, the treatment outcome was rather disappointing for glioma (70). A poor objective response rate was reported for the CSF1R inhibitor ARRY-382 and CSF1R monoclonal antibody emactuzumab in treating solid tumors. Data on tumor control are unavailable for the CSF1 monoclonal antibody lacnotuzumab and CSF1R monoclonal antibodies cabiralizumab and LY3022855 (14). Similar to CSF1/CSF1R blockade, CSF2 induces M1 polarization by activating the CSF2R signaling pathway. Moreover, CSF2 is used to augment the recruitment and maturation of DCs in clinical trials for cancer therapy. However, CSF2 is typically not used as a single agent for macrophage reprogramming in clinical settings. Except for CSF1/CSF1R blockade and CSF2, other macrophage reprogramming agents including CD40 agonists, TLR agonists, HDAC inhibitors, and PI3Kγ inhibitors have been approved in clinical practice for the treatment of selected types of tumors (71–74). All of these macrophage reprogramming strategies are only effective in a small number of patients. As has been detailed in this review, the side effect of increased PD-L1 expression might explain the relatively poor anti-tumor effect of macrophage reprogramming. The anti-tumor nature of macrophages is inhibited by PD-L1, which could be rescued by PD-L1/PD-1 blockade.

Macrophages play a critical role in the activation of T cells (75). Activated CD8+ T cells mediate tumor cell killing directly, whereas activated CD4+ T cells exert anti-tumor effects indirectly by enhancing the cytotoxic effect of CD8+ T cells. The T cell–dependent anti-tumor response requires not only the blockade of co-inhibitory signals on T cells and APCs but also the restoration of co-stimulatory and antigen-presenting molecules on APCs. Macrophage reprogramming-induced PD-L1 expression provides a therapeutic target for PD-L1/PD-1 monoclonal antibodies. Moreover, PD-L1/PD-1 monoclonal antibodies could make up for the defect in macrophage reprogramming, thus improving the anti-tumor effectiveness of macrophage reprogramming. Roemer et al. reported that the expression of both MHC-II and PD-L1 is associated with a favorable outcome with PD-1 blockade (76). Bioinformatics analysis has shown that M1 macrophages are required for the efficacy of anti-PD-L1/PD-1 therapy (77), which implies better treatment outcomes by combining macrophage reprogramming and anti-PD-L1/PD-1 therapy compared to those of single-agent anti-tumor strategies. In this review, CSF1/CSF1R and CSF2/CSF2R-based macrophage reprogramming and its combination with PD-L1/PD-1 blockade is emphasized. The completed and ongoing clinical trials combining macrophage reprogramming and PD-L1/PD-1 blockade in cancer therapy are summarized in Table 1.


Table 1 | Completed and ongoing clinical trials combining macrophage reprogramming and PD-L1/PD-1 blockade in cancer therapy.





CSF1/CSF1R Blockade Combined With a PD-L1/PD-1 Monoclonal Antibody

A preclinical study showed that PLX3397 combined with a PD-1 monoclonal antibody enhances the anti-tumor effect of a DC vaccine in a mouse glioma model (39). Another CSF1R inhibitor, BLZ945, was also reported to synergize with PD-1/PD-L1–blocking antibodies for the treatment of murine neuroblastoma (78). However, in clinical practice, a lack of evidence on tumor control has limited the use of the combination of CSF1/CSF1R blockade and PD-L1/PD-1 monoclonal antibody to treat solid tumors. A phase II clinical trial using the combination of a CSF1R antibody (AMG820) and pembrolizumab has revealed an acceptable safety profile. However, the anti-tumor effect was insufficient for further evaluation, which might be because most recruited patients were resistant to the PD-1 antibody (79). Recently, mannose-modified macrophage-derived microparticles loaded with metformin have been developed to reprogram M2 to M1 macrophages, which can synergistically enhance anti-PD-1 therapy (80).



CSF2 Combined With a PD-L1/PD-1 Monoclonal Antibody

A preclinical animal study has shown that anti-PD-1 therapy increases the anti-tumor effect of CSF2 (81). CSF2 is used as a single agent for treating melanoma and was shown to provide no survival benefits in a phase III clinical trial (82). Holi et al. reported that treatment with immune checkpoint inhibitor ipilimumab plus sargramostim (CSF2) showed longer survival (1-year overall survival: 68.9% vs 52.9%) and lower toxicity (grades 3–5 toxicity: 44.9% vs 58.3%) than ipilimumab alone in treating metastatic melanoma (83). In most cases, CSF2 is usually anchored to the tumor vaccine as an adjuvant. PD-L1/PD-1 blockade was shown to increase the anti-tumor effect of the anchored-CSF2 tumor vaccine (84–86). Tian et al. constructed a new type of tumor vaccine that produces both PD-1 antibody and CSF2, which has shown a promising anti-tumor effect (87). In gallbladder cancer, conventional chemotherapy supplemented with CSF2 and PD-L1 blockade was shown to decrease local cancer recurrence after surgery (88). Therefore, CSF2, in combination with a PD-L1/PD-1 monoclonal antibody, is superior to single-agent therapy.




Conclusion

Macrophage reprogramming has been adopted in clinical trials for cancer therapy. Several reprogramming strategies have been developed by targeting TLR7, TLR8, TLR9, CD40, histone deacetylase (HDAC), PI3Kγ, CSF1, and CSF1R. The CSF1/CSF1R axis is the most attractive target to reprogram M2 macrophages in clinical trials. However, traditionally defined M1 macrophages with “anti-tumor properties” could also facilitate cancer progression, even with high expression of co-stimulatory and antigen-presenting molecules. The side effect of increased PD-L1 expression results in a “functionally exhausted” status in macrophages, which limits the anti-tumor effect of reprogrammed macrophages. PD-L1/PD-1 blockade could make up for the defect in macrophage reprogramming, providing a potentially promising treatment strategy by combining macrophage reprogramming with PD-L1/PD-1 monoclonal antibodies.
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Background

Anti-PD-1 monotherapy is the standard therapy for advanced melanoma patients, including those with NRAS mutations. The influence of NRAS mutation on immunotherapy, especially in noncutaneous melanoma, is largely uncharacterized.



Materials and Methods

We analyzed clinical data of four clinical trials for advanced melanoma patients treated with anti-PD-1 monotherapy between 2016 and 2019. The impact of NRAS mutation on efficacy and outcome of immunotherapy were analyzed in cutaneous and noncutaneous groups separately.



Results

A total of 206 patients were assessed, including 92 cutaneous melanoma patients with 12 NRAS mutations and 114 noncutaneous melanoma patients with 21 NRAS mutations. In cutaneous melanoma, the response rates of NRAS mutant patients were lower than patients without NRAS mutations (9.5% vs. 23.9%), the median progression-free survival (PFS) and median overall survival (OS) were shorter for patients with NRAS mutations, although without significant difference for OS (P=0.081). In noncutaneous melanoma, the response rates were 0 and 13.7% for NRAS mutant and wild-type patients, the median PFS were 3.6 months (95% CI: 0.9-6.3) and 4.3 months (95%CI: 2.9-5.7) (P=0.015), and the median OS were 10.8 months (95% CI: 1.5-20.1) and 15.3 months (95% CI: 13.2-17.4) (P=0.025), respectively. In multivariate analysis, NRAS mutation, along with ECOG performance score and LDH level, was negatively associated with both PFS (HR 1.912, P=0.044) and OS (HR 2.210, P=0.025) in noncutaneous melanoma.



Conclusion

In advanced Asian melanoma treated with anti-PD-1 monotherapy, NRAS mutant patients had lower response rates and poorer prognoses compared to wild-type patients, especially in noncutaneous subtypes.
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Introduction

Cutaneous melanomas are classified into four genetic subtypes based on TCGA (The Cancer Genome Atlas): BRAF mutant, RAS mutant, NF1 mutant, and triple WT (wild-type) (1). The incidence of BRAF mutation is 35-50% in cutaneous melanoma, while the upstream NRAS mutation frequency is 15-20%. BRAF inhibitors in combination with MEK inhibitors are recommended as the standard treatment for BRAF mutant advanced melanoma (2). However, for NRAS mutant melanoma, MEK inhibitors and other targeted therapies are still under investigation. Binimetinib slightly improved progression-free survival (PFS) of NRAS mutant melanoma patients by 1.3 months compared to dacarbazine (2.8 vs. 1.5 months) in a phase III clinical trial (3). Immunotherapy is still the first-line recommendation for advanced NRAS mutant melanoma.

Melanoma patients from different ethnicities have distinct subtypes and genomic alterations. Instead of the predominant cutaneous subtype in Caucasians, acral melanoma and mucosal melanoma are the most common subtypes in non-Caucasians (4). Genomic differences are substantial across different races and subtypes. For example, KIT aberrations are more common in acral and mucosal melanoma (5). The frequencies of BRAF mutation and NRAS mutation are 23.7% and 10.4%, respectively, based on calculations in a large non-Caucasian population (6). The incidences of NRAS mutations in acral, mucosal, and cutaneous melanoma were 9.0%, 13.0%, and 10.8% respectively (6). Acral and mucosal subtypes were less responsive to immunotherapy than cutaneous melanoma in a series of studies (7–9) due to low tumor mutation burden and high proportion of copy number variations and chromosomal structure variations (10).

Some retrospective studies have investigated the response and outcome of immunotherapy for NRAS mutant melanoma. Studies of high-dose interleukin-2 (IL-2) and ipilimumab have reported increased objective response rates (ORRs) and improved overall survival (OS) in patients with NRAS mutations, although without significant differences (11, 12). Johnson et al. (13) showed the benefit of immunotherapy in advanced melanoma patients with NRAS mutation exceeded that in patients with wild-type melanoma, especially from anti-PD-1/PD-L1 antibodies (ORR 64% vs. 30%). In contrast, in a German analysis, immune checkpoint inhibitors yielded comparable response rates (21% vs. 13%, P=0.210) but inferior survival in NRAS mutant melanoma (14). Patients in these studies mainly had melanoma from cutaneous primary sites. However, the influence of NRAS mutation on the efficacy of immunotherapy in noncutaneous melanoma has not been extensively explored.

Therefore, we conducted this observational study by collecting information on patients with advanced NRAS mutant melanoma and wild-type patients who received immunotherapy. By analyzing the different responses to immunotherapy in patients with NRAS mutations between cutaneous and noncutaneous melanoma, we analyzed the association of NRAS mutation with immunotherapy outcome in Asian melanoma population and tried to identify potential treatment strategies for these patients.



Materials and Methods

We collected clinical data of advanced melanoma patients treated with anti-PD-1 monotherapy from four prospective clinical trials conducted in Peking University Cancer Hospital (NCT03013101, NCT02821000, NCT02738489, CTR20160872). The impact of NRAS mutation on efficacy and outcome of immunotherapy for advanced melanoma patients was analyzed among other clinical characteristics. This study was approved by the ethics committee of the Peking University Cancer Hospital. NRAS, BRAF, and KIT mutations were detected by PCR from formalin-fixed paraffin-embedded (FFPE) tissue. In this study, NRAS wild-type melanoma included patients with BRAF or KIT mutations.

All patients received anti-PD-1 antibody, including pembrolizumab, toripalimab, tislelizumab, and camrelizumab, as a systemic treatment for advanced disease in clinical trials. Toripalimab had an ORR of 17.3% in previously treated melanoma (7), with tislelizumab 15% (15) and camrelizumab 15.2% (yet to be published), which was consistent with 16.7% for pembrolizumab in a second-line setting of Keynote 151 trial (9) in Asian melanoma patients. Nivolumab was not involved because it had not been involved in clinical trials tested for melanoma in China. An ECOG (Eastern Cooperative Oncology Group) performance score of 0 or 1 was required. Prior chemotherapy or targeted therapy was allowed. Patients with no detailed demographic information or missing efficacy evaluation data and those unable to complete the treatment cycle for any reason were excluded.

Responses were evaluated using the Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1 and Immune-related Response Evaluation Criteria in Solid Tumors (irRECIST). Patients were allowed to continue on treatment when initially progressed per RECIST v1.1 but may benefit from the continuation of immunotherapy. Treatment continued until intolerable toxicities developed, a complete response (CR) was achieved, or a 2-year treatment course was completed. The objective of this study was to explore the impact of NRAS mutation on ORR, disease control rate (DCR), PFS, and OS in advanced melanoma patients who received anti-PD-1 monotherapy.

Given the distinct genomic alterations and response to immunotherapy between different subtypes, we divided the patient population into a cutaneous cohort and a noncutaneous cohort and analyzed these two cohorts separately. The cutaneous cohort included patients with melanoma arising from skin and unknown primary sites. Acral melanoma is one special subtype distinct from non-acral cutaneous melanoma. Therefore, we categorized acral and mucosal melanoma into the noncutaneous cohort.

Chi-square tests or Fisher’s exact tests were used for categorical data. Survival data were analyzed with the Kaplan-Meier method, and log-rank tests were used for comparisons between different groups. Cox proportional hazards regression analysis was conducted to identify the following possible predictors of PFS and OS in advanced noncutaneous melanoma patients: NRAS status (wild-type vs. mutant), BRAF status (wild-type vs. mutant), ECOG performance score (0 vs. 1), primary site (acral vs. mucosal origins), stage (advanced IIIc vs. IV; based on the American Joint Committee on Cancer (AJCC) 8th edition staging system for cutaneous melanoma), and serum lactic dehydrogenase (LDH) level (normal vs. elevated). Statistical analyses were performed using SPSS software (version 22.0; IBM Corporation, Armonk, NY) and GraphPad PRISM (Prism 8.0.2; GraphPad Software, LLC). A two-sided P value <0.05 was considered statistically significant.

We performed a systematic search of relevant prospective and retrospective studies in MEDLINE limited to the English language on June 5, 2021. We included all studies that compared the efficiency of immunotherapy in NRAS mutant with NRAS wild-type advanced melanoma patients. We calculated weighted event rates and 95% CIs by using Stata version 16.0 software. A random rather than fixed-effects model was used to estimate pooled event rates to account for heterogeneity in order to be more conservative. We evaluated heterogeneity between studies with the Higgins inconsistency index (I2).



Results


Baseline Characteristics

A total of 206 advanced melanoma patients were enrolled in this study, including 92 cutaneous melanoma patients with 12 NRAS mutations and 114 noncutaneous melanoma patients with 21 NRAS mutations. The detailed characteristics are listed in Table 1. The distribution of sex, age, ECOG performance score, stage, serum LDH level, and prior therapy was balanced between the NRAS mutant and wild-type patients in both the cutaneous and noncutaneous groups. All patients were immunotherapy-naïve, and 170 patients (82.5%) had previously received chemotherapy or targeted therapy. There were 75 acral melanoma and 39 mucosal melanoma patients in the noncutaneous cohort.


Table 1 | Patient characteristics.



BRAF and NRAS mutations were mutually exclusive, and the BRAF mutation frequency was 19.1% in the NRAS wild-type population in our cohort. A total of 15 patients with BRAF mutation received BRAF inhibitors with or without MEK inhibitors before or after immunotherapy. Only one patient harbored simultaneous NRAS and KIT mutations. Twelve patients had KIT alterations in the NRAS wild-type cohort. Q61 mutations were predominant among NRAS mutation hotspots, including Q61R (52%, n=17), Q61K (24%, n=8), Q61L (9%, n=3), and Q61H (3%, n=1). Other mutational hotspots included G12D (9%, n=3) and G12C (3%, n=1).



Efficacy Evaluation

In cutaneous melanoma, 21 from 92 patients had NRAS mutations. The overall ORR of anti-PD-1 monotherapy in the NRAS mutant population was 9.5%, which was lower than the rate of 23.9% among the wild-type patients (P=0.223). The DCRs were 47.6% in the NRAS mutant group and 66.2% in the wild-type group (P=0.123). In the noncutaneous melanoma population, 12 from 114 patients had NRAS mutations, including 9 acral and 3 mucosal melanoma patients. The response rates of NRAS mutant patients and NRAS wild-type patients were 0% and 13.7% (P=0.356), and the DCRs were 33.3% and 51.0% (P=0.247), respectively (Table 2).


Table 2 | Efficacy of immunotherapy in NRAS mutant and NRAS wild-type melanoma.



Among the patients with NRAS mutation receiving immunotherapy, the only two responsive patients were both in the cutaneous melanoma group (9.5%). No responsive cases were observed in the noncutaneous group. No NRAS mutant patients had BRAF mutations simultaneously, and one patient with NRAS and KIT aberrations at the same time experienced stable disease (SD) in response to immunotherapy.

Among the patients without NRAS mutation, the ORRs of anti-PD-1 monotherapy were 23.9% for cutaneous melanoma and 13.7% for noncutaneous melanoma as follows: 12.1% in acral melanoma and 16.7% in mucosal melanoma. This population consisted of patients with BRAF mutation and KIT aberration. Patients with BRAF mutation had a slightly better ORR than BRAF/NRAS wild-type patients (21.1% vs. 17.1%). Patients with KIT aberration had an ORR of 8.3% (1/12) to immunotherapy.

Two patients with NRAS mutant advanced melanoma, including 1 patient with amino acid mutation of Q61R and 1 patient with G12D, achieved a partial response (PR). Regarding mutational hotspots with frequencies greater than 10%, patients with Q61R had a better ORR (5.8% vs. 0) and DCR (53% vs. 25%) than those with Q61K. One patient with Q61H and one with G12C had SD, and all the other patients experienced progressive disease (PD) (Table 3).


Table 3 | Efficacy of immunotherapy by NRAS mutational hotspot.





Survival Analysis

We analyzed the association of NRAS mutations with survival in cutaneous and noncutaneous melanoma. PFS and OS were poorer in patients with NRAS mutation, especially in the noncutaneous group. With a median follow-up duration of 15.4 months (range: 1.1-39.4), the Kaplan-Meier curves of PFS and OS for advanced NRAS mutant melanoma patients are shown in Figure 1.




Figure 1 | Kaplan-Meier curves for progression-free survival (PFS) and overall survival (OS) among patients with NRAS mutant and wild-type statuses treated with anti-PD-1 monotherapy. (A, B) noncutaneous melanoma; (C, D) cutaneous melanoma.



In the cutaneous melanoma cohort, the PFS for NRAS mutant and wild-type patients were 2.7 months (95%CI: 1.7-3.7) and 7.0 months (95%CI: 4.1-9.9) (P=0.024), and the OS were 13.8 months (95%CI: 3.7-23.9) and 20.4 months (95%CI: 12.7-28.1) (P=0.081), respectively. In the noncutaneous melanoma cohort, the median PFS were 3.6 months (95% CI: 0.9-6.3) for NRAS mutant patients and 4.3 months (95%CI: 2.9-5.7) for wild-type patients (P=0.015), respectively, and the median OS were 10.8 months (95% CI: 1.5-20.1) and 15.3 months (95% CI: 13.2-17.4), respectively (P=0.025).

We further explored the role of NRAS mutation in noncutaneous melanoma. In a univariate analysis incorporating all factors, the ECOG performance score (P=0.004), LDH level (P<0.001), and NRAS mutation status (P=0.015) were significantly associated with PFS in noncutaneous melanoma. In addition, the ECOG performance score (P<0.001), LDH level (P<0.001), and NRAS mutation (P=0.025) were also significantly associated with OS. On multivariate analysis, covariates independently associated with improved PFS included an ECOG performance score of 0, a normal LDH level, and NRAS wild-type status. Predictive factors for OS identified from the Cox hazard ratio model also included ECOG performance score, LDH level, and NRAS mutation status, as shown in Table 4.


Table 4 | Multivariate analysis of factors for PFS and OS in patients with advanced noncutaneous melanoma receiving immunotherapy.





Meta-Analysis

Six retrospective studies and 1 randomized clinical trial were relevant to our analyses (11–14, 16–18). Study design, drug, number of patients, efficacy of immunotherapy (ORR, DCR, PFS, OS, TTF, et al) for NRAS mutant and wild-type advanced melanoma patients, and univariate and multivariate factors analyzed along with NRAS status were listed in Supplementary Table S1. The objectives of our study were ORR, PFS, and OS. However, these studies were highly heterogenous and not consistent in the objectives. Only part of the studies can be involved for different pooled analyses.

The pooled risk ratio (RR) of ORR was 1.18 (95% CI: 0.98-1.43, I2 = 64.4%, P=0.038; Figure 2A) for some of the above studies using immunotherapy (including anti-PD-(L)1, anti-CTLA-4, anti-PD-1+anti-CTLA-4 therapy and IL-2). In the anti-PD(L)1 monotherapy subgroup, the corresponding RR of ORR was 1.13 (95% CI: 0.87-1.47, I2 = 52.5%, P=0.122; Figure 2B) with moderate heterogeneity. The hazard ratio (HR) of PFS in 2 studies (16, 17) and overall survival (OS) in 2 studies (14, 17) were 0.73 (95% CI: 0.58-0.93, I2 = 0%, P=0.930; Figure 2C) and 1.01 (95% CI: 0.52-1.96, I2 = 89.3%, P=0.002; Figure 2D), respectively. However, studies with opposite results were not included because of different objectives, such as TTF (18). As a result, no confirmatory conclusion can be drawn from this meta-analysis, which demonstrated the controversial results of different published studies.




Figure 2 | Overall pooled analyses of efficacy for NRAS mutant vs. wild-type (mut/wt) advanced melanoma treated with immunotherapy, including IL-2, anti-PD-(L)1, anti-CTLA-4, and anti-PD-1+anti-CTLA-4 therapy. (A) Risk ration (RR) of ORR for NRAS mut/wt melanoma treated with immunotherapy; (B) RR of ORR for NRAS mut/wt melanoma treated with anti-PD-1 monotherapy; (C) Hazard ratio (HR) of PFS for NRAS mut/wt melanoma treated with immunotherapy; (D) HR of OS for NRAS mut/wt melanoma treated with immunotherapy. I2 was interpreted by <50% as low heterogeneity; 50% to 75%, moderate heterogeneity; and >75% as high heterogeneity in our study.






Discussion

To our knowledge, this study of immunotherapy for advanced NRAS mutant melanoma comprised the largest population of noncutaneous melanoma to date. Currently, only a few reports have addressed the impact of NRAS mutation on immunotherapy. In an analysis of the effects of mutations on the response to high-dose IL-2, patients with NRAS mutation demonstrated a higher ORR (47%) than those with BRAF mutation (23%) and wild-type status (12%) (P=0.05) (11). In addition, NRAS mutation had an association with improved OS in ipilimumab-treated melanoma compared with wild-type melanoma, although without a significant difference (12 vs. 8 months, P=0.56) (12). In a retrospective study, 11 patients with NRAS mutant melanoma and 37 wild-type patients received anti-PD-1 monotherapy. The ORRs were 64% and 30% in the NRAS mutant and wild-type groups, respectively (13). Another study suggested that response rates were comparable between the groups (21% vs. 13%, P=0.210), although NRAS mutation was associated with less favorable survival (14). However, results from an Asian multicenter phase II trial of toripalimab in advanced melanoma patients indicated NRAS mutation as a potential resistance mechanism for immunotherapy. In the Asian population predominantly with acral and mucosal melanoma, the ORR of NRAS mutant patients was only 6.1% (1/16) to anti-PD-1 monotherapy (7). In a recent study of MAPK pathway alteration in cutaneous and unknown primary melanomas, time to treatment failure (TTF) was shorter for patients with NRAS Q61 mutations (18).

We performed a systemic meta-analysis based on the relevant studies. However, no confirmatory conclusion had been reached due to the high heterogeneity and no consistent objectives of these studies. The patients involved in different studies varied a lot in baseline characteristics. Only two studies involved a small part of acral and mucosal melanoma. In general, no consensus has been reached on the impact of NRAS mutation on immunotherapy, especially in noncutaneous melanoma.

In our study, the ORRs and DCRs of NRAS mutant melanoma patients were lower than those of wild-type patients, and NRAS mutation was associated with worse survival in the noncutaneous group with a significant difference. Moreover, no responsive patients were noted in the noncutaneous group with NRAS mutations. Advanced melanoma patients from Asia were less responsive to immunotherapy based on previous clinical trials, even in cutaneous melanoma, perhaps due to different races (7, 9). Noncutaneous melanoma is distinct from cutaneous melanoma in terms of subtypes and genetic alterations. According to whole-genome sequencing results, acral and mucosal subtypes were dominated by structural and copy number variations instead of single nucleotide variations (10). Genetic aberrations in the CDK and PI3K/AKT/mTOR pathways are frequently detected (19–21). All of these factors may contribute to the relatively low response rates of immunotherapy in our cohorts. Moreover, the particularly low response rate of noncutaneous melanoma patients with NRAS mutation reveals the adverse impact of NRAS mutation on immunotherapy in the Asian population. Our finding suggests that NRAS mutation might play a negative role in ethnic groups with deeper skin colors and a low tumor mutation burden.

MAPK pathway activation is associated with a poor prognosis in metastatic melanoma (22). NRAS mutant melanoma has been demonstrated to be associated with more unfavorable survival than wild-type melanoma in some studies, although heterogeneous situations have been observed in other series (23, 24). Increasing numbers of studies have explored how somatic alterations influence the response of immunotherapy through immunogenicity and the immune microenvironment (25). Tumors with NRAS mutation are reported to have low tumor-infiltrating lymphocyte (TIL) grades, suggesting a more immunosuppressive microenvironment (26). Activation of the RAS pathway can decrease antigen-presenting major histocompatibility complex (MHC) I molecule expression and reduce the number of infiltrating immune cells in tumors (24), which may weaken the antitumor activity of immune checkpoint inhibitors. This observation is consistent with our result of a significantly worse prognosis in NRAS mutant noncutaneous melanoma. A comprehensive understanding of the mechanisms by which somatic mutations influence the immune landscape and molecular network in the tumor microenvironment is critical to clarify this problem.

Thus, anti-PD-1 monotherapy may not be enough for patients with NRAS mutant advanced melanoma, especially in noncutaneous subtypes. NRAS is the most undruggable target in melanoma. MEK, PI3K, RalGEF, and other downstream molecules in the complex network have been targeted, with modest effects. On the other hand, considerable exploration of combination therapy in NRAS mutant melanoma has been conducted. MEK inhibitor treatment combined with immunotherapy was previously the most promising strategy. However, the role of MEK inhibitors in immunotherapy is controversial. MEK inhibition not only resulted in an accumulation of intratumoral antigen-specific T cells but also impaired T cell priming in lymph nodes (27). Preclinical evidence shows synergistic antitumor activity of MEK inhibition in combination with PD-L1 checkpoint blockade (27). In contrast, the phase 3 clinical trial of atezolizumab combined with cobimetinib in metastatic melanoma failed to demonstrate superior survival over anti-PD-1 monotherapy (16). Further studies are focusing on the sequence of immunotherapy and targeted therapy and dosing schedules such as intermittent versus continuous dosing of MAPK inhibitors (28). Other combination strategies, including drugs targeting RAS, the PI3K/AKT/mTOR pathway, CDK, and alternative immune checkpoint inhibitors, are also being investigated.

Some limitations exist in our study. This was an ad hoc analysis of pooled data from four clinical trials. Due to the unavailability of ipilimumab, we enrolled only patients with NRAS mutant advanced melanoma receiving anti-PD-1 monotherapy. As anti-PD-1 antibodies were tested mainly in previously treated melanoma in China, most patients received anti-PD-1 monotherapy after chemotherapy. Prospective multicenter study of large sample is needed to confirm the role of NRAS mutation in the response to immunotherapy in patients with advanced melanoma.



Conclusion

Our study demonstrated that patients with advanced NRAS mutant melanoma had lower response rates and worse prognoses when treated with anti-PD-1 monotherapy than wild-type patients. New approaches are needed to improve the outcomes of NRAS mutant melanoma, especially in noncutaneous melanoma.
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Background

We explored the combined effects of sarcopenia (SAR) and radiotherapy (RT) on outcomes in patients with advanced gastric cancer (AGC) treated with immune-checkpoint blockade (ICB).



Methods

Among 185 patients with AGC treated with ICB, we defined SAR as skeletal muscle index <49 cm2/m2 for men and <31 cm2/m2 for women; 93 patients met criteria. We defined high neutrophil-to-lymphocyte ratio (hNLR) as NLR≥3. Palliative RT was performed in 37 patients (20%) before ICB.



Results

We frequently observed hNLR in patients with SAR (53% vs. 35%, p = 0.02). The median overall survival (OS) for the entire cohort was 5 months. Stratification by risk factors of SAR or hNLR revealed a significant difference in median OS (0 [N = 60] vs. 1 [N = 76] vs. 2 [N = 49]: 7.6 vs. 6.4 vs. 2.2 months, p < 0.001). Patients with microsatellite instability-high (MSI-H, N = 19) or Epstein-Barr virus (EBV)-positive tumors (N = 13) showed favorable outcomes compared to those with microsatellite stable (MSS, N = 142) tumors (median OS, not reached vs. 16.8 vs. 3.8 months, respectively). The benefit of RT was evident in patients with both SAR and hNLR (median OS, 3.1 vs. 1.3 months, p = 0.02) and MSS/EBV-negative tumor (median OS, 6.5 vs. 3.5 months, p = 0.03), but outcomes after RT in MSI-H tumor were not significantly different. In multivariable analysis, SAR/hNLR, molecular subtypes, and a history of RT were associated with OS (all p < 0.05).



Conclusions

We demonstrated the negative predictive value of SAR/hNLR on outcomes after ICB for AGC, and the history of RT could overcome the negative impact of SAR/hNLR and the MSS/EBV-negative subtype.
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Introduction

With the emergence of immune checkpoint blockade (ICB) therapy being used in several malignancies, several prospective trials have demonstrated the efficacy and safety of ICB in patients with advanced gastric cancer (AGC) after initial treatment. Anti-programmed death-1 (PD-1) monoclonal antibodies, nivolumab and pembrolizumab, demonstrated promising results in phase II/III trials (1–4). The ATTRACTION-2 phase III trial provided improved survival outcomes with nivolumab (median survival 5.3 and 4.1 months for nivolumab and placebo groups, respectively) (1). The KEYNOTE-061 phase III trial demonstrated improved outcomes with pembrolizumab as second-line therapy for AGC but failed to meet the significance threshold; the median survival was 9.1 and 8.3 months for the pembrolizumab and paclitaxel groups, respectively (2).

Despite favorable outcomes following ICB, the response rate is often limited (11–25%) in the salvage setting, which prompted physicians to identify predictive ICB biomarkers (1–3). PD-L1 (programmed death-ligand 1) expression is a well-known potential ICB biomarker in other solid tumors (5). A subsequent analysis of the ATTRACTION-2 trial revealed that the survival benefit of nivolumab remains significant regardless of PD-L1 status (1). However, the KEYNOTE-059 phase II trial showed higher response rate and durable response of pembrolizumab in patients with PD-L1-positive tumors: overall response rates (ORR) of 22.7% and 8.6% for patients with PD-L1-positive and -negative tumors, respectively (3). In addition to PD-L1 status, mutational burden, including microsatellite instability, is suggested as a predictive response factor for anti-PD-L1 ICB treatment (6, 7). Furthermore, an Epstein-Barr virus (EBV)-positive tumor subtype exhibits prominent immune cell infiltration in the tumor microenvironment and genomic features encoding PD-L1, which could make it potentially sensitive to ICB (8).

Apart from PD-L1 status and molecular features of AGC, systemic inflammation status reflected by sarcopenia (SAR) or serum inflammatory markers is also regarded as a potential biomarker for patients treated with ICB (9–12). SAR, characterized by the depletion of skeletal muscle mass, is well recognized as a negative factor for immunity and is often observed in chronic diseases (13). As a local treatment, radiation therapy (RT) has an immune-stimulating effect by the induction and enhancement of tumoricidal innate and adaptive immune responses (14). Herein, we performed a retrospective analysis to assess the association between SAR/inflammation and treatment response and identify the impact of RT on for patients with AGC treated with ICB.



Materials and Methods


Patient Population

Upon receiving Institutional Review Board approval (IRB number 2020-12-135), we retrospectively reviewed the data of patients with AGC treated with ICB at Samsung Medical Center from March 2016 to June 2019. Patients were excluded if they were treated with adjuvant RT following curative surgery and if the follow-up period was less than 1 month. We conducted the study in accordance with the provisions of the Declaration of Helsinki and Good Clinical Practice guidelines. The requirement for informed consent was waived owing to the retrospective nature of the study. All authors had access to the study data and reviewed and approved the final manuscript.



Treatment


Immunotherapy

All patients received ICB after first- (80 patients, 43.2%) or second-line or more (105 patients, 56.8%) systemic chemotherapy. Pembrolizumab (200 mg) was administered intravenously every 3 weeks for 24 months or until disease progression, unacceptable toxicity, or patient’s decision to withdraw (2, 6). Nivolumab was administered intravenously at a dose of 3 mg/kg once every 2 weeks until the patients experienced unacceptable toxicity and disease progression or refused treatment (8).



Radiation Therapy

Before ICB, 37 (20.0%) patients underwent RT for palliative purposes. As summarized in Supplementary Table S1, the most common sites for RT were the stomach (12 patients, 32.4%), followed by the para-aortic lymph node region (7 patients, 18.9%), and bone (7 patients, 18.9%). All RT planning was performed using 6–9 MV photon under planning computed tomography (CT). The median interval between ICB and RT was 7.3 (interquartile range [IQR] 0.4–19.4) months.




Data Collection


Sarcopenia

Instead of dual-energy X-ray absorptiometry, abdominal CT before the first cycle of ICB administration was used to evaluate body composition. Using the in-house semi-automated software (https://sourceforge.net/projects/muscle-fat-area-measurement), the cross-sectional area (cm2) of the skeletal muscle at the L3 level was assessed (11, 12). The skeletal muscle index (SMI) was calculated as follows: SMI (cm2/m2) = cross-sectional area (cm2)/height2 (m2). SAR was defined as SMI <49 cm2/m2 for men and <31 cm2/m2 for women, according to the Korean-specific cut-off values for SAR (15).



Neutrophil-to-Lymphocyte Ratio

The neutrophil-to-lymphocyte ratio (NLR) at the first administration of ICB was calculated as follows: absolute neutrophil count/absolute lymphocyte count. High NLR (hNLR) was defined as NLR ≥3, which is a widely accepted criterion (16).



Molecular Category

Immunohistochemistry staining and assessment for MLH1 (antibody: ES05 clone; 1:100 dilution; Novocastra) and MSH2 (clone G219-1129; 1:500 dilution; Cell Marque) in formalin-fixed paraffin-embedded tissue sections were used for determining the MSI status, as previously described (6). The loss of MLH1 and/or MSH2 expression defines the MSI-H status. EBV was evaluated using in-situ hybridization for EBV-encoded small RNA (17). Based on these results, we categorized patients into 4 groups: MSI-H, EBV positive, MSS/EBV negative, and unknown.



PD-L1 Status

Immunohistochemistry staining for PD-L1 was performed using a Dako 22C3 pharmDx kit (Agilent Technologies, Santa Clara, CA, USA). PD-L1 expression was determined based on the combined positivity score and calculated by dividing the total number of PD-L1 stained cells by the total number of viable tumor cells, multiplied by 100 (6).




Statistical Analysis

Treatment responses following ICB were assessed using the Response Evaluation Criteria in Solid Tumors version 1.1. The ORR was defined as complete and partial responses; disease control rate (DCR) was defined as complete response, partial response, and stable disease lasting for ≥6 months (4). Overall survival (OS) was calculated from the first day of ICB administration to the date of death or last follow-up. Pearson chi-squared or Mann-Whitney U tests were employed to compare categorical or continuous variables between patients with or without SAR. OS was estimated with the Kaplan-Meier method, and comparisons were performed with the log-rank test. We performed multivariable analyses using the Cox proportional hazard model to test the independent significance of prognostic factors statistically significant in univariable analyses. In all analyses, a two-sided p-value of <0.05, was considered statistically significant. For testing multicollinearity among statistically significant factors, we checked the variance inflation factors less than 5. All statistical analyses were performed using R (version 4.0.2; R Foundation for Statistical Computing, Vienna, Austria; http://www.R-project.org).




Results


Patient Characteristics

The baseline characteristics of the entire cohort are summarized in Table 1. There were 19, 13, and 142 patients with MSI-H tumors, EBV-positive tumors, and MSS/EBV-negative tumors, respectively. In addition, there were 49 patients (26.5%) with PD-L1 ≥ 1% in their tumors. More than half of the patients had peritoneal carcinomatosis and distant-organ (i.e., lung, liver, bone) metastasis at the time of ICB treatment. Nivolumab and pembrolizumab were administered to 81 and 104 patients, respectively.


Table 1 | Patient characteristics stratified by sarcopenia status.



Among 185 patients, there were 93 and 23 patients with and without SAR, respectively (Table 1). Patients with SAR were older (median 62 years); had lower body mass index (median 20.6 kg/m2); and had higher white blood cell count, absolute neutrophil count, and NLR (median 3.3), compared to those without SAR (p < 0.05). Specifically, hNLR was more frequently observed in patients with SAR than in those without SAR (52.7% vs. 34.8%, p = 0.021). There was no difference in the molecular category of tumors, PD-L1 positivity, and disease extent between the two groups.

Additionally, patients treated with pembrolizumab showed less frequent SAR and had more MSI-H and PD-L1 positive tumor compared to those treated with nivolumab (Supplementary Table S2).



Response Rate

Overall, the ORR and DCR were 16.8% and 22.7%, respectively (Table 2). Patients with MSI-H tumors showed higher ORR (63.2%) and DCR (73.7%), followed by those with EBV-positive tumors (ORR, 53.8%; DCR, 38.5%). In addition, ORR and DCR were higher in patients with PD-L1≥1% in tumors than in those with PD-L1<1% in tumors. Importantly, DCR was lower in patients with SAR than in those without SAR (15.1% vs. 30.4%, p = 0.020), and both ORR and DCR were significantly different according to the baseline hNLR (ORR, 19.6% vs. 3.1%; DCR, 26.1% vs. 6.2%). Patients with a history of RT showed higher but not statistically significant ORR and DCR than those with no history of RT (ORR, 29.7% vs. 13.5%, p = 0.058; DCR, 29.7% vs. 20.9%, p = 0.357).


Table 2 | Response rate of immune checkpoint blockade.





Survival Outcomes

The median follow-up periods for all patients and the surviving patients were 4.8 (IQR, 2.2–11.6) months and 18.7 (IQR, 9.8–30.1) months, respectively. The median OS and 1-year OS rates were 4.9 months and 28.8%, respectively. Patients with SAR or hNLR exhibited inferior OS outcomes than those without SAR or hNLR (Supplementary Figure S1). Risk groups stratified by the presence of SAR and hNLR significantly differed in their OS outcomes; patients with both SAR and hNLR showed the worst OS outcomes (median OS: 0 vs. 1 vs. 2 risk factors, 7.6 vs. 6.4 v. 2.2 months, p < 0.001, Figure 1). There was a significant difference in OS among molecular categories. The median OS in MSI-H positive, EBV-positive, and MSS/EBV-negative tumors was not reached yet, 16.8 months, and 3.8 months, respectively (p < 0.001, Supplementary Figure S2). Also, median OS for patients with PD-L1-positive tumors doubled compared with those with PD-L1-negative tumors (9.7 vs. 4.9 months, p = 0.004, Supplementary Figure S3). After multivariable analysis, a history of RT (hazard ratio [HR] 0.47, 95% confidence interval [CI] 0.24-0.92, p = 0.028) and risk group stratification incorporating SAR and hNLR were associated with OS outcomes (Table 3). Additionally, older age (HR 0.58, 95% CI 0.35-0.95, p = 0.030) and MSI-H tumors were associated with favorable OS outcomes.




Figure 1 | Overall survival (OS) stratified by sarcopenia (SAR) and high neutrophil-to-lymphocyte ratio (hNLR).




Table 3 | Prognostic factors for overall survival.





Impact of RT on Subgroup Analysis

We performed subsequent subgroup analysis according to RT because this was related with improved OS outcomes in the multivariable analysis. Patients treated with RT had less frequent peritoneal seeding but more frequent distant visceral organ metastasis; other baseline characteristics were comparable between two groups (Supplementary Table S3). Regarding ORR and DCR, RT significantly benefitted patients with MSS/EBV-negative tumors and those with both SAR and hNLR (Supplementary Table S4). There was a difference in the impact of RT on OS outcomes for patients stratified by SAR and hNLR (Figures 2A–C). Specifically, although a borderline difference in OS according to RT was observed in patients with either SAR or hNLR (Figure 2B), RT significantly improved OS outcomes in patients with both SAR and hNLR (median OS: 3.1 vs. 1.3 months, p = 0.016, Figure 2C). Additionally, there was no significant difference in OS outcomes by RT in patients with favorable molecular categories (MSI-H or EBV-positive tumors, Figures 3A, B). In contrast, RT was associated with superior OS outcomes in patients with MSS/EBV-negative tumors (median OS: 6.5 vs. 3.5 months, p = 0.031, Figure 3C). However, RT had little impact on OS outcomes in the subgroup analysis based on PD-L1 status (Supplementary Figures S4A–C).




Figure 2 | Impact of radiation therapy (RT) on overall survival according to subgroups based on sarcopenia (SAR) and high neutrophil-to-lymphocyte ratio (hNLR). (A) Patients with no SAR and hNLR; (B) Patients with SAR or hNLR; (C) Patients with SAR and hNLR.






Figure 3 | Impact of radiation therapy (RT) on overall survival according to subgroups based on molecular category. (A) Microsatellite instability-high (MSI-H) tumor; (B) Ebstein-Barr virus (EBV) positive tumor; (C) Microsatellite stable (MSS)/EBV negative tumor; (D) Unknown.






Discussion

In the current study, we observed that CT-determined SAR at baseline was associated with frequent hNLR and that risk group stratification based on SAR and hNLR could be a potential surrogate for predicting outcomes in AGC patients treated with ICB, independent of previously identified molecular biomarkers, including MSI-H and/or EBV positivity. Additionally, RT improved outcomes in patients with unfavorable features, such as SAR/hNLR or MSS/EBV-negative tumors.

SAR in gastric cancer negatively affects postoperative morbidity and mortality for surgically resected patients; it also leads to poor OS outcomes in patients with advanced disease treated with chemotherapy (18–20). Recently, Kim et al. demonstrated that CT-determined SAR was associated with inferior results after ICB (12). They investigated 149 patients with MSS type gastric cancer and reported that SAR was related to shorter OS (median 3.6 vs. 4.9 months), but it was not statistically significant in multivariable analysis. Consistent with this report, we also observed a negative impact of SAR on survival outcomes for ICB-treated AGC patients. Additionally, we revealed that hNLR, frequently observed in patients with SAR, could be incorporated into risk group stratification for patients with ICB-treated AGC. Cytokines related to T-cell exhaustion, transforming growth factor-β, and interleukin-6 are known to be related to the development of SAR, resulting in reduced ICB efficacy in patients with SAR (9, 21–24). Furthermore, under the condition of SAR with skeletal muscle loss, impaired myokine (i.e., interleukin-15 and -16) signaling induces immune dysregulation and a proinflammatory environment (25, 26). This detrimental effect of SAR/hNLR has been widely investigated in patients with other solid tumors treated with ICB. Increased levels of interleukin-6 or transforming growth factor-β related to skeletal muscle atrophy contributed to poor treatment response in malignant melanoma, non-small cell lung cancer, and urothelial cancer treated with ICB (24, 27, 28).

In our analysis, RT was significantly associated with improved outcomes in patients with SAR/hNLR or MSS/EBV-negative tumors. Furthermore, after multivariable analysis, the impact of RT was statistically significant. A previous molecular study of ICB-treated AGC patients reported that MSI-H and EBV positivity could be reliable biomarkers for ICB in AGC patients (6, 7). Kim et al. reported remarkable responses to pembrolizumab: ORR of 85.7% in 7 patients with MSI-H tumors and 100% in 6 patients with EBV-positive tumors (6). Also, Mishima et al. also reported improved ORR of 75.0% in 8 patients with mismatch-repair-deficient tumors (7). We also observed higher OS rates for patients with MSI-H or EBV-positive tumors. However, we firstly observed a positive impact of RT in patients with MSS/EBV-negative tumors. Unlike immunogenic features of MSI-H tumor, immunogenic-cold features of MSS might lead to reduced efficacy of ICB (29). Similar to AGC, MSI-H is a well-established predictive biomarker for ICB in colorectal cancer (30). For overcoming resistance to ICB in MSS tumors, various strategies combining chemotherapy, a tyrosine kinase inhibitor, RT, and molecular target agents are now under clinical investigations (31, 32). Among these strategies, a growing body of evidence indicates that RT has a role in immunomodulation in the tumor microenvironment (14, 33, 34). Increased dendritic cell activation and T-cell priming through chemokines of CXC Chemokine Ligand 9-11 and -16, and macrophage differentiation could promote T-cells to invade into the tumor microenvironment (33). This immunologic dynamic after RT might transform immunologically cold-tumors into hot-tumors, potentially leading to improved outcomes for patients with SAR/hNLR or MSS/EBV-negative tumors (35). Here, we first demonstrated the preliminary clinical results of the positive impact of RT in those patients, supporting further clinical investigations. Additionally, the underlying mechanism of how RT improves outcomes in these patients (i.e., SAR/hNLR or MSS/EBV negative tumor) needs further preclinical investigations.

There are several limitations to be acknowledged. First, owing to the limited number of patients receiving RT before ICB, subgroup analyses based on RT had limited statistical power. Moreover, PD-L1 status was not available for 90 patients (48.6%). In this context, we did not observe a statistical significance of RT in patients with PD-L1-positive tumors (Supplementary Figure S4B). Given the high rates of early disease progression or death (in most patients) within 6 months, following ICB administration, SMI or lymphocyte/neutrophil counts at post-ICB administration could not be analyzed. In addition, the median interval between ICB and RT was relatively longer to identify the direct impact of RT in an immune modulation. However, Moravan et al. showed long-lasting immune-modulatory effect of RT in brain immune cells with elevated mature dendritic cells after 1 year of RT (36). In addition, RT induced immunogenic cell death could provide long-term immunological memory resulting in the priming of the immune system which could last long time (37, 38). This study is hypothesis-generating for the clinical significance of SAR/hNLR and the positive impact of RT in patients with unfavorable factors. A further preclinical study investigating concurrent or sequential RT with ICB administration could address the underlying pathway between RT and the tumor microenvironment in patients with SAR/hNLR or MSS/EBV-negative tumors. However, to the best of our knowledge, this is the first study to identify the prognostic factors for response after ICB, incorporating SAR/hNLR and the history of RT in patients with AGC who underwent ICB.

In summary, we suggest that RT might overcome the negative impact of risk factors including SAR/hNLR and MSS/EBV-negative tumors in ICB-treated patients with AGC. Considering the cost-effectiveness of ICB, baseline SAR, hNLR, and history of RT in addition to the molecular nature of the tumor (i.e., MSI-H, MSS, EBV, and PD-L1 status) could be considered for proper patient selection in clinical practice.
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The immunotherapeutic treatment of various cancers with an increasing number of immune checkpoint inhibitors (ICIs) has profoundly improved the clinical management of advanced diseases. However, just a fraction of patients clinically responds to and benefits from the mentioned therapies; a large proportion of patients do not respond or quickly become resistant, and hyper- and pseudoprogression occur in certain patient populations. Furthermore, no effective predictive factors have been clearly screened or defined. In this review, we discuss factors underlying the elucidation of potential immunotherapeutic resistance mechanisms and the identification of predictive factors for immunotherapeutic responses. Considering the heterogeneity of tumours and the complex immune microenvironment (composition of various immune cell subtypes, disease processes, and lines of treatment), checkpoint expression levels may not be the only factors underlying immunotherapy difficulty and resistance. Researchers should consider the tumour microenvironment (TME) landscape in greater depth from the aspect of not only immune cells but also the tumour histology, molecular subtype, clonal heterogeneity and evolution as well as micro-changes in the fine structural features of the tumour area, such as myeloid cell polarization, fibroblast clusters and tertiary lymphoid structure formation. A comprehensive analysis of the immune and molecular profiles of tumour lesions is needed to determine the potential predictive value of the immune landscape on immunotherapeutic responses, and precision medicine has become more important.
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Introduction

Over the past few years, remarkable results have been achieved with the availability of cancer checkpoint inhibitors (CPIs), which have revolutionized the oncology battlefield by making the host immune response a target for anticancer therapeutic intervention. However, a significant fraction of patients has no respond to CPI treatment; and moreover, a proportion of patients showed resistance to CPI, and some cancers may pseudo- or hyperprogress. Moreover, some patients are often heavily treated with different chemotherapy regimens prior to being treated with CPI, which increases the complexity of the TME. Taking anti-programmed cell death 1 (PD-1) monotherapy as an example, physicians or investigators have come to a clinical consensus that the PD-1 ligand 1 (PD-L1) expression level can serve as a criterion for treatment with CPIs, such as anti-PD-1 therapy. However, depended on the understanding of the tumour microenvironment (TME) and the tumour mutational burden (TMB), other related biomarkers are also used as criteria for CPI treatment. Immunotherapeutic research may be currently in the middle-to-late stage, and researchers have gradually realized that tumours and TMEs progress over time and thus must be reconsidered and evaluated from a continuous perspective rather than by simply using the expression of certain biomarkers at certain time points as single measures; the idea of high-dimensional biomarkers for tumour immunotherapy is depicted in Figure 1 and will be addressed in this review.




Figure 1 | High-dimensional biomarkers are necessary for cancer Immunotherapies.



Bearing this in mind, we firstly argued the intrinsic and extrinsic resistance mechanisms of immunotherapies and the advantages and shortcomings of using PD-L1 expression levels as biomarkers of PD-1 therapy and nonresponse to PD-1 treatment due to a limited understanding of PD-L1 cut-offs. And in turn we summarize the criteria for the immunotherapeutic treatment of “hot and cold tumours” from certain perspectives and try to determine the impact of immune cells on the TME in both temporal and spatial dimensions. Moreover, we also report some new findings on tertiary lymphoid structures (TLS) associated with hot/cold tumours to clarify that CD8 toxic T cell infiltration affects CPI treatment and that subtle structural features of the TME play an important immunotherapeutic role. We also discuss the problems and dilemmas of hyperprogression as an integral factor underlying immunotherapeutic resistance in cancer.



PD-L1 as Biomarker in Immunotherapy: Applications and Shortcomings

Immunotherapies based on antibodies targeting the PD-1 and PD-L1 axis have profoundly changed the strategies for treated advanced tumours. Between 2015 and 2017, various ICIs were approved for the second- or first-line treatment of tumours with high PD-L1 expression (1).

Immunotherapies targeting PD-L1 and PD-1 are known to have substantial clinical impacts. First, anti-PD-1/PD-L1 inhibitors have broad pan-tumour potential and lead to better ORRs than former therapies in all patients. Second, patients treated with numerous PD-1 or PD-L1 inhibitors, such as nivolumab, pembrolizumab, durvalumab and atezolizumab, were shown to achieve sustained responses (2).

Despite these significant results, only a fraction of patients responds, and there is a strong need to define predictors to elucidate which patients are likely to have lasting clinical benefits. Most clinical trials have mainly investigated the predictive roles of PD-L1 expression in tumours and immune cells, as the main predictor, different companies were using different definitions, detailed list in Table 1.


Table 1 | Strategies of different companies using PD-L1 expression level as a companion diagnosis (adapted from information released by College of American pathologist).



Overexpression of PD-L1 in tumour cells leads to the escape of inhibitory pathways from host immune surveillance (3, 4), thus providing a scientific basis for the use of immune checkpoint inhibitors (ICIs) in cancer. The abnormally high expression of PD-L1 in TME may be due to the “primary” activation of various oncogenic signals and the “secondary” induction of inflammatory factors, such as IFN-γ (5, 6). In clinical practice, antibodies to PD-1 or PD-L1 rejuvenate “exhausted” T cells in TME, induce significant responses and sustained remissions, and have tolerable toxicity in patients with many types of cancer, such as lymphoma, melanoma, and mismatch repair-deficient tumours (6).

However, there is no general consensus, as not all PD-L1+ patients respond to immunotherapeutic treatment, and a proportion of PD-L1-negative patients respond. Patients treated with ipilimumab (an anti-CTLA-4 antibody) exhibited only a 20% sustained response rate for 5-10 years; pembrolizumab (anti-PD-1) also achieves an initial response rate of only 70-80%, which is reduced to 33% at the 3-year follow-up. Meanwhile, for the anti-PD-1 and anti-CTLA-4 combination clinical study, only 61% objective response was observed, and significant toxicity also exists at the same time (7).

In the face of such complex and variable outcomes, it is more important to consider the nature of immunotherapies and their relationship with the TME. In general, when considering immunotherapeutic efficacy, we may first consider whether the tumour is inflamed, which often indicates immune cell infiltration. In contrast, similar choices should be made regarding the use of biomarkers, such as PD-L1 expression in patients receiving anti-PD-1 or anti-PD-L1 therapy.

Patients may initially respond poorly to immunotherapy in the absence of tumour inflammation due to several reasons, such as immune compromise; the lack of antigen presentation, CD8 cell trafficking, T cell infiltration; and other issues in the TME. This also inevitably results in no recognizable antigens in the TME. Conversely, PD-L1 expression is presumably more relevant to the prediction of adaptive immune responses in cases of tumour inflammation. However, the following conditions affect the efficacy of CPIs for the treatment of inflamed tumours: 1) less T cell infiltration or T cell exclusion indicates a poor CPI response, and 2) more T cells in the tumour area indicates a more favourable CPI response (8). The concept of hot and cold tumours cannot be ignored and will be discussed in more detail later.

A few questions remain regarding the current situation and problems related to PD-L1 therapies, such as how to further enhance T cell function and how to convert noninflamed tumours into inflamed tumours. Why some patients respond, and others do not when using PD-L1 as a predictor also remains unanswered.

Researchers are realizing that tumours, as complex biological entities, cannot be measured by PD-L1 expression levels alone. The presence of TILs, the mutational load, and the likelihood of neoantigen expression in human cancers (different tumours have different likelihoods) influence clinical outcomes (Figure 1). Additionally, retrospectively evaluating the performance of PD-L1 prediction is not sufficient.

Therefore, the limitations of PD-L1 as biomarker of anti-PD1 therapy should be considered, and some confusion remains. Researchers should understand that different drugs, assay systems (such as clones, staining protocols, platforms and scoring methods), clinical decision points, tumour indicators and cut-offs will influence the conclusions.

And what is more, thinking in terms of different dimensions, PD-L1 as IO biomarker is dynamic and heterogeneous both spatially and temporally. PD-L1 expression can be also temporal and heterogeneous, this can make the situation even more complicated. This has forced us to rethink from the beginning of the mechanisms of immunotherapy resistance.



Intrinsic and Extrinsic Mechanisms of Immunotherapy Resistance

Immunotherapeutic resistance is categorized as either primary resistance or acquired resistance. Primary resistance (also known as intrinsic resistance) is a clinical scenario that a cancer does not respond to an immunotherapeutic strategy. The incidence rates of various types of cancer can change drastically (9). The so-called hyperprogressive diseases (HPDs) were recently classified as being primarily resistant. Some studies suggested the main factors underlying HPD include intrinsic changes, such as murine double minute (MDM)2/4 gene amplification (10), alteration of chromosome 11 region 13 (such as CCND1, FGF3, FGF4, FGF19) (11), and epidermal growth factor receptor (EGFR) gene mutation (11). At the same time, there is a growing awareness that TME alterations, such as the polarization of specific types of macrophages (for example CD163+CD33+PD-L1+ macrophages), may also cause HPD (12).

Tumours that initially respond to immunotherapy effectively but either stop responding or grow over time are said to have acquired resistance (9). With the increasingly widespread use of ICIs, the number of patients with acquired resistance is gradually increasing. For example, approximately 1/3 of patients with advanced melanoma relapse after treatment (13, 14). In addition, the main mechanism of immunotherapy is in the activation of immune cells, while the resistance of adaptive immunity is another mechanism recently recognized by researchers, which is different from traditional chemotherapy, radiotherapy and targeted therapy. Tumours with adaptive immune resistance are identified by the immune system but escape death by altering themselves to suit to the immune aggression. Acquired resistance can be a primary form of resistance based on mixed responses to dynamic immune microenvironment modulation and the interaction between immune cells and cancer cells (9, 15). To date, plentiful mechanisms of immunotherapeutic resistance were well described and determined, and new mechanisms are continuing to be discovered.


Intrinsic Factors Affecting Immunotherapy


Application and Shortcomings of TMB as a Biomarker

Extensive evidence suggests that the TMB is a predictive biomarker of immunotherapy response independent of PD-L1 (16, 17). The TMB is characterized as the mutations/Mb numbers in tumour cells and can be determined by next-generation sequencing platforms, including whole-exome sequencing (WES), whole-genome sequencing (WGS), and targeted panel sequencing (17). The rise of TMB can be driven by exogenous factors (tobacco carcinogen exposure, chronic viral infection, or ultraviolet light) or endogenous factors (such as impaired DNA repair) (17).

TMB is correlated with increased expression of tumour-specific antigens (TSAs) and tumour-associated antigens (TAAs) that can target reinvigorated T cells, whereas a high TMB tends to enhance tumour immunogenicity and ICI responses across tumour types (18–21). Several studies confirmed that increased mutational burdens were associated with higher response rates in patients with non-small-cell lung cancer (NSCLC) or melanoma treated with anti–PD-1 and anti-CTLA-4 antibodies, demonstrating the feasibility of using the TMB as a biomarker for patient selection. For example, researchers performed constitutional and somatic exome analyses of 77 nivolumab treated NSCLC patients and revealed that higher exonic nonsynonymous mutation and neoantigen levels were associated with a better outcome (22). In a study on patients previously treated for unresectable or metastatic solid tumours (KEYNOTE-158 study), a high TMB status (TMBH, ≥10 mut/Mb) was associated with a clinically meaningful improvement in the efficacy of the anti–PD-1 antibody pembrolizumab (23). On the basis of the KEYNOTE-158 study, the FDA approved pembrolizumab for the therapy of TMB high solid tumours. In the CheckMate 275 study, unresectable locally advanced or metastatic urothelial carcinoma patients which do not respond to a least one platinum-based regimen received nivolumab monotherapy. The results showed that 139 of 270 patients had an evaluable TMB, and TMB high (≥13 mut/Mb) was associated with a longer overall survival (OS), longer progression-free survival (PFS) and a higher objective response rate (ORR) for, and patients treated with nivolumab (24).

The TMB is associated with certain biomarkers, including MSI-H (high microsatellite instability), which results from dMMR (deficient DNA mismatch repair) and is detected in a subset of human cancers. Tumours with an MSI-H/dMMR status typically display high TMB levels, and MSI-H/dMMR is an established predictive biomarker of ICI efficacy (25–27).

As reported, MSI has the highest incidence in endometrial (~30%), gastric (~20%), and colorectal (~15%) cancers and likewise occurs in lower proportions in other different tumour types. About 20,000 stage IV dMMR tumours are diagnosed each year in the United States (20). A WES study revealed that dMMR tumours showed an average of 1782 mutations in which of 578 were predicted to induce neoantigens, which highlights the immunogenicity of these tumours (28). The MMR/MSI status was also identified as a predictive marker in PD-1 inhibitor (such as pembrolizumab) treated refractory dMMR patients. In one trial, 46 noncolorectal cancer (12 mixed tumour types) and 40 colorectal cancer (CRC) patients were enrolled, 53% patients achieved an objective radiographic observation, including 21% CR. The 2 years OS and PFS rates were 64% and 53%, respectively (20). Based on these impressive results, the FDA approved pembrolizumab as the first agent for the treatment of MSIH/dMMR cancers that progress after first-line treatment (29). Therefore, an MMR/MSI status in PD-1 refractory diseases can substantially affect the treatment approach. Elevated levels of PD-L1 were found in MSI-H tumours, particularly on tumour-infiltrating immune cells (30), thereby providing a putative biological basis for strong anti-PD-1 therapeutic responses in patients with dMMR/MSI-H tumours (31, 32).

However, the correlation of the TMB with ICI response is not consistent neither across nor within tumour types. As reported, renal cell cancers (RCCs), Merkel cell carcinoma (MCC), and mesothelioma have higher ICI response rates than predicted based on their TMBs, which is potentially due to the higher antigen qualities in these tumour types that result from a high number of indel mutations (in RCC), viral antigens (in MCC), and complex chromosomal rearrangements (in mesothelioma) (30, 33). Another recent study suggested that a particular subset of patients with prostate cancer can benefit from immune checkpoint inhibitor despite a low TMB. Moreover, the study also suggested that IFN-γ response gene signatures and CD8+ T cells infiltration level may improve patient selection for ICI treatment, particularly for cancers with low TMBs (34). Most recent findings show that not all solid tumours with TMB-H are sensitive to immune checkpoint inhibitors: Type I cancer types (endometrial cancer, microsatellite stable colon cancer, metastatic melanoma, and other cancers) were significantly associated with TMB in terms of objective remission rates and overall survival, respectively, and Type II cancer types (such as renal clear cell carcinoma, metastatic squamous lung cancer) were not. This may return researchers’ obsession with single-factor biomarkers back to a deeper understanding of biology itself rather than the formalities of large numbers of retrospective studies (35). Thus, to better understand and predict patient outcomes and refine treatment strategies, it is imperative to identify additional genomic factors that influence response.



Loss of Antigen Processing and Presentation Can Affect ICI Therapy

Antigen or neoantigen processes and presentation are essential for the T cell recognition of tumour cells and engagement of the T cell receptor (TCR). Neoantigens are newly generated antigens following somatic tumour mutations which confer the immunogenicity of tumour and are necessary for the effectiveness of PD‐1 and PD‐L1 monoclonal antibodies (36). In addition, proteins involved in antigen processing, transport and presentation, such as beta 2 microglobulin (β2M), human leukocyte antigen (HLA) molecules, large multifunctional protease (LMP), and transporter-associated with antigen processing (TAP) are important for tumour antigen processing and presentation, and genetic modifications of these proteins can lead to ICI resistance (37). Some previous studies revealed low HLA expression level in melanoma, lung cancer and breast cancer and discovered it to be associated with primary resistance to ICIs and poor clinical outcomes (38–41). Earlier research showed mutations in the β2M gene in CRC and revealed that β2M mutations were remarkably related to the MSI phenotype and had a lower prevalence in microsatellite stable (MSS) tumours (42, 43). Consistent with this finding, anti-PD-1 monoclonal antibody resistance was reported in MSI status carrying β2M mutations CRC patients (20). The same phenomenon was also observed in melanoma patients who acquired resistance to PD-1 blockade due to a homozygous truncating mutation in β2M, which prohibited the major histocompatibility complex (MHC) class I surface expression level (13). Furthermore, RNA sequencing and flow cytometry analyses of melanoma patients showed that downregulation of MHC class I molecules is a hallmark of PD-1 inhibitor resistance that is associated with TGF-β, upregulation of SNAI1, CAF (cancer-associated fibroblast) related signatures and the MITF-low/AXL-high melanoma phenotype. Anti-PD-1 combo with other drugs that aim the TGF-β signalling pathway to reverse melanoma dedifferentiation may select as effective strategies of cancer therapies in the future (44).

While loss of antigen presentation has been found to be associated with ICI resistance, it may also be a component of metastatic heterogeneity with clonal evolution (45). Downregulation or total loss of HLA expression on tumour cells is a known mechanism of cancer immune evasion and may contribute to ICI resistance (46). Additionally, HLA loss of heterozygosity (LOH), or disruption of neoantigen presentation ability, is considered to be a pattern of immune escape (47–49). HLA LOH was shown to occur more frequently than HLA or β2M mutations in patients with early-stage NSCLC (48). In addition, alterations in the HLA phenotype are often induced by mutations in the gene encoding the HLA class I heavy chain located on chromosome 6p21 or in the gene encoding the light chain of the HLA complex, β2M, located on chromosome 15q21. LOH-15q21 and LOH-6p21 frequently overlap in CRC, bladder cancer and melanoma, and the high incidence of LOH-15q21 in some malignancies, especially the overlap of LOH-15q21 with LOH-6p21, may have a significant impact on tumour immunogenicity and the efficiency of cancer immunotherapy (50). Thus, HLA LOH and intratumour heterogeneity (ITH) strongly impact tumour immunogenicity and the efficiency of cancer immunotherapies (51). An increase in HLA LOH is usually accompanied by an increase in the number of sub clonal mutations, thereby increasing the ITH, which is related with poor immunotherapy response (52, 53). Conversely, for melanoma patients, maximal heterozygosity of HLA-I loci improved the OS of patients treated with ICB compared with people who are homozygous for at least one HLA locus (49).



Lack of Viral Antigens and Cancer/Testis Antigens Affects Immune Response

Five already known oncogenic viruses, human papillomavirus (HPV), Epstein-Barr virus (EBV), human T cell leukaemia virus (HTLV 1), human herpesvirus 8, and Merkel cell polyoma virus, are relevant with around 15% of malignant tumours (54). For example, approximately 40% of non-Hodgkin lymphoma (NHL) cases and Hodgkin (HL)in immunocompetent hosts and with 95% of nasopharyngeal carcinoma (NPC) patients are associated with EBV (55). Virus-derived antigens are widely accepted to be important targets for T cell immune responses because it is usually immunogenic and highly expressed in tumour cells. However, tumour cells in patients infected with these viruses express a limited array of antigens, such as LMP1, LMP2, EBNA1 etc., which also have low immunogenicity. Bollard et al. (56) made autologous virus-specific T cells (VSTs) containing T cell clones that recognized LMP1 and LMP2 antigens and then found that 28 of 29 patients with relapsed EBV+ HL or NHL injected with the above cells as an adjuvant therapy kept in remission, while 13 out of 21 patients with resistant or relapsed disease with clinical responses (57, 58). Several groups have also reported responses in nasopharyngeal carcinoma (NPC) (57, 58), and one study reported that NPC patients treated with standard chemotherapy in combination with rapidly generated EBV-specific T cells (EBVSTs) had a 71.4% response rate and a significantly higher survival rate than the historical controls receiving chemotherapy alone (59).

Furthermore, tumour immunotherapies mainly depend on the tumour-associated antigens expression and the responses of T cells to tumour antigens. Cancer/testis antigens (CTAs) are encoded by 276 genes, such as LAGE-1, MAGE-A, SCP-1, NY-ESO-1 and TTK, from more than 70 gene families (60). CTAs are frequently expressed in different types of cancers but have restricted expression patterns in normal tissues. The frequency of CTA expression is highly variable depending on the tumour type (61). Moreover, because several CTAs are immunogenic and represent potential defined targets for antigen-based vaccinations and antigen-directed immunotherapies, they are considered to be potent cancer vaccine targets for clinical trials (62). CTAs can be used as cancer biomarkers for the diagnosis and selection of cancer treatment strategies. In oesophageal cancer, NY-ESO-1, MAGE-A, TTK and LAGE-1 are highly expressed and induce specific cytotoxic T lymphocytes (CTLs) to exert specific killing effects on tumour cells, and it was demonstrated by several clinical trials that immunotherapies are effective for oesophageal cancer (63).

However, the absence of characterization of genes associated immune responses in cancer cells has hindered further development of indicators for selecting and optimizing immunotherapy.



Increased Tumour Heterogeneity Affects ICI

Increased tumour heterogeneity (ITH) describes the variability between cancer cells within a single tumour. Cancer originates from a tumour cell clone that acquires the ability to proliferate uncontrollably while evading detection and clearance by the immune system. As the cancer progresses, genomic instability leads to the development of tumour cell subclones that acquire various genomic alterations (64) in which alterations are selective proliferation or survival advantages. One instance is the genomic alteration of genes essential for T-cell immune elimination and recognition (65). Among millions of tumour cells, genomic alteration induces dominant subclones that coexist and populate the entire tumour. The emergence of new technologies such as multi-region and single cell sequencing has provided increasing evidence of tumour cell subclones that harbour distinct genomic alterations (66, 67).

Clonal expansion occurs due to genomic alterations, individual mutations and changes in gene expression between tumour compartments. In patients with metastatic tumours, heterogeneity between the primary tumour and metastases is thought to underlie the complexity of the cancer (68). For example, tumour heterogeneity is considered to be one of the characteristics of uroepithelial carcinoma, which may be associated with a high mutational burden that changes the polarization state of the cells with each cell division and proliferation over time (69, 70). Treatments targeting individual genomic targets may result in the expansion of nonresponsive clones, whereas less targeted treatments (e.g., chemotherapy and immunotherapy) may substantially alter the clonal and transcriptional subtypes of individual tumours (71). Next-Generation Sequencing (NGS) technology is currently used to identify and characterize heterogeneity in urothelial carcinoma at the transcriptomic and genomic levels and offers the possibility to correlate tumour pathological alterations with clinical outcomes, but the heterogeneity of the tumours themselves remains a considerable obstacle to the development of new drugs or the selection of therapeutic strategies for patients with urothelial carcinoma (72–74).



Other Innate Anti-PD-1 Resistance Signature

PD-1/PD-L1 blockade induced primary and acquired resistance suggests other therapeutic mechanisms and biomarker possibilities for tumor patients. Hugo et al. analysed pre-treatment melanoma biopsies of the somatic mutagenomes and transcriptomes to recognize factors potentially influencing resistance to anti-PD-1 therapy or innate sensitivity (75). While a high mutational load was related with improved survival in both responding and nonresponding patients, responding tumours had more BRCA2 mutations. Thus, tumours with innate resistance also showed transcriptional signatures (called innate anti-PD-1 resistance, IPRES) that may play roles in the simultaneous upregulation of genes regulating mesenchymal transition, cell adhesion, extracellular matrix (ECM) remodelling, angiogenesis, and wound healing. Notably, MAPK-targeted therapy (MAPKi) induced a similar signal in melanoma, indicating that a nongenomic form of MAPKi resistance mediates cross-resistance to anti-PD-1 therapy (75). Validation of IPRES in other independent tumour cohorts was used to define a transcriptome subset across different advanced cancer types. These results indicate that impairing the biological process of IPRES may lead to improved anti-PD-1 responses in patients with melanoma and with other types of cancer. Consistent with this study, a study investigated DNA damage repair (DDR) pathway mutations in patients with CRC treated with ICIs and found that the incidence rates ATM and BRCA2 mutations were significantly higher than those of other genes. DDR mutations may function as biomarkers for patients with CRC treated with ICIs (76).




Extrinsic Mechanism: Effects of the TME


TIL Density

In addition to PD-1/PD-L1, various studies have showed that tumour-infiltrating lymphocytes (TILs) in and around neoplastic cells reflect host immunity in a range of cancers, such as breast cancer (77), gastric cancer (78), and NSCLC (79), and that the density of TILs (mainly T cells and NK cells) is associated with clinical prognosis (77–81). The presence of immunosuppressive tumour stroma, especially in some solid tumours, hinders T cell infiltration, thereby limiting ICI efficacy (82). The baseline TIL status could also serve as an immunotherapeutic biomarker. For example, the clinical responses of PD1 or CTLA4 treated melanoma patients were associated with the intertumoural CD8+ T cell density (83, 84). T cell inflammation in the TME has also been associated with the clinical benefit of patients with advanced melanoma treated with immunotherapies, such as an anti–CTLA-4 mAb and high-dose IL-2 (85, 86).

Ishigami et al. (87) showed that patients with gastric cancer which had high levels of NK cell infiltration showed a better prognosis than those with low levels. Likewise, measuring the infiltration density of CD57+ NK cells and CD68+ macrophages in cancer component was shown to be a rapid, affordable, and proven useful method for predicting survival in patients with stage II+III CRC (88). In patients with stage II+III oesophageal cancer, the infiltrating NK cells density in the tumour stroma was significantly correlated with junctional status. In addition, the density of infiltrating NK cells in tumour nests and the density of infiltrating macrophages in both tumour nests and tumour stroma were remarkably correlated with patient prognosis after surgery (89).



Macrophages, MDSCs and Fibroblasts

The TME is responsible for the coexistence of immune cells and tumour cells, and the spatial distribution among cells, as well as the degree of cytotoxic T cell infiltration in the tumour nest, affects the efficacies of immunotherapies such as PD-1 to some extent. Both tumour heterogeneity and minute structural differences are the main factors underlying T cell infiltration. Thus, investigators have proposed the concept of hot and cold tumours, which will be reviewed in subsequent chapters. However, it should be noted that the concept of cold and hot tumours may not be applicable to only a single cell type (T cells), as the infiltration of myeloid cells (macrophages) and fibroblasts may also inhibit or promote tumour development. The complexity of this process increases over time and may alter the balance between tumour promotion and suppression depending on the degree of macrophage polarization.

It was observed that the infiltration of immunosuppressive cells in the TME, such as T regulatory cells (Tregs), myeloid-derived suppressor cells (MDSCs), M2 tumour-associated macrophages (TAMs) is always associated with immunosuppression as well as by the release of IL-10, TGF-β like immunosuppressive cytokines and other chemokines (90). The immunomodulatory effects of TAMs (91), MDSCs (92) and CAFs (93) can also enhance the immunosuppressive ability of the TME. In turn, the immunosuppressive cells can promote angiogenesis, which creates a vicious pattern of destruction by immune activation (76, 94).

TAMs are important microenvironment components of solid tumours that differentiate along the spectrum of M1 tumour-killing macrophages to M2 tumour-promoting macrophages (95). TAMs express chemokines such as CXCL8, CXCL10, CCL17 and CCL22, in addition to the immune checkpoint PD-L1, which attracts Tregs to tumour sites and downregulates immune responses (96, 97). In tumours, lactate in the TME also drives the polarization of macrophages into the immunosuppressive M2 phenotype (98). For instance, M2 macrophages are the predominant phenotype in oral squamous cell carcinoma (OSCC) and exhibit higher metastatic levels in tumour deposits (99). Moreover, cancer patients higher M2 macrophages rate have worse outcomes than those with lower rate, suggesting that immunosuppression induced by M2 macrophage may contribute to tumour progression and escape (99).

MDSCs also play an immunosuppressive role in cancer (100). As reported, MDSCs are recruited to the TME by various cytokines, including GM-CSF, CXCL8, MCP-1, CXCL1 and MCSF-1 (101–103). In head and neck squamous cell carcinoma (HNSCC) patients, MDSC levels are elevated in peripheral blood and tumours and supress the immune response via several mechanisms (104, 105). In the hypoxic TME, PD-L1 upregulated the numbers of MDSCs and other kinds of immune cells by HIF-1α to inhibit T cell activation (106). Furthermore, MDSCs also present peptides to T cells, leading to T cell surface molecules nitration and TCR dysfunction and which will lead to the antigen-specific T cell tolerance. In an in vitro assay, polymorphonuclear neutrophil (PMN)-MDSCs reduced around 75% T cell proliferation and around 80% IFN-γ release. Thus, the high frequency of PMN-MDSCs was closely associated with a poor OS, and CD11b+/CD16+ PMN-MDSCs subpopulation was most closely related with poor survival of HNSCC patients (104).

CAFs have been extensively shown to contribute to tumor heterogeneity, and that intratumoural gland types provide tissue heterogeneity that is correlated with clinical outcomes. For example, the stromal microenvironment shapes the intratumoural structure of pancreatic cancer, which may be correlated with ICI resistance, and CAFs may also directly contribute to the so-called tumour desert and exclusion conditions (107). The expression of genes related to CAFs was also found to be associated with T cell infiltration and resistance to nivolumab treatment (108). CAFs may affect ICI resistance via complex secretomic, matrisomic, surfaceomic and metabolomic mechanisms. First, the matrix fibre density organized by CAFs strongly influences the localization and migration of T cells (109). A study reported that the CAF-associated secretome directly and indirectly impairs antitumour immunity (110). The investigators also observed that inhibition of TGF-β expression, depletion of FAP-expressing cells and inhibition of CXCR4 in combination with CPI treatment could potentially inhibit ICI resistance in a mouse model (111).

However, some facets remain unknown, such as the key factors underlying the accumulation of suppressive CAFs in the TME, whether CAF subsets with distinct phenotypes and functions are derived from different cellular sources or different cellular states, and the level at which CAF-mediated CPI resistance can be targeted in the clinic.



Hypoxia and Gut Microbiota

Hypoxia is one of the main hallmarks of the TME. Cell proliferation is uncontrollable in hypoxic tumour environments, which eventually leads to vascular growth and to the limitation of oxygen and nutrients. Most solid tumours undergo rapid progression and aberrant angiogenesis (112, 113). In particular, hypoxia is associated with T cell-suppressor compounds secretion, such as adenosine and galectin-1 (114–116). Adenosine triggers the accumulation of intracellular cAMP which associate with immunosuppressive whereas galectin-1 is involved in the whole process of cell adhesion, invasion, and angiogenesis and is correlated with HNSCC patient’s survival rate (114, 116). TAMs preferentially accumulate in hypoxic tumours regions, and hypoxia plays a crucial role in TAM infiltration into the TME. In addition, TAMs in hypoxic tumour microenvironments are known to mediate resistance to multiple anticancer therapies and promote cancer recurrence (117).

Moreover, there is increasing evidence that the gut microbiota plays an important role in the immune response and cancer treatment. Zitvogel et al. hypothesized that the microbiota contributes to antitumour immune surveillance via the cross-reactivity of microbiota and tumour antigens, production of bacterial metabolites that may play a functional role in systemic regulation, as well as in the stimulation of pattern recognition receptors (PRRs) (118). Activated PRRs (expressed mainly by innate immune effectors) which can dictate the propensity to inflammation and immune stimulation or, the propensity to immunosuppressive responses (118). Several studies have confirmed that mouse models with different gut microbial compositions have significantly different treatment responses (119, 120). For example, it was reported by Sivan et al. that genetically identical mice from two different facilities with different commensal microbes exhibited differential tumour growth and immunotherapeutic responses, while cohabitation flattened these differences (120). Many of these hypotheses have been verified in patients with different cancers, such as melanoma, NSCLC, RCC and urothelial carcinoma, treated with immunotherapies (121–124). Frankel et al. reported in melanoma patients receiving immunotherapy, the metagenomic and metabolomic profiles of the human gut microbiota indicating that ICI responders were more enriched with Bacteroidescaccae (125). Broadly diverse microbiota compositions appear to be more common in patients who benefit more from treatment, and a large microbiota diversity is directly related to higher numbers of T cells in the blood and TME (121–123). There are early phase 1 studies designed to improve response among patients with anti-PD-1 resistant/refractory digestive cancers based on gut microbiota interventions in which investigators extracted the gut microbiota of healthy participants whose gut was similar to that of those with anti-PD-1 responsive digestive cancers to product FMT capsules and re-challenge anti-PD-1 immunotherapy in combination with FMT in cancer patients who had failed anti-PD-1 therapy (126). Given these findings, an increasing number of clinical trials have been carried out to further investigate the influence of the gut microbiome on immunotherapy (127), and how concomitant drug use alters the gut microbiota and ultimately the response to ICIs remains an area of interest.





Turn Cold Tumor Into Hot

Cancer immunotherapy using ICI has revolutionized the treatment and physician’s perspective of advanced cancer. However, response rates to immunotherapy are still comparatively low in the major resistant cases. One main factor associated with initial CPI resistance is the lack of tumour T-cell infiltration, the so-called “non-inflammatory” or “cold tumour” feature. The lack of T cells in tumours may be due to lack of tumour antigens, lack of antigen presenting cells (APCs), lack of priming/activation of T cells, and impaired transport of T cells to the tumour bed.

As previously mentioned in the section on the extrinsic mechanism of ICI resistance, the formation of “hot” and “cold” tumours is complex and influenced by multiple factors, such as the chemokine distribution in the tumour nest, TLSs, B cell signature, and CAF-associated protein secretion and structures. Furthermore, defective recruitment of APCs or lack of T cell activation or co-stimulation after antigen presentation can be an influencing factor.

“Cold tumours” are usually defined as a lower infiltration rate of effector T cells in TME, a low mutational load, and a low neoantigen burden and are often characterized by an immunosuppressive TME (128). Several approaches have been utilized to activate cold tumours to some extent.

Many attempts have been used to try to turn cold tumours into hot ones, such as the intervention of various small molecule drugs, antibody drugs, combo therapies and even oncolytic viruses. We have listed a few interesting cases for reference. For example: Demonstrated in mouse breast, pancreatic and glioblastoma tumour models that anti-PDL1, anti-VEGFR2, and anti-LTβ receptor (LTβR) therapies were showed to induce high endothelial venules (HEVs) and to enhance cytolytic of TME, which leading to the destruction of tumours and transforming immune-cold glioblastomas into immune-rich ones (129). The genetic or pharmacological inhibition of Vps34 kinase activity using SB02024 or SAR405 (Vps34i) decreased tumour growth and improved mouse survival in multiple tumour models (melanoma and CRC) by inducing the infiltration of CD8+, CD4+ T effector cells and NK cells (130). Such infiltration resulted in the establishment of a T cell-inflamed TME, characterized by upregulation of the proinflammatory chemokines and cytokines CCL5, CXCL10, and IFN. Vps34i treatment induced the expression of STAT1 and IRF7, which are involved in the upregulation of CCL5 and CXCL10. Combination with Vps34i improved the therapeutic benefit of anti–PD-L1/PD-1 therapy in mice with melanoma and CRC and prolonged their survival. It revealed that targeting Vps34 converted cold tumours into hot inflamed tumours, thereby enhancing the anti–PD-L1/PD-1 blockade efficacy (130).

The TME includes a complex network of chemokine or cytokines which may affect cell trafficking to the tumour nest. Adhesion molecules also involve into the recruit effector T cells to the TME and to specific regions within the tumour. For example, CX3CL1 attracted majority of Th1 cells and effector-activated cytotoxic T cells, but CXCL9 and CXCL10 recruited more memory CD45RO T cells (131). In addition, chemokines can provoke the influx of immature DCs (iDCs) into the tumour bed (132). The absence of those chemokines and the consequential reduction in iDC influx into the tumour bed may underlie the reduced migration and activation of T cells at the tumour interface (133).



Tertiary Lymphoid Structures


Tumour Infiltrating B Cells and Tertiary Lymphoid Structures

New evidence indicates that tumour-infiltrating B cells have also been reported to play an essential role in the clinical outcome of cancer patients receiving anti-PD-1 therapy. A higher rate of melanoma-infiltrating B cells with a plasma cell phenotype prior to treatment was correlated with longer survival in patients treated with anti-PD-1 (134). It was reported by Petitprez et al. that sarcoma immune class E, featuring TLS-containing T cells, follicular dendritic cells (DCs), and dense B cells, was associated with better response rates and survival to anti-PD-1 therapy (135). In addition, higher densities of tumour-infiltrating B cells and TLSs were found in a group of melanoma patients receiving neoadjuvant therapy with anti-CTLA-4/anti-PD-1 antibodies in combination (136). Thus, both B cells and TLSs (lymphoid structures at the tumour front) may play important roles during ICI treatment.

TLSs, the ectopic lymphoid structures, are ectopic lymphoid organs that develop in nonlymphoid tissues at sites of chronic inflammation and have been identified in several types of cancer (137–139). Well-developed TLSs contain B cell zones with actively replicating B cell germinal centres (GCs) surrounded by a T cell region (140). HEVs and clusters of DC-lamp+ mature DCs are interspersed throughout TLSs (140). Similar in architecture to secondary lymphoid organs (SLOs), TLSs can arise in pathological conditions, including autoimmune diseases, pathogen infection, allograft rejection and cancer (141, 142). The occurrence, differentiation and localization of TLSs reportedly play important roles in the tumour immune environment and determine clinical outcomes (140–144).



Prognostic Value of TLSs in Immunotherapy

Tumour-associated TLSs are often associated with good prognosis in the majorities of cancer types, including breast cancer, CRC, lung cancer and melanoma, demonstrating capacity to induce a systemic and long-lasting antitumour response (145, 146). However, TLSs and chronic intratumoural inflammation have also been associated with a tolerogenic tumour environment, which indicates that TLSs might increase cancer aggressiveness (147, 148)

In a retrospective study of NSCLC patients, researchers demonstrated that TLSs, referred to as tumour-induced BALT, were correlated with increased OS, disease-specific survival, and disease-free survival (DFS) (149). B-cell organizing into TLSs shows characteristics of a sustained humoral immune response, and high follicular B-cell density is correlated with longer survival in patients with NSCLC. the prognostic value is strongly enhanced by the combination of follicular B-cell and mature DC density in TLSs. Low densities of both follicular B cells and mature DCs may use to identify high-risk patients with poor survival (150).

For CRC patients, CD3+ TLSs are prognostic biomarkers in patients with both primary and metastatic CRC (151). T cell-enriched TLSs are associated with the immune component found in low-risk CRC, and immune events are enhanced by TLSs in local TME (152, 153). The TLS frequency is correlated with immune cell infiltration, which helps to improve the prognosis of patients with stage II CRC (154).

To present, several newer investigations have proven that cancer-associated TLSs have immunosuppressive, pro-tumorigenic effects. Indeed, the link between tumour-associated TLSs and patient outcomes seems to be dependent on many factors, including the type of TLSs, cancer type and disease stage.



Efficacy or TLS Resistance in Immunotherapy

Increasingly evident suggest that a successful antitumour immune response requires the presence, activation and synergistic stimulation of all lymphatic components of the immune system, including CD8+ T cells, CD4+ T cells, B cells and innate lymphocytes within the TME. This is particularly reflected in the discovery of TLSs, which represent well organized clusters of TILs and elicit advanced immune responses (145). Assessing the impact of TLSs on treatment responses and their modulation by therapies has become necessary. Analyses of TLS densities as well as their location near or at a distance from the tumour nests, the composition and maturation rate, their effect on the clonality of T and B cell receptors within the tumour, and the production of antibodies by plasma cells educated by TLSs will likely be key in predicting therapeutic response and assessing therapeutic efficacy (155).

A high proportion of desmoplastic melanomas have been reported to exhibit formation of TLSs, and patients also have a high response to PD-1 blockade (156, 157). Two independent studies on human NSCLC reported that the presence of TLSs in lesions regressing after neoadjuvant anti-PD-1 therapy (158) or chemotherapy was correlated with longer DFS and OS (159). In contrast, caution should be exercised in the use of related therapies, such as corticosteroids, which are commonly used to control the side effects of chemotherapy, as they have been found to reduce TLS density in lung squamous cell carcinoma and impair positive clinical impact (160). In another report, the presence of tumour associated TLSs was initially associated with a favourable response to neoadjuvant chemotherapy in breast cancer patients (161). Similarly, the density of tumour associated TLSs in HER2+ breast cancer was strongly associated with DFS and responsiveness to adjuvant trastuzumab therapy (162). A study of 264 high-grade serous ovarian cancer (HGSC) patients from two cohorts and 340 HGSC cases from The Cancer Genome Atlas showed that CXCL13 plays a key role in shaping anti-TME by promoting the maintenance of CXCR5+CD8+ T cells in TLSs which supporting the idea that combination of CXCL13 and PD-1 in HGSC clinical study (163).

Tumour-infiltrating B cells are well characterized, but their overall functional role in cancer is not fully understood. Some studies suggest that they have a tumor-promoting role, while others suggest that they are positively associated with better cancer prognosis, especially when they are associated with organized lymphocyte aggregates (known as TLSs).

B cells and TLSs are potential biomarkers and therapeutic targets in response to ICB in patients with melanoma and renal cell carcinoma (136, 146). In a consistent manner, the existence of B cells in TLSs was related to improved survival and a high response rate to PD-1 blockade in soft tissue sarcoma patients (135). However, as the functional status of TLSs varies, the main contributors are to the induction of favourable TLSs that augment antitumour efficacy remain unknown.

A former neoadjuvant ICB trial in melanoma patients showed an enrichment of B-cell markers in tumours of patients who responded to treatment by targeted expression profiling compared to those in nonresponding patients (164). Immune checkpoint treatment of murine tumours increases the number and size of TA-TLSs and promotes classical organization in association with diminished tumour outgrowth (165).

In patients with metastatic melanomas, the co-existence of tumour-associated CD20+ B cells and CD8+ T cells was correlated with improved survival, which was revealed by immunofluorescence staining that the development of tertiary lymphoid structures was found in CD8+CD20+ tumours. Moreover, B cell-rich tumours were associated with increased levels of TCF7+ naive and memory T cells, suggesting that TLs showed a critical role in the immune microenvironment of melanoma, by imparting a distinct T cell phenotype (146). These observations suggested that TA-TLSs are important predictors of patient responses to chemo- and immunotherapies, along with the overall intratumoural CD8+ TILs, mutational burden, and PD-L1 expression (166). Whether this is a consequence of additional regulatory mechanisms and whether these operate within TA-TLSs remain to be determined.




Problems and Dilemmas Regarding Hyperprogression


Definition of and Diagnostic Criteria for HPD

ICI therapies consist not only of monoclonal antibodies targeting the traditional check point pathways (167), but they also include TIM3 antibodies (168) and B and T lymphocyte attenuator (BTLA) antibodies (169). However, ICIs were found to induce novel tumour responses, such as hyperprogression and pseudoprogression.

The occurrence of HPD after ICI treatment was initially characterized in 2016 (170). Then a number of cases of HPD after ICI treatment have been described. The novel pattern of tumour response is a potentially harmful side effect of checkpoint blockade therapy that can accelerate disease progression in a subset of patients (171). In contrast to HPD, pseudoprogression may indicate a good treatment effect. HPD can be defined as primary drug resistance with a high incidence, ranging from 4% to 29% according to the different algorithmic approaches and tumour types used (172). However, the mechanism of actions (MOAs) of hyperprogression remain largely unknown.

It has been suggested that amplification of MDM2/4 gene, EGFR gene mutation and chromosome 11 region 13 (CCND1/FGF3/FGF4/FGF19) may be associated with the development of HPD. When overexpression of the ubiquitin ligase MDM2 can disrupt its regulation of wild-type (WT) p53, it blocks the activation of the transcriptional domain of the p53 gene and leads to p53 inactivation through down-regulating of the ubiquitin-dependent p53 proteins (11). In addition, PD-1 and PD-L1 inhibitors can induce upregulation of IFN-γ and activation of the JAK-STAT signalling pathway, leading to the expression of IFN regulatory factor 8 (IRF8). Anchoring of IRF8 to the MDM2 promoter mediates its expression, which may also lead to HPD (11, 173). From a clinical point of view, tumour growth rate (TGR), tumour growth kinetics (TGKR) and time to treatment failure (TTF) were used as valid algorithmic methods to define high progression and all the different methods are summarized in Table 2.


Table 2 | Different criteria for HPD from clinical perspective [adapted from Table from the paper of Hongjing et al. (174)].



The pathophysiological MOA of HPD is still unknown to a large extent. Nevertheless, an accumulating number of investigations suggest that alterations in the TME during checkpoint therapy, for example, activation of PD-1-expressing Treg cells and CD8+ T cells, may initiate an increase in accelerated tumour development. In addition, changes in the tumour immune microenvironment, aggravation of innate immunosuppression, activation of carcinogenic signals, and regulation of tumour-promoting cytokines may be critical for the development of HPD (177).

More recently, Champiat et al. (175) proposed several hypotheses for the development of HPD during immunotherapy. For example, a) blockade of immune checkpoints- has the possibility to stimulate -Tregs functionally, locally forming an immunosuppressive TME, i.e., enhanced reparations of negative regulatory signals further aggravate T cell exclusion. b) blockade of immune checkpoints induces polarization of immunosuppressive cells, such as M2 macrophages, dendritic cells or bone marrow cells, producing large amounts of immunosuppressive cytokines; c) blockade of immune checkpoints leads to stimulation of Th1 and Th17-mediated inflammatory reactions or activation of specific oncogenic pathways, thereby establishing conditions for faster tumour development and resistance to immunotherapy.



Potential Predictors and Biomarkers of HPD

As tumour mutations and other genetic tests are widely used as potential biomarkers in immunotherapy, related technologies are also used in the prediction of HPD. For instance, Kato et al. performed NGS on a variety of tumour types from 155 patients. MDM2/MDM4 amplifications were found in six patients which had a TTF of <2 months, and 4/6 experienced hyperprogression. EGFR alterations were observed in ten patients; eight had a TTF of <2 months, and two experienced hyperprogression (11). The same authors also published a separate report indicated that in a patient with gastroesophageal junction adenocarcinoma MDM2 and EGFR amplifications was found, 3.5% out of 100,000 samples had MDM2 amplification (10). Another study of four patients with hyperprogression revealed MDM2/MDM4 amplifications in two patients and EGFR amplification in one patient (178). In contrast, Kim et al. found no MDM2/MDM42 amplifications in the 18 patients with hyperprogression, also no significant differences in the EGFR amplification rates were found; but interestingly, three other genes STK11 (28 vs 3%), JAK3 (22 vs 2%) and SOX9 (17 vs 1%) to be more frequent in patients with hyperprogression than in those without hyperprogression (179). No STK11 to be associated with a TTF <2 months was found by Kato et al. (11).

No additional studies on these genes were reported, and more work is necessary to clarify the roles of various genetic mutations in hyperprogression. Liquid biopsies that detect cell-free DNA (cfDNA) or circulating tumour DNA (ctDNA) show promise as potential biomarkers for immunotherapy (180), for example, the recent trend of MRD technology Chromosomal instability has been linked to poor prognosis and treatment resistance in several malignancies (181).

Although MDM2 amplification and TP53 mutations have been shown to indicate HPD by some researchers, other studies have shown that advanced gastric tumour patients without HPD also exhibit genetic changes, such as ERBB2 amplification, MDM2 amplification, TP53 mutations, KRAS amplification, and PIK3CA mutations, indicating that these changes may not be HPD-specific (182). The emergence of the above controversial genomic results suggests the need for larger cohort studies or retrospective studies for the prediction of HPD gene levels (182). In addition, changes in cellular levels in tumour patients may also be a factor affecting HPD. Zuazo-Ibarra et al. examined highly differentiated CD28- CD27- CD4 T (THD) cells using FACS in the peripheral blood of 34 patients with NSCLC both prior to starting and during PD-1/PD-L1 inhibitor treatment. A low percentage of THD cells at baseline was found in 70% (19 of 27) of patients with no objective response and in 0% patients with an objective response (p = 0.008). A low percentage of THD cells at baseline was present in 100% (7 of 7) of hyperprogression patients versus 43% (6 of 14) of standard progression patients (p = 0.01) (183). Meanwhile, Kim et al. focused on peripheral blood CD8+ T lymphocytes to identify potential predictors and indicated that the number of effector or memory CD8+ T lymphocytes (CCR7−CD45RA−) was reduced (184, 185), while exhausted tumour-reactive CD8+ T lymphocytes (TIGIT+ PD-1+) reached to a high level in hyperprogressive NSCLC patients (186). In addition, both biomarkers can be used as independently predict clinical results based on PFS and OS. The above data suggest that the level of pre-existing antitumour resistance immunity and the severe degree of T-cell depletion can be used as predictive indicators of HPD.




Summary

Although ICIs have substantially progressed the treatment of cancer in recent years, tumour progression due to immune resistance remains a substantial challenge for oncology treatment. Several issues deserve deeper consideration, such as the TME in immunotherapy-resistant cancers having multiple immunosuppressive signals that must be bypassed to achieve a clinical response; a better understanding of the heterogeneity within tumours from the same patient; and the requirement of high-quality T cell induction for immune checkpoint function. Additionally, the interaction of draining lymph nodes with TLSs during tumour progression and immune cell infiltration suggest that the subtle structure of the TME may be equally important, not only for the T cells activation but also the impacts of CAFs and macrophages are important to build up the whole TME. Previous research has focused on tumour and immune cell suppression mechanisms within the tumour, but it is increasingly recognized that tumour and immune suppressor cells interact with stromal cells to form a complex signalling network that may also be essential for T cell exclusion. An increasing number of studies have also elucidated the roles of stromal cells in promoting immune evasion and supporting cancer progression and metastasis, the introduction of the concept of spatial-omics has also enhanced the understanding of researchers in this field (Figure 1).

In the search for a cancer cure, ICIs are potentially the best treatment developed in recent years but may not be the final end point. The evolutionary process of tumours serving as a microenvironment for development has become more complex over time. Current immunotherapies rely on a snapshot of tumours at a certain time point as a cut-off, which is why some chemotherapeutic and ICI treatment strategies must be continually altered. It is believed that a better understanding of tumours at the molecular, protein and cellular levels as well as over time will lead to more appropriate treatments. This is why precision medicine and companion diagnoses are particularly important.
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Triple-negative breast cancer (TNBC) escape from immune-mediated destruction was associated with immunosuppressive responses that dampened the activation of tumor-infiltrating CD8 and γδ T cells. TNBC had a higher level of programmed cell death 1-ligand 1 (PD-L1) and indoleamine 2,3-dioxygenase (IDO), compared with other breast cancer subtypes. But, clinical studies have revealed that the response rate of PD-1/PD-L1 antibody for TNBC treatment was relatively low. However, the antitumor responses of human Vγ9Vδ2 T cells or IDO inhibitor in TNBC treatment are unknown. In this study, we found that IDO1 and PD-L1 were highly expressed in TNBC patients. Analysis of the clinical samples demonstrated that Vγ9Vδ2 T cells became exhausted in triple-negative breast cancer patients. And Vγ9Vδ2 T cells combined with αPD-L1 could not further enhance their antitumor responses in vitro and in vivo. However, Vγ9Vδ2 T cells combined with IDO1 inhibitor 1-Methyl-L-tryptophan (1-MT) or Lindrostat showed substantial inhibitory effects on MDA-MB-231 tumor cells. Finally, we found that IDO1 inhibitor promoted T cell’s cytotoxicity by enhancing perforin production. These results converged to suggest the potential application of Vγ9Vδ2 T cells treated with IDO1 inhibitor for TNBC therapy.
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Introduction

Triple-negative breast cancer (TNBC; estrogen receptor α, progesterone receptor and HER2 (ERBB2)-negative) is the subtype of breast cancers with poorest prognosis due to lack of targeted therapies (1, 2). Immune checkpoint inhibitors (ICIs), such as programmed cell death-1 (PD-1), programmed cell death 1-ligand 1 (PD-L1), and cytotoxic T lymphocyte-associated antigen-4 (CTLA-4), are considered as promising immunotherapeutic strategies for TNBC patients (3); however, the first-in-human treatment of targeting the PD-1/PD-L1 axis for TNBC in clinical trials showed benefits for only a minority of patients (4). Previous findings showed that breast cancer patients with higher levels of infiltrating immune cells had more favorable prognoses, specifically with a higher ratio of tumor-infiltrating cytotoxic CD8 T cells (TILs) to immunosuppressive FoxP3+ T regulatory cells (T reg) (5). However, a study on breast cancer demonstrated that tumor-infiltrating γδ T lymphocytes are correlated with a poor prognosis in human breast cancer patients (ER+, Her2+ positive) (6). Another study showed that γδ T cells infiltrated into various tumors, including TNBCs (7–9), and they appeared to be prognostically beneficial (10). A possible explanation for this contradictory phenomenon was that accumulation of γδ TILs in different breast cancer subtypes might be differently involved in microenvironment and resulted in different outcomes, which were mediated by unknown mechanisms.

The cytosolic enzyme indoleamine 2, 3-dioxygenase (IDO) has been regarded as a potential contributor in breast cancer progression (11). Indoleamine 2, 3-dioxygenase is encoded by the IDO1 gene and is an intracellular enzyme that participates in the rate-limiting step of the catabolism of L-tryptophan (Trp), an important regulator of amino acid metabolism (12). These enzymes catalyze the oxidation of Trp to N-formyl l-kynurenine (Kyn), which is rapidly converted by formamidases to Kyn (13); however, elevated concentrations of Kyn and high plasma Kyn/Trp ratios frequently occur in patients with advanced-stage cancers and are correlated with poor prognoses (14, 15). IDO expression in the tumor environment (TME) has been linked to the induction of multiple tolerogenic immune phenotypes, including the inhibition of effector T cell activation, enhanced infiltration of myeloid-derived suppressor cells (MDSCs), B cell dysfunction and promotion of tumor angiogenesis (16, 17). Triple-negative breast cancer cells also express IDO in the presence of inflammation and T-cell infiltration (18). Inhibiting of IDO activity could be used to restore tumor immunity in humans, by relieving IDO-mediated immune suppression of MSCs in the TME as well as in tumor cells themselves (19). These inhibitory effects might converge to induce cytotoxic T cell’s exhaustion and dampen antitumor immunity. Tumor cells adopted many approaches to suppress the antitumor immunity mediated by cytotoxic T cells; these approaches included inducing the expression of T-cell immunoglobulin and mucin-domain containing-3 (Tim-3), T cell immunoreceptor with Ig and ITIM domains (TIGIT), CTLA-4 and reducing CD28 expression on T cells in TME (20–22).

1-Methyl-L-tryptophan (1-MT) is an investigational small molecule inhibitor of the IDO enzyme (23). In preclinical report, the combination treatment of 1-MT and anti-PD-L1 could more effectively activate CD8+ T cells and inhibit tumor growth than any single one of them (24). One study demonstrated that the combination of navoximod (IDO inhibitor) and atezolizumab (anti-PD-L1) displayed acceptable safety, and tolerability for patients with advanced cancer (25). However, this work showed that there was no clear evidence for benefit of adding navoximod to atezolizumab. Tumor infiltrating CD8+ T lymphocytes are considered as an independent prognostic factor associated with improved patient survival in basal-like breast cancers, but not in non-basal triple-negative breast cancers, nor in other intrinsic molecular subtypes (26). Recent study suggested that γδ TILs could be active against breast cancer and other types of tumors (27). Due to their HLA-independent mode of target cell recognition, γδ T cells have recently attracted substantial interest as potential effector cells in cell-based cancer immunotherapy (28, 29). Therefore, an adoptive γδ T cell transfer therapy may be one of the most powerful treatments for patients with malignant tumors.

γδ T cells provide the early source of interferon-γ (IFN-γ) in tumor immunity and have potent cytotoxic property (30). Among the immune cells, γδ T cells (Vγ9Vδ2) have emerged as a newly discovered prospective candidate for solid tumor therapy in clinical trials (31–33). These cells recognize antigens in an MHC-independent manner (non-MHC restriction) via surface receptor NKG2D; clinical studies used allogeneic γδ T cells from healthy donors, since γδ T cells from the blood of tumor patients are sometimes difficult to expand in vitro. Clinical trial indicated that γδ T-cell transfer was safe and well tolerated (32). Currently, most tumor immune therapy strategies, such as chimeric antigen receptor T cell therapy (CAR-T), were mainly based on αβ T cells (CD4, CD8 T) and had been applied in treating refractory pre-B cell acute lymphoblastic leukemia and diffuse large B cell lymphoma (34, 35). CAR-T cell therapy could induce rapid and durable clinical responses, and sometimes was associated with unique acute toxicities, which could be severe or even fatal to patients (36). ICIs blockade improve the efficacy of current immunotherapies, particularly CAR-T cells, which had shown limited success in treating solid tumors (37, 38). Mouse model data also suggested that fludarabine and cyclophosphamide, frequently administered before CD19-CART infusion to improve their antitumor activity, down-regulated IDO expression in B-cell malignancies (39). However, if combination of human cytotoxic γδ T cells and IDO inhibitor could mediate strong antitumor immunity in TNBC is barely known.

Here, we showed that IDO1 and PD-L1 were expressed in TNBC patients, and Vγ9Vδ2 T cells became exhausted. The IDO enzyme inhibitor 1-MT or Lindrostat enhanced the antitumor efficacy of Vγ9Vδ2 T cells for the treatment in MDA-MB-231 tumor model. However, the anti-PD-L1 antibody combined with Vγ9Vδ2 T cells showed no such kind of effects. 1-MT promoted T cell’s cytotoxicity by enhancing perforin production. These results converged to suggest a promotive effect of 1-MT in facilitating the cytotoxic activity of Vγ9Vδ2 T cells in TNBC treatment.



Materials and Methods


Ethics Statement

All experiment protocols, including breast tissues or isolation of PBMC from peripheral blood samples of triple negative breast cancer and healthy volunteers, were approved by the Institutional Review Board of Jinan University, Guangzhou, P. R. China (approval number, KY-2020-011).



Cell Culture and Reagents

Human breast cancer cells (MCF-7 and MDA-MB-231) were obtained from American Type Culture Collection (ATCC; Manassas, VA, USA). The cells were cultured in RPMI 1640 (Thermo Fisher) or DMEM (Thermo Fisher) medium supplemented with 10% fetal bovine serum (FBS, Thermo fisher) and 100 U ml−1 penicillin/streptomycin (Thermo Fisher) at 37°C and 5% CO2.



PBMC Isolation and Vγ9Vδ2 T Cell Culture In Vitro

PBMCs were isolated from the healthy volunteers’ whole blood (The First Affiliated Hospital of Jinan University), following standard Ficoll−Paque-based (GE Healthcare) density gradient centrifugation protocol. Vγ9Vδ2 T cells were generated with Zoledronate (Sigma-Aldrich) as described (40). Briefly, isolated PBMCs were suspended in RPMI 1640 medium supplemented with 10% FBS, 100 U ml−1 recombinant human interleukin-2 (Peprotech), and zoledronate (50 μM). The PBMCs were seeded into 24 well plates, followed by routine culture procedures for 10 days before further tests. Vγ9Vδ2 T cells were maintained at a cell density of 1×106 ml−1. When ratio of Vγ9Vδ2 T cells out of total CD3+ cells reached 90%, they could be used in experiments. Vγ9Vδ2 T cells were characterized with PerCP-conjugated antihuman TCR Vδ2 (BioLegend) and V500-conjugated antihuman CD3 (BD Biosciences) via flow cytometry. In some experiments, the Vγ9Vδ2 T cells were further purified by negative selection with EasySep™ Human Gamma/Delta T Cell Isolation Kit (STEM CELL), and the purity of enriched Vγ9Vδ2 T cells was validated by flow cytometry and was generally higher than 98%.



Cytotoxic Assay

Breast cancer cells were first labeled with 0.5 μM green fluorescence dye CFSE (Thermo Fisher), followed by incubation with Vγ9Vδ2 T cells according to the designated E (effector, Vγ9Vδ2 T): T (target, cancer cell) ratios (0:1, 5:1, and 15:1) at 37°C in a humidified atmosphere with 5% CO2. After 6 hours, cells were harvested and stained with PI (SUNGENE BIOTECH) for 10 minutes at room temperature. The percentage of dead target cells (CFSE+ PI+) out of the total target cells was identified via flow cytometry. In some experiments, breast cancer cells (MCF-7 and MDA-MB-231) and Vγ9Vδ2 T cells were treated with 0.5 mM 1-Methyl-DL-tryptophan (Sigma-Aldrich), 100 nM Linrodostat (Selleck) or with 10 μg ml−1 PD-L1 (CD274) antibody (Selleck) for 6 or 12 hours. Co-incubation meant that residual 1-MT or anti-PD-L1 in the medium was not washed out and remained in the subsequent tumor killing assays.



In Vitro Assays

For apoptosis detection, tumor cell lines (MDA-MB-231, MCF-7) were treated with vehicle, 0.5 mM 1-MT in the presence of RPMI 1640 medium supplemented with 10% fetal bovine serum for 6, or 12 hours. Cells were then harvested and stained with PI for 15 minutes at room temperature. The percentage of dead target cells (PI+) out of the total number of target cells was determined with flow cytometry.



Human Patient Samples

Thirty patients who were diagnosed with breast cancer (TNBC) by pathological examination were recruited from outpatient clinics in the First Affiliated Hospital of Jinan University. The patients’ information was shown in Supplementary Table 1. Thirty sex- and age-matched healthy volunteers were recruited from the medical staff at the First Affiliated Hospital of Jinan University. PBMCs were isolated from their whole blood, following the standard Ficoll–Paque-based density gradient centrifugation protocol.



Flow Cytometry

Approximately 105 to 106 human Vγ9Vδ2 T cells were incubated with specific antibodies for 20 minutes at 4°C in the dark for cell surface staining. In some experiments, fresh PBMCs from patients and healthy donors were stimulated with 50 ng/mL phorbol 12-myristate 13-acetate (Sigma-Aldrich) and 1 μg/mL ionomycin (Sigma-Aldrich) in the presence of Golgi Stop (BD Biosciences) for 4 hours, then fixed and permeabilized (BD Biosciences) with antibodies for another 40 minutes at 4°C in the dark, all procedures followed the manufacturer’s recommendations (BD Biosciences). The following antibodies were used: PerCP-conjugated anti-human TCR Vδ2 (BioLegend), V500-conjugated anti-human CD3 (BD Biosciences), PE-conjugated anti-human CD28 (BioLegend), PE/Cy7-conjugated anti-human CD45RA (BioLegend), APC-conjugated anti-human CD27 (eBioscience), Pacific Blue™-conjugated anti-human CD279 (BioLegend), APC-conjugated anti-human Tim-3 (BioLegend), APC-conjugated anti-human TIGIT (BioLegend), FITC-conjugated anti-human IFN-γ (BioLegend), APC-conjugated anti-human TNF-α (BioLegend), Pacific Blue™-conjugated anti-human granzyme B (BioLegend), PE/Cy7-conjugated anti-human perforin (BioLegend), and PE/Cy7-conjugated anti-human CD314 (BioLegend). PerCP-conjugated anti-human CD8a (Biolegend), FITC-conjugated anti-human Vδ1 (Miltenyi Biotec), Brilliant Violet 421™-conjugated anti-human CD274 (Biolegend), APC-conjugated anti-human MICA/MICB (Biolegend), and PerCP-conjugated anti-human CD4 (Biolegend). All flow cytometry data analysis was conducted with FlowJo (FLOWJO, LLC) software.



Cytokine Secretion Assay

The effector cells (E, Vγ9Vδ2 T cells) were co-cultured with target cells (T, MCF-7, MDA-MB-231) for 6 or 12 hours at an E:T ratio of 1:0, 5:1, 15:1 and the medium supernatant was detected for the levels of cytokine secretion. In some experiments, breast cancer and Vγ9Vδ2 T cells were treated with 0.5 mM 1-Methyl-DL-tryptophan (1-MT) for 6 or 12 hours. The concentration of TNF-α (TB care health), IFN-γ (TB care health), Perforin (Dakewe), and Granzyme B (Dakewe) were detected using enzyme-linked immunosorbent assay.



NOD/Scid Mice Tumor Models and In Vivo Assessment

Non/obese diabetic severe combined immunodeficient (NOD-scid) mice were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. All mice were fed with autoclaved food and water. All animal protocols were approved by the Jinan University Institutional Laboratory Animal Care and Use Committee (approval number, IACUC-20190115-04). Mice were used between 5 weeks to 8 weeks of age. 5×106 MCF-7 or 1×106 MDA-MB-231 tumor cells in 200 μL of phosphate buffer solution (PBS) were subcutaneously injected. Engrafted mice were randomized into four groups (n=5 per group): PBS, Vγ9Vδ2 T cell (Vδ2), αPD-L1 (Selleck), and combination of Vγ9Vδ2 T cells and αPD-L1. At the indicated time for each experiment, 107 Vγ9Vδ2 T cells or αPD-L1 antibodies (250 μg per mice) in 200 μL of PBS were adoptively systemically transferred into tumor-bearing (50 mm3) mice by tail vein injection. In order to analyze the efficiency of antitumor immunity of Vγ9Vδ2 T cells and αPD-L1, tumor size was recorded until day 39. In the administration of 1-MT in drinking water, 1-MT (Sigma-Aldrich) was prepared at 5 mg ml−1 (pH 9–10) in water as previously described (48). Engrafted mice were randomized into four groups: PBS, Vγ9Vδ2 T cell, 1-MT, and combination of Vγ9Vδ2 T cells and 1-MT group. At the indicated time for each experiment, 107 Vγ9Vδ2 T cells in 200 μL of PBS were adoptively systemically transferred into tumor-bearing (50 mm3) mice by tail vein injection. Mice (control group) drank 4−5 mL H2O/day, similar to the sum of water consumed without drug. 1-MT was administered in the drinking water for 3 weeks, starting at day 7 after tumor challenge (the fresh drinking water containing L-1MT was replaced for four times at 4-day intervals). Tumor size was measured every 2 or 3 days with a caliper, and the tumor volume was calculated using the following equation:  (W=width, and L=length). Mice were sacrificed when the tumor volume reached a size of 1500 mm3. All animal experiments were independently repeated three times.



Western Blotting

MDA-MB-231 or MCF-7 cells were treated with the culture medium of Vγ9Vδ2 T cells or IFN-γ for 6, and 12 hours, and then pretreatment tumor cell lines were lysed in RIPA buffer (1 mM PMSF and complete protease inhibitor cocktail, Beyotime; Bimake) at ice for 30 minutes. After centrifugation at 13000 rpm for 15 minutes at 4°C, the supernatants were boiled for 10 minutes at 100°C. Samples were run on 12% SDS-PAGE gel, and then transferred to PVDF membranes, followed by blockade with 5% bovine serum albumin (BSA) for 2 hours at room temperature. PVDF membranes were incubated with indicated primary antibody overnight at 4°C. The following primary antibodies were used:

Primary antibodies: p-STAT1 (CST), p-NF-κB (CST), IDO1 (CST), and β-actin (CST) were purchased from Cell Signaling Technology. After the membranes were washed in TBST for five times, they were incubated with HRP-linked secondary antibody at a dilution of 1:3,000 (CST) at room temperature for 2 hours and were detected with the Bio-Rad ChemiDoc MP Gel imaging system (Bio-Rad).



Immunohistochemistry Staining

Paraffin-embedded clinical Luminal A and TNBC specimens were obtained from the First Affiliated Hospital, Jinan University (Guangzhou, China). PD-L1 and IDO1 staining was performed according to the protocol described in previous study (41). In brief, Tissues were incubated with anti-PD-L1 (CST) and anti-IDO1 (CST) antibody at 4°C overnight. Sections were rinsed with PBS and incubated with goat anti-rabbit antibody for 1 hour. Finally, slides were further developed with DAB substrate and then counterstained with Mayers hematoxylin.



Enzyme-Linked Immunosorbent Assay (ELISA)

Cell culture supernatant were collected, and the concentration of kynurenine was measured with ELISA kits in accordance with the manufacturer’s instructions (Bioswamp). In brief, Vγ9Vδ2 T cells (effector) were co-incubated with breast cancer cells (target) at different effector:target (E:T) ratios (0:1, 1:1, 5:1, and 15:1) at 37°C for 12 hours (tumor cells number = 2.5×105). In some experiments, the breast cancer and Vγ9Vδ2 T cells were treated with 0.5 mM 1-methyl-DL-tryptophan (Sigma-Aldrich) for 12 hours. Co-incubation meant that residual 1-MT in the medium was not washed out and remained in the subsequent experiment. Lastly, the cell culture mixture was centrifuged, and the culture supernatant was collected to clean tubes for standard kynurenine measurement.



Data Availability

The single-cell RNA-sequencing data that support the findings of this study were available from Expression Atlas: https://www.ebi.ac.uk/gxa/sc/experiments. The data of single-cell RNA-sequencing was obtained from Single-cell RNA-seq enables comprehensive tumor and immune cell profiling in primary breast cancer (42), and illustrated by the tool of Single Cell Expression Atlas (43). The levels of PD-L1 and IDO1 in breast cancer were displayed as CPM (counts per million) and broken down into four different, logarithmic color ranges: Grey spot: expression level was below cutoff (0.1 CPM) or undetected; Light blue spot: expression level was low (between 0.1 to 10 CPM); Medium blue spot: expression level was medium (between 11 to 1000 CPM); Dark blue spot: expression level was high (more than 1000 CPM). The RNA-Seq dataset that support the conclusions of this article are available from GEPIA: http://gepia2.cancer-pku.cn/#index. The RNA-Seq datasets GEPIA was based on the UCSC Xena project (http://xena.ucsc.edu/), which were computed by a standard pipeline. Linear regression analysis between PD-L1 (CD274) and IDO1 in human breast cancer samples from the TCGA dataset (BRCA cases, n=1085), and linear regression analysis were performed using Pearson (44). GEPIA was also applied to evaluate the overall survival (OS) and diseases-free survival (DFS) of patients with high or low CD274 (PD-L1) expression in Luminal A [n (high)=205, n (low)=205] and TNBC [n (high)=67, n (low)=67]. The cutoff was defined as: Group Cutoff (Median), Cutoff-High (%) and Cutoff-Low (%) =50, and survival analysis based on the expression status of PD-L1 signature and plot a Kaplan-Meier curve. Box plots showed the level of signatures gene set in cancer tissues and para-cancerous tissue with TNBC and Luminal A subtypes. Signatures Gene Set: Naïve T-cell (CCR7, LEF1, TCF7, and SELL), effector T-cell (CX3CR1, FGFBP2, and FCGR3A), central memory T-cell (CCR7, SELL, and IL7R), exhausted T-cell (HAVCR2, TIGIT, LAG3, and PDCD1), and resting Treg T-cell (FOXP3 and IL2RA), or the specific gene indicated as IDO1. (TNBC, n=135; luminal A, n=415; para-cancerous tissues, n=291). The Log2FC Cutoff = 1, and the p-value Cut off = 0.01. For pathological stage plot analysis, GEPIA used major stage (yes) or sub-stage (no) for plotting, Log scale defined as log2(TPM+1) for log-scale by GEPIA database.



Statistical Analysis

Statistical analyses were performed using GraphPad Prism 6.0 (GraphPad Software). Where indicated, data were analyzed for statistical significance and reported as p-values. Data were analyzed by two-tailed Student’s t test when comparing means of two independent groups and two-way ANOVA when comparing more than two groups. For sample sizes of n > 3, the data distribution was first checked using a Kolmogorov–Smirnov test. If the data fitted a normal distribution, a two-tailed unpaired Student’s t-test was used when variances were similar, whereas a two-tailed unpaired Student’s t-test with Welch’s correction was used when variances were different. If the data did not fit a normal distribution, a Mann–Whitney U-test was used. P < 0.05 was considered statistically significant (*, P < 0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001, n.s., not significant). Data were presented as the mean ± SD.




Results


IDO1 and PD-L1 Were Co-Expressed in Triple-Negative Breast Cancer Samples

Tumor cells evaded immune surveillance by expressing immunosuppressive factors, such as PD-L1 and IDO1 (15). We analyzed the levels of PD-L1 and IDO1 in all subtypes of breast cancer and found that expression of IDO1 in cancer tissues were higher in para-cancerous tissues at basal like (TNBC) positive breast cancer (Figure 1A) from the Gene Expression Profiling Interactive Analysis (GEPIA) (44). Compared with other subtypes, Luminal A cancer had the lowest expression of PD-L1 (Figure 1B) and IDO1, suggesting that IDO1 may play important role in TNBC but not Luminal A cancers. We further examined the expression of IDO1 and PD-L1 in breast cancer patients by analyzing single-cell RNA-sequencing data from The Single Cell Expression Atlas. The results showed that the level of PD-L1 and IDO1 were higher in TNBC than that in Luminal A positive breast cancer (42, 43) (Supplementary Figure 1). The results of immunohistochemical staining further validated that protein levels of PD-L1 and IDO1 were higher in patients with TNBC than that with Luminal A subset (Figure 1C). The most commonly used representative TNBC cell line was MDA-MB-231, and the most commonly used Luminal A cell line was MCF7. Flow cytometric analysis confirmed that PD-L1 was highly expressed on MDA-MB-231 cell line (Figure 1D). The RNA-sequencing data from the Gene Expression Profiling Interactive Analysis (GEPIA) (44) revealed that expression of PD-L1 was positively correlated with that of IDO1 in breast cancer patients (Figure 1E). Moreover, the percentage of Vγ9Vδ2+CD3+ T cells in PBMCs of TNBC patients was significantly lower than that of healthy controls (Figure 1F). However, the level of PD-L1 has no significant correlation with overall survival advantage and diseases-free survival for patients with TNBC and Luminal A subtypes (Figures 1G, H). These data indicated that IDO1 and PD-L1 expressed and were significantly higher in TNBC than in Luminal A positive breast cancer. However, the biomarkers to predict responses to ICIs in breast cancer patients remain debatable and urgently need to be clarified.




Figure 1 | IDO1 and PD-L1 were co-expressed in triple-negative breast cancers. (A, B) Expression of IDO1 and PD-L1 in breast cancers from the GEPIA dataset (Basal like, Cancer tissues (n=135); HER2, Cancer tissues (n=66); Luminal A, Cancer tissues (n=415); Luminal B, Cancer tissues (n=194); para-cancerous tissues, n=291). Cancer tissues (orange box) labeled as “tumor” were compared with para-cancerous tissues (blue box) labeled as “normal”. Immunohistochemistry (C) for IDO1 and PD-L1 expression in cancer tissues with luminal A and TNBC (n=3). (D) Representative histograms of PD-L1 expression by MCF-7 (luminal A) and MDA-MB-231 (TNBC) cells. (E) Correlation between PD-L1 and IDO1 expression in human breast cancer samples from the GEPIA (n=1085; R2 = values by linear regression). (F) Dot plots showing T cell subsets isolated from healthy or patient donors with TNBC PBMCs, expressed as percentage of CD3+ cells (n=20). (G) Overall survival and disease-free survival of triple-negative breast cancer patients with high or low CD274 (PD-L1) expression (n (high)=67, n (low)=67) as defined by the median. Compared by log-rank (Mantel-Cox) test (GEPIA data base). (H) Overall survival and disease-free survival of luminal A breast cancer patients with high or low CD274 (PD-L1) expression (n (high)=205, n (low)=205) as defined by the median. Compared by log-rank (Mantel−Cox) test (GEPIA data base). Unpaired Student’s t-test (F). Significance was set to P < 0.05 and represented as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, n.s., not significant.





Immune Checkpoint Receptors Were Highly Expressed on Vγ9Vδ2 T Cells in Triple-Negative Breast Cancer Patients

Vγ9Vδ2 T cells are another type of cytotoxic T cells important for tumor surveillance in human, besides CD8+ T lymphocytes. When exploring the immune status of breast cancer patients, we found that immune exhaustion and T reg phenotypes in TNBC samples were higher than that in luminal A subtypes from the GEPIA data (44) (Figures 2A, B). In order to investigate the status of Vγ9Vδ2 T cells in human TNBC, we recruited 30 patients with advanced TNBC and 30 healthy volunteers. The expression of immune checkpoint receptors on Vγ9Vδ2 T cells from the peripheral blood mononuclear cells (PBMCs) was analyzed. The characteristics of the healthy volunteers and patients were summarized in Table 1. The TNBC Vγ9Vδ2+ T cells showed immune exhaustion phenotype as represented by the increased expression of PD-1, TIGIT, and Tim-3, while cell surface CD28 expression was insignificantly changed (Figures 2C–F and Supplementary Figure 2). The Vγ9Vδ2 T cells from the TNBC patients produced less amounts of IFN-γ and TNF-α, whereas Granzyme B and Perforin expression were marginally reduced, when stimulated with phorbol 12-myristate 13-acetate and ionomycin in vitro, compared with those from healthy donors (Figures 2G–J and Supplementary Figure 3). These results revealed that the quality of Vγ9Vδ2 T cells in TNBC patients was attenuated. This phenomenon might be due to the increased ICI level on these cells.




Figure 2 | Immune checkpoint receptors were highly expressed on Vγ9Vδ2 T cells in triple negative breast cancer patients. (A, B) Expression of T cell function-associated genes in TNBC and luminal A cancers from the GEPIA dataset (TNBC, n=135, luminal A, n=415). Cancer tissues (orange box) were compared with para-cancerous tissues (blue box, n=291). Signatures Gene Set: Naïve T-cell (CCR7, LEF1, TCF7, and SELL), effector T-cell (CX3CR1, FGFBP2, and FCGR3A), central memory T-cell (CCR7, SELL, and IL7R), exhausted T-cell (HAVCR2, TIGIT, LAG3, and PDCD1), and resting Treg T-cell (FOXP3 and IL2RA). The method for differential analysis was one-way ANOVA, using disease state (Tumor or Normal) as variable for calculating differential expression (A, B). (C–F) Expression of PD-1+ (C), Tim-3+ (D), TIGIT+ (E), and CD28+ (F) on Vγ9Vδ2 T cells in healthy donors (n=30) and triple negative breast cancer patients (n=30). (G–J) Percentage of Vγ9Vδ2 T cells producing IFN-γ+ (G), TNF-α+ (H), Perforin+ (I), and Granzyme B+ (J) in total Vγ9Vδ2 T cells were from patients with TNBC (n=25) and healthy donors (n=25), and stimulated with 50 ng/mL phorbol 12-myristate 13-acetate (PMA) and 1 μg/mL ionomycin (Ion) in vitro. Unpaired Student’s t-test (F–H, J); Mann−Whitney test (C–E, I). Significance was set to P < 0.05 and represented as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, n.s., not significant.




Table 1 | Information of TNBC patients and healthy donors.





Vγ9Vδ2 T Cells Could Kill Breast Cancer Cells and Restrain Cancer Growth, But Without Enhanced Function With Anti-PD-L1 Addition

Recent clinical studies demonstrated the safety and efficacy of allogeneic Vγ9Vδ2 T-cell immunotherapy (32). On this basis, we hypothesized that combination of Vγ9Vδ2 T cells and anti-PD-L1 might be important for TNBC immunosurveillance and might help restrain cancer growth. To address this question, we expanded Vγ9Vδ2 T lymphocytes by culturing human PBMCs from healthy donors in vitro. Zoledronate (ZOL)-expanded Vγ9Vδ2 T cells typically accounted for more than 90% of the cultured PBMCs (Supplementary Figure 4A). These cells were mainly effector memory T cells (CD27−CD45RA−), which showed efficient cytotoxic activity and the potential for cytokine production (Figure 3A and Supplementary Figure 4B). The purity of the enriched Vγ9Vδ2 T cells was validated by flow cytometry and was generally higher than 95% (Supplementary Figure 4C). Flow cytometric analysis confirmed that the ZOL-expanded Vγ9Vδ2 T lymphocytes in vitro induced NKG2D expression, whereas the level of PD-1 marginally increased, suggesting that ZOL-expanded Vγ9Vδ2 T cells were suitable for further adoptive immunotherapy (Supplementary Figures 4D, E). The frequency of viable Vγ9Vδ2 T cells (annexin-V−/PI−), early apoptotic cells (annexin-V+/PI−), and late apoptotic cells (annexin-V+/PI+) was analyzed by flow cytometry (Figure 3B). The ZOL-expanded Vγ9Vδ2 T cells showed few annexin-V+/PI+ population when cultured to day 20, thereby suggesting that long-term-expanded Vγ9Vδ2 T cells had sustained anti-apoptotic ability in vitro. We performed killing assay by using breast cancer cells co-cultured with Vγ9Vδ2 T cells in vitro to investigate whether Vγ9Vδ2 T cells could inhibit the growth of breast cancer cells. The proportion of apoptotic cells in MCF-7 (Luminal A) was generally higher than that in MDA-MB-231 (TNBC) when they were treated with Vγ9Vδ2 T cell alone; meanwhile, the combination of Vγ9Vδ2 T cells and anti-PD-L1 could not further enhance the killing efficacy (Figures 3C–E and Supplementary Figures 5A, B). In a tumor-bearing mouse model, no obvious difference of tumor size shrinkage was observed under the therapy of Vγ9Vδ2 T cells combined with anti-PD-L1, compared with that of Vγ9Vδ2 T cells alone (Figures 3F, G). In summary, these results showed that Vγ9Vδ2 T cells could kill breast cancer cells; however, anti-PD-L1 antibody did not obviously contribute to promote the antitumor function of these cells.




Figure 3 | Vγ9Vδ2 T cells could kill breast cancer cells and restrain cancer growth, but without enhanced function with anti-PD-L1 addition. (A) Subsets of Vγ9Vδ2 T cells cultured on day 7, 8, 9, and 10. According to the CD45RA and CD27 expression, the Vγ9Vδ2 T lymphocytes were subdivided into: CM (CD27+CD45RA−), naïve (CD27+CD45RA+), TEMRA (CD27−CD45RA+), and EM (CD27−CD45RA−). (B) Survival of Vγ9Vδ2 T cells cultured to day 20. Cell apoptosis (PI+ Annexin-V+) were analyzed by flow cytometry. (C) Cytotoxicity of Vγ9Vδ2 T cells toward breast cancer cells (MCF-7 or MDA-MB-231) at the indicated effector to target ratio (E:T). The percentages of dead cells out of whole target cells were identified as PI+ (n=5). (D, E) Cytotoxicity of Vγ9Vδ2 T cells had no obvious difference at the indicated E:T ratio with MCF-7 or MDA-MB-231 cells (target cells) pretreated with vehicle or anti-PD-L1 (10 μg/mL) for 6 hours (n=5). Dead target cells out of the total target cells were recorded. (F, G) Schematic protocols of tumor growth model (left). i.v., intravenous; s.c., subcutaneous. Progression of MCF-7 tumors and MDA-MB-231 tumors in mice was assessed in NOD/scid mice. n=5 mice per group. Experiments were independently repeated three times (F, G). Vγ9Vδ2 T cells from healthy donors were expanded with ZOL. Data represent mean ± SD (C–G). Unpaired Student’s t-test (C–E); two-way analysis of variance (ANOVA) (F, G). Significance was set to P < 0.05 and represented as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, n.s., not significant.





IDO1 Inhibitor 1-MT Enhanced the Antitumor Efficacy of Vγ9Vδ2 T Cells

Based on these observations, we assumed that IDO1 co-expressed with PD-L1 might be involved in regulating the antitumor activity of Vγ9Vδ2 T cells. Accordingly, we examined the level of IDO1 in breast cancer samples by using RNA-sequencing data from GEPIA (44). The analysis results showed that it differently expressed in different pathological stages (Figure 4A). We detected the expression of pSTAT1 and found that pSTAT1 expression positively correlated with IDO1 expression and was IFN-γ dose-dependent in MDA-MB-231 cell lines (Figure 4B). The expression of IDO1 enzyme in MDA-MB-231 cells was induced by IFN-γ and the culture supernatant of activated Vγ9Vδ2 T cells, while it was barely detectable in MCF-7 cells (Figure 4C). This finding suggested that the upregulated expression of IDO1 in MDA-MB-231 cells might depend on the IFN-γ-pSTAT1 signaling pathway (2). Then we conducted a killing experiment in vitro to further validate whether IDO1 enzyme activity was involved in regulating the antitumor function of Vγ9Vδ2 T cells. The MDA-MB-231 cells were co-cultured with Vγ9Vδ2 T cells according to the designated E (effector, Vγ9Vδ2 T cell): T (target, tumor cell) ratios. The result showed that kynurenine level were significantly reduced by IDO1 enzyme inhibitor 1-MT (Figure 4D). The proportion of apoptotic MDA-MB-231 cells was higher in the group treated with Vγ9Vδ2 T cells and 1-MT or Lindrost (BMS-986205) than that in the group of Vγ9Vδ2 T cell treatment alone (Figure 4E; Supplementary Figure 6A). Moreover, 1-MT or Lindrostat treatment alone (without Vγ9Vδ2 T cells) did not increase the cell death (Supplementary Figures 6B, C). The NOD-scid immuno-deficient mice were inoculated with MDA-MB-231 cells to evaluate the therapeutic effects of Vγ9Vδ2 T cells and 1-MT for breast cancer. Seven days later, the mice were treated with Vγ9Vδ2 T cells and/or 1-MT. The results showed that the volume of tumors in the group treated with Vγ9Vδ2 T cells combined with 1-MT was significantly smaller than that of PBS group and groups treated with Vγ9Vδ2 T cell alone or 1-MT alone (Figures 4F–H). These data indicated that human Vγ9Vδ2 T cells could kill MDA-MB-231 cells and restrain tumor growth, and the IDO enzyme inhibitor themselves could not kill breast cancer cells efficiently, but could enhance the antitumor efficacy of Vγ9Vδ2 T cells.




Figure 4 | 1-MT enhanced the antitumor efficacy of Vγ9Vδ2 T cells. (A) Expression of IDO1 in BRCA at different pathological stages, (BRCA, n=1085). (B) MDA-MB-231 cells were treated with the culture medium of Vγ9Vδ2 T cells or IFN-γ for 6, and 12 hours. Western blot to detect IDO1, p-STAT1, and p-NF-κB expression; β-actin was used as the loading control. (C) MCF-7 cells were treated with culture supernatant of Vγ9Vδ2 T cells or IFN-γ for 12 hr. Western blot to detect IDO1 level; β-actin was used as the loading control. (D) Kynurenine was the metabolite of L-tryptophan catalyzed by IDO1 enzyme, and its level in the culture supernatant of MCF-7 and MDA-MB-231 cells cocultured with Vγ9Vδ2 T cells treated with or without 1-MT was shown. The amounts of kynurenine were measured by ELISA kits. (E) IDO1 inhibitor 1-MT facilitated the cytotoxicity of Vγ9Vδ2 T cells toward MDA-MB-231 cells, but not MCF-7 cells. MCF-7 or MDA-MB-231 cells (target) were co-cultured with Vγ9Vδ2 T cells (effector) with 1-MT or vehicle for 6 hours. The percentage of dead cells out of total target cells was shown. (F–H) Schematic protocols of tumor growth model (left). n=5 mice per group. Experiments were independently repeated three times (H, I). Results in (C, D) were representative blots from 2 to 3 independent experiments. Vγ9Vδ2 T cells from healthy donors were expanded with ZOL. Data represent mean ± SD (E, F, H, I). Unpaired two-tailed Student’s t-test (E, F); one-way ANOVA using the disease state (tumor or normal) as variable for calculating the differential expression of IDO1 (A); The method for IDO1 expression analysis was one-way ANOVA by using the pathological stage as variable for calculating differential expression (B); two-way ANOVA (H, I). Significance was set to P < 0.05 and represented as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, n.s., not significant.





Treatment With 1-MT Promoted Perforin Production of Vγ9Vδ2 T Cells Under MDA-MB-231 Cell Stress

How did 1-MT enhance the antitumor function of Vγ9Vδ2 T cells in our experiment system? To address this question, we took advantage of killing system: the MDA-MB-231 or MCF-7 cells were co-cultured with Vγ9Vδ2 T cells with or without 1-MT, and the cytokine secretion in the supernatant of Vγ9Vδ2 T cells was analyzed (Figure 5A). The perforin production of Vγ9Vδ2 T cells treated with MCF-7 and 1-MT was not significantly more than that of MCF-7 treatment alone. However, the production of perforin was more significantly induced in the supernatant of Vγ9Vδ2+ T cells treated with MDA-MB-231 cells combined with 1-MT, compared with that of MDA-MB-231 treatment alone (Figures 5B, C). We found that Vγ9Vδ2+ T cells in above co-culture system could produce cytotoxic cytokines IFN-γ, TNF-α and Granzyme B; however, no significant enhancement was observed with 1-MT treatment combination (Figures 5D, E). These results showed that blocking the IDO1 enzyme enhanced the cytotoxicity of Vγ9Vδ2 T cells through promoting perforin production. γδ T cells express the activating receptor NKG2D, which endows them with a TCR-independent second activation pathway via recognition of NKG2D ligands on tumor cells (45). So, we also detected the NKG2D expression on Vγ9Vδ2 T cells in the same experimental system, but it did not significantly change (Supplementary Figure 7). Previous study showed a strong correlation between anticancer activity of Vγ9Vδ2 T cells and MICA/B expression on tumor cells in vitro (46, 47). So, we further analyzed the level of MICA/B on MDA-MB-231 and MCF-7 cells, and found that NKG2D’s ligand MICA/B highly expressed on surface of MDA-MB-231 cells, however was barely detectable on MCF-7 cells (Supplementary Figure 8). These results indicated that MICA/B might also be involved in the killing of MDA-MA-231 cells by Vγ9Vδ2 T cells.




Figure 5 | Treatment with 1-MT and MDA-MB-231 cells enhanced perforin production of Vγ9Vδ2 T cells. (A) Experimental approach. (B–E) The levels of cytokines, released by Vγ9Vδ2 T cells, were measured by ELISA after Vγ9Vδ2 T cells from healthy donors were incubated with MCF-7 or MDA-MB-231 cells for 6 or 12 hours in the presence or absence of 1-MT (500 μM) (n=6). Data represent mean ± SD; unpaired Student’s t-test (B–E). Significance was set to P < 0.05 and represented as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, n.s., not significant.






Discussion

Approximately 2.26 million newly diagnosed female breast cancer cases were recorded worldwide in 2020 (48). Triple-negative breast cancer is a subtype of breast cancer with the poorest prognosis due to lack of targeted therapies. Immunotherapeutic strategies for treating breast cancers had aroused great interest. Several immunotherapeutic agents had received approval of US Food and Drug Administration (FDA), including vaccines, adoptive cell therapies, oncolytic viruses, and most notably, immune checkpoint blockade (3). Our findings showed that the expression of PD-L1 was positively correlated with IDO1 in TNBC patients from the data of GEPIA RNA-sequencing, thereby implying that immunosuppressive effects dominated in this type of tumors and prevented normal T cell function. Gamma delta (γδ) lymphocyte cells infiltrated into most human tumors (49). We detected Vγ9Vδ2 T cells in blood and found that their function was suppressed, and the cell number decreased in TNBC patients. In vitro and in vivo works showed that human Vγ9Vδ2 T cells could inhibit growth of MDA-MB-231 cells, a type of TNBC cancer cells; however, the combination with anti-PD-L1 treatment could not increase their antitumor capacity. Interestingly Vγ9Vδ2 T cells combined with 1-MT, IDO1 inhibitor, enhanced their antitumor ability. Finally, we found that blocking the IDO1 enzyme enhanced the cytotoxicity of Vγ9Vδ2 T cells by perforin secretion under tumor burden stress.

IDO expression had been illustrated in tumor cells and antigen presenting cells (APC) (human monocyte-derived macrophages and dendritic cell) in a range of human cancer patients and murine cancer models (50, 51). In TNBC subtypes, IDO1 and PD-L1 were upregulated by interferon-γ-secreting T cells in the tumor microenvironment (52). However, previous clinical study showed that there was no clear evidence for benefit of adding navoximod (IDO inhibitor) to atezolizumab (PD-L1) (25). Recent work also indicated that the IDO inhibitor promoted Vγ9Vδ2 T cell’s antitumor response against Ductal Pancreatic Adenocarcinoma Cells (53). The results of those studies suggested that IDO inhibitor probably targeted on human cytotoxic T cells; thus, only T cells infiltrated into tumors would have responded to the IDO inhibitor therapy (54). This finding might explain why the combination of IDO inhibitor and anti-PD-1/PD-L1 therapy did not demonstrate improved survival in many types of cancer patients. In this study, we found that only treatment of Vγ9Vδ2 T cell and 1-MT combination had more significant therapeutic effect and resulted in slower tumor growth in mouse model. This finding suggested that Vγ9Vδ2 T lymphocytes/1-MT combination might have potential applications in therapy of TNBC patients, which would inspire further clinical investigations and eventually benefit cancer patients.

IDO expression was correlated with increased tumor-infiltrating T regulatory cells (T reg); studies had suggested that tumor cells or IDO-expressing APCs could mediate T reg cells to strongly dampen the antitumor responses of T cells (16, 39). The intratumor ratio of infiltrating lymphocytes (TILs) to T reg cells was considered as a marker of favorable immunological responses, which was a possible key factor to control tumor progression (5, 55). Previous work showed that intratumoral γδ T cell numbers were positively correlated with advanced tumor stages, HER2 expression status, FOXP3+ cells, and high lymph node metastasis, but inversely correlated with relapse-free survival and overall survival of breast cancer patients (6). However, Andrew J Gentles et al. demonstrated that intra-tumoral γδ T cells emerged as a significant favorable marker in breast cancer survival (10). The possible reason for this contradictory phenomenon was that γδ T cells played different roles in different breast cancer subtypes. T cell exhaustion was a poor responsive status with an upregulated level of ICIs, decreased production of cytotoxic cytokines, and suppressed antitumor efficacy (56). Our data showed that Vγ9Vδ2 T cells in triple-negative breast cancer patients had exhausted phenotype with increased PD-1, TIGIT, and Tim-3 expression and reduced cytokine production. These findings suggested that dysfunctional Vγ9Vδ2 T cells in triple-negative breast cancer patients might be another important factor to accelerate tumor progression besides CD8+ T cells.

Cytotoxic T cell exerted antitumor effects via cytokine production, such as IFN-γ, TNF-α, granzyme B, and perforin (49), under the specific tumor antigen stimulation. IDO1 is a classic IFN-γ-inducible gene (57). However, in the analysis of several breast cancer datasets, previous reports showed differences of subtype-specific mRNA and promoter methylation in IDO1, with TNBC/basal subtypes exhibiting low methylation/higher expression phenotype and ER+/luminal subtypes demonstrating high methylation/lower expression phenotype (15). Those results suggested that the IDO1 gene in TNBC cells was intrinsically open for transcription. The high expression of IDO1 in TNBC patients could intensively inhibit Vγ9Vδ2 T cells. This phenomenon may explain our results: Vγ9Vδ2 T cells in TNBC patients expressed high levels of ICIs, such as PD-1, Tim3, and TIGIT, and produced less cytokines, such as IFN-γ and TNF-α. The immunosuppressed Vγ9Vδ2 T cells were relieved to produce many cytokines when treated with the IDO inhibitor and restrained tumor growth. We also confirmed that Vγ9Vδ2 T cells treated with the IDO inhibitor promoted perforin production, but not IFN-γ and TNF-α under the tumor stress. However, IDO inhibitor mediated the transcription of perforin needs to be further investigated.

In summary, our data showed that IDO inhibitor facilitated Vγ9Vδ2 T cell antitumor activity. The combination of Vγ9Vδ2 T cells and IDO inhibitor could result in additive and strong effects for suppressing MDA-MB-231 cell growth. Vγ9Vδ2 T cells combined with IDO inhibitor might be a safe and economical approach to treat triple negative breast cancers. The efficacy of Vγ9Vδ2 T cells and IDO blockade therapy in TNBC patients need to be further validated in clinical trials.
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Supplementary Figure 1 | The levels of PD-L1 and IDO1 in TNBC and Luminal A breast cancers. (A) t-SNE plot of all 515 classified cells, demonstrating separation by cell type. Individual cells were colored green for luminal A, yellow for luminal B, blue for HER2, and red for TNBC tumors (The Single Cell Expression Atlas data base). (B) Expression levels of IDO1 and PD-L1 across 515 single cells illustrated in t-SNE plots. Individual cells were colored red for TNBC, blue for luminal A (The Single Cell Expression Atlas data base).

Supplementary Figure 2 | Identification of exhaustion and costimulatory markers in triple negative breast cancer patients. PD-1+, Tim-3+, TIGIT+, and CD28+ levels on Vγ9Vδ2+ T cells in PBMCs of healthy donors and triple negative breast cancer patients (TNBC) were shown.

Supplementary Figure 3 | Cytokine production of Vγ9Vδ2+ T cells. Frequency of TNF-α+, IFN-γ+, Perforin+, and Granzyme B+ Vγ9Vδ2+ T cells in healthy donor and triple negative breast cancer samples were shown.

Supplementary Figure 4 | Percentage of NKG2D+, PD-1+ Vγ9Vδ2 T cells out of the total Vγ9Vδ2 T lymphocyte population. (A, B) Representative flow cytometry plots showing the gating strategy to identify lymphocytes including subsets of Vγ9Vδ2 T cells expanded from ZOL. (C) Vγ9Vδ2 T cells were further purified by negative selection with EasySep™ Human Gamma/Delta T Cell Isolation Kit. (D, E) Vγ9Vδ2 T cells were expanded in vitro from the human peripheral blood cells with ZOL. Frequency of NKG2D and PD-1 expression on Vγ9Vδ2+ T cells at day 12 was shown.

Supplementary Figure 5 | Anti-PD-L1 antibody could not further enhance the antitumor efficacy of Vγ9Vδ2 T cells. (A) Cytotoxicity of Vγ9Vδ2 T cells toward MCF-7 or MDA-MB-231 cell lines at the indicated ratio of effector to target (E:T). Frequency of dead cells out of whole target cells were showed as PI+. (B) Cytotoxicity of Vγ9Vδ2 T cells had no obvious difference at the indicated E:T ratio with MCF-7 or MDA-MB-231 cells (target cells) pretreated with anti-PD-L1 (10 μg/mL) or not for 6 hours. Dead target cells out of the total target cells were determined.

Supplementary Figure 6 | 1-MT treatment alone did not induce tumor cell apoptosis. (A) IDO1 inhibitor Lindrostat facilitated the cytotoxicity of Vγ9Vδ2 T cells against MDA-MB-231 cells, but not MCF-7 cells. MCF-7 or MDA-MB-231 cells (target) were co-cultured with Vγ9Vδ2 T cells (effector) with Lindrostat or vehicle for 6 hours. The percentage of dead cells out of total target cells was shown. n=3. (B, C) MCF-7 and MDA-MB-231 cells were treated with 1-MT (500 μM), Lindrostat (10, 100, 1000 nM) or vehicle for 6 or 12 hours. Apoptotic cells (PI+) were detected by flow cytometry. The data were representative of three independent experiments. Data represented mean ± SD; unpaired Student’s t-test. Significance was set to P < 0.05 and represented as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, n.s., not significant.

Supplementary Figure 7 | 1-MT treatment did not promote NKG2D expression of Vγ9Vδ2 T cells stimulated with MDA-MB-231 cells or MCF-7 cells. Human Vγ9Vδ2 T cells co-cultured with MCF-7 or MDA-MB-231 cells were treated with 1-MT (500 μM) or vehicle for 6 hours. Expression of NKG2D on Vγ9Vδ2 T cells from healthy donors was shown (n=3). Data represented mean ± SD; unpaired Student’s t-test. Significance was set to P < 0.05 and represented as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, n.s., not significant.

Supplementary Figure 8 | MICA/B levels on MDA-MB-231 and MCF-7 cells. Representative histograms of MICA/B expression by MCF-7 (luminal A) and MDA-MB-231 (TNBC) cells.
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When combined with anti-PD-1, monoclonal antibodies (mAbs) against GARP:TGF-β1 complexes induced more frequent immune-mediated rejections of CT26 and MC38 murine tumors than anti-PD-1 alone. In both types of tumors, the activity of anti-GARP:TGF-β1 mAbs resulted from blocking active TGF-β1 production and immunosuppression by GARP-expressing regulatory T cells. In CT26 tumors, combined GARP:TGF-β1/PD-1 blockade did not augment the infiltration of T cells, but did increase the effector functions of already present anti-tumor T cells. Here we show that, in contrast, in MC38, combined GARP:TGF-β1/PD-1 blockade increased infiltration of T cells, as a result of increased extravasation of T cells from blood vessels. Unexpectedly, combined GARP:TGF-β1/PD-1 blockade also increased the density of GARP+ blood vessels covered by pericytes in MC38, but not in CT26 tumors. This appears to occur because anti-GARP:TGF-β1, by blocking TGF-β1 signals, favors the proliferation of and expression of adhesion molecules such as E-selectin by blood endothelial cells. The resulting densification of intratumoral blood vasculature probably contributes to increased T cell infiltration and to the therapeutic efficacy of GARP:TGF-β1/PD-1 blockade in MC38. We conclude from these distinct observations in MC38 and CT26, that the combined blockades of GARP:TGF-β1 and PD-1 can exert anti-tumor activity via multiple mechanisms, including the densification and normalization of intratumoral blood vasculature, the increase of T cell infiltration into the tumor and the increase of the effector functions of intratumoral tumor-specific T cells. This may prove important for the selection of cancer patients who could benefit from combined GARP:TGF-β1/PD-1 blockade in the clinics.
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Introduction

TGF-β1 is a potent immunosuppressive cytokine produced by most cells in an inactive, latent form. In its latent form, the mature TGF-β1 dimer is non-covalently associated to the Latency Associated Peptide (LAP), which prevents receptor binding and signaling by the cytokine. Some cell types can activate latent TGF-β1 in response to various stimuli by releasing mature TGF-β1 from LAP, via cell-type specific mechanisms. Regulatory T cells (Tregs) stimulated through the T cell receptor (TCR) produce latent TGF-β1 covalently linked to transmembrane protein GARP. Presentation of GARP:(latent)TGF-β1 complexes, and the interaction with integrin αVβ8 on the surface of TCR-stimulated Tregs, leads to TGF-β1 activation and autocrine or short-distance paracrine TGF-β1 activity (1–4). In cancer patients, Tregs can exert detrimental immunosuppression and thus limit the efficacy of immunotherapy (5, 6).

We previously developed monoclonal antibodies (mAbs) that bind GARP:TGF-β1 complexes and block TGF-β1 activation and immunosuppression by human or mouse Tregs (4, 7, 8). Anti-GARP:TGF-β1 mAbs inhibited the immunosuppressive function of human Tregs in a xenogeneic model of graft-versus-host disease induced by the transfer of human PBMCs in NSG mice (7). More recently, we reported that anti-GARP:TGF-β1 combined with anti-PD-1 induced immune-mediated rejections of CT26 and MC38 tumors resistant to anti-PD-1 alone (8). Blocking TGF-β1 activation by GARP-expressing Tregs was sufficient for anti-GARP:TGF-β1 to overcome resistance to anti-PD-1 in these tumor models. Indeed, the anti-tumor activity of combined GARP:TGF-β1/PD-1 blockade: i) occurred without Treg depletion, ii) was observed using anti-GARP:TGF-β1 incapable of binding Fcγ receptors, and iii) was lost in MC38 tumor-bearing mice carrying a Treg-specific deletion of the Garp gene (8). In contrast, blocking TGF-β1 activation by GARP-expressing platelets was not required, as anti-tumor activity of combined GARP:TGF-β1/PD-1 blockade was conserved in MC38 tumor-bearing mice carrying a platelet-specific deletion of the Garp gene. Thus, in MC38, the predominant source of active TGF-β1 that needs to be blocked by anti-GARP:TGF-β1 to overcome resistance to anti-PD-1 are Tregs, but not platelets (8).

Further characterizing its mode of action, we observed that combined GARP:TGF-β1/PD-1 blockade increased the effector functions of anti-tumor CD8 T cells already present within CT26 tumors, without augmenting the immune cell infiltration (8). Together with our observation that GARP-expressing Tregs are found mostly in human melanoma metastases that are already infiltrated by activated T cells, this led us to suggest testing anti-GARP:TGF-β1 to overcome resistance to PD-1/PD-L1 blockade in patients with inflamed tumors.

Different modes of action were proposed to explain the anti-tumor activity of PD-1/PD-L1 blockade combined with mAbs that block latent TGF-β1 activation (9) or neutralize all three TGF-β1,  β2 and β3 isoforms (10, 11). In these reports, infiltration of immune cells in tumors was increased as a consequence of either increased CD8 T cell entry from blood vessels (9), or reduced TGF-β1 signaling in stromal fibroblasts with subsequent increased CD8 T cell penetration towards the center of tumors (10, 12). The variations in the mode of action could result from the different tumor models that were used in our laboratories, or from the different cellular sources of TGF-β activity that were blocked by the mAbs. While anti-GARP:TGF-β1 selectively blocks TGF-β1 released from GARP-expressing cells, other mAbs block TGF-β1 activation, or neutralize the activity of all three TGF-β isoforms, whatever their cellular source. It is noteworthy that in addition to Tregs, murine and human endothelial cells and platelets do also express surface GARP:TGF-β1 complexes. Anti-GARP:TGF-β1 mAbs could thus exert anti-tumor activities via multiple modes of action, by directly or indirectly targeting different cell types depending on the tumor microenvironment (2, 8, 13).

We thus resorted to determine if the anti-tumor activity of combined GARP:TGF-β1/PD-1 blockade could encompass other mechanisms than increasing the effector functions of anti-tumor CD8 T cells already present within tumors, as observed in CT26.



Materials and Methods


Mice

BALB/c and C57BL/6 mice were bred at the SPF animal facility of the UCLouvain. The facility is controlled to maintain the temperature between 20 and 24°C; humidity rate between 40 and 65% and day–night cycles of 12 h–12 h. All animal studies were performed in accordance with national and institutional guidelines for animal care, under permit numbers 2015/UCL/MD/19 and 2019/UCL/MD/032 at the UCLouvain.



Antibodies

Anti-mouse GARP:TGF-β1 clone 58A2 was described previously (8). Batches of 58A2 under mIgG1 or mIgG2a DANA formats, and corresponding isotype controls (motavizumab) were kindly provided by Dr. Bas van der Woning (argenx BV). mIgG1 and mIgG2a DANA antibodies do not exert FcγR-dependent activities (8, 14). Anti-PD-1 clone RMP1-14 (mIgG2a FcSilent format) was purchased from Absolute Antibodies. Anti-active TGF-β1,2,3 clone 1D11 was purchased at BioXcell.



Cells

CT26 and MC38 colon carcinoma cell lines were maintained in vitro as a monolayer culture in Iscove’s Modified Dulbecco Medium (CT26), or Roswell Park Memorial Institute Medium (MC38), supplemented with 10% fetal calf serum (FCS) and 10 mM Hepes, 1 mM sodium pyruvate and 0.1 mM non-essential amino acids, at 37°C in an atmosphere of 8% (CT26) or 5% (MC38) CO2 in air. Murine tumor cells in exponential growth phase were harvested, washed in PBS, and resuspended in endotoxin-free Dulbecco’s PBS (Millipore) prior to inoculation into mice.

Endothelial cell lines C166 and MS1 were purchased at ATCC or kindly provided by the group of Agnès Noël (ULiège, Belgium), respectively. Both were maintained in vitro as a monolayer culture in Dulbecco’s Modified Eagle Medium supplemented with 10% FCS, at 37°C in an atmosphere of 5% CO2 in air.



Animal Experiments

On day 0, live CT26 cells (106 cells/mouse) or MC38 cells (1 × 106/mouse for mIF experiments or 1.5 × 106 cells/mouse for flow cytometry experiments) were injected s.c. into 7- to 8-week-old syngeneic mice. Large (D) and small (d) tumor diameters were measured with a caliper every 2 or 3 days starting on day 6. Tumor volumes were calculated as follows: V = π × D × d2/6. On days indicated in the figure legends, mice received intraperitoneal (i.p.) injections of the following mAbs (250 µg of each), administered alone or combined as indicated in the figure legends: isotype control (motavizumab), anti-GARP:TGF-β1 (clone 58A2) and/or anti-PD-1 (clone RMP1-14 FcSilent). Anti-GARP:TGF-β1 injected in BALB/c or C57BL/6 mice were under mIgG2a DANA or mIgG1 formats, respectively (corresponding isotypes were used for the motavizumab control). All mice were sacrificed on day 13 or 14, and tumors were collected after sacrifice for further analyses.



Multiplexed Immunofluorescence on Mouse Tumor Sections

Immediately after collection, CT26 and MC38 tumors were fixed in formaldehyde (FA) 4% during 24 h, then embedded in paraffin using the Tissue-Tek VIP (Sakura). Formaldehyde-fixed paraffin-embedded (FFPE) tumors were cut in 5 µm-thick sections and mounted on a microscope slide. Slides were deparaffinized in subsequent baths of HistoClear and decreasing concentrations of ethanol. Antigen retrieval was performed in Tris–EDTA buffer (pH 9) with microwave treatment. Endogenous peroxidases were inactivated using a peroxidase block reagent (Enzo) for 15 min and sections were permeabilized and blocked with Tris Buffered Saline (TBS) supplemented with 0.1% Tween 20, 2% milk, 5% Bovine Serum Albumin (BSA), and 1% human Ig for 30 min. The following primary antibodies were used (incubation time was 90 min) for immunofluorescent staining on these sections, alone or in combination, as indicated in the figure legends: anti-CD3 (Abcam, clone SP7, diluted 1:500), anti-CD8 (Cell signaling, clone D4W2Z, diluted 1:400), anti-CD146 (Abcam, clone EPR3208, diluted 1:250), anti-PDGFRβ (Abcam, clone Y92, diluted 1:200). Ready-to-use EnVision+ System-HRP Labelled Polymer Anti-Rabbit (Dako) was used (60 min) as a secondary antibody for all antibodies cited above, followed by incubation with a Tyramide Reagent coupled either to Alexa Fluor 488, Alexa Fluor 555 or Alexa Fluor 647 (Thermo, diluted 1:200), prepared in a buffer containing 0.1 M boric acid, 3 M NaCl, 0.1% Tween 20 (pH 7.8) supplemented with 0.003% H2O2, for 10 min. After each staining, an additional step of heat-mediated antibody elution in citrate buffer (pH 6) was performed in a microwave oven. Counterstaining of nuclei was performed with Hoechst33258 reagent (1:1,000) for 5 min. Slides were mounted with Fluorescent Mounting Medium (Dako) and covered.

Another piece of tumor was frozen, embedded in OCT and cut in 7 µm-thick sections to perform staining, including GARP. Cryosections were fixed for 5 min in FA 4%. Endogenous peroxidase blocking and permeabilization were performed, as described above. For GARP staining, clone YGIC86 (Thermo, diluted 1:80) was used as the primary antibody and the signal was amplified with ready-to-use ImPRESS HRP Goat Anti-Rat IgG (Vector) and a Tyramide Reagent, coupled to Alexa Fluor 555. Slides were counterstained and mounted as described previously.

Digital 3 or 4-color images of the stained tissue sections were acquired with a Pannoramic P250 Flash III scanner (3DHistech) equipped with a Plan-Apochromat 20×/N.A. 0.8× objective (Carl Zeiss) and with a Point Grey Grasshopper 5MP camera, using DAPI1, FITC, SpRed and Cy5 filter sets (Semrock).



Immunofluorescence Image Analysis

mIF images were analyzed with the Halo software (Indicalabs). The Cytonuclear FL module was used for the quantification of T cell densities as well as for the calculation of distances between the T cells to the tumor periphery (Dp), and to nearest neighbor endothelial cell. To calculate distances, we designed a dedicated R script that uses the position and phenotype of each event identified by Halo. For Figure 2, the tumor periphery was defined using the cells that are at the extremities of the tissue section, and the tumor center was calculated as centroid. A mean radius length was calculated for each section based on the lengths of all radiuses measured in the section (one radius represents the distance between the centroid and one DAPI+ nucleus located on the tumor periphery). Five CT26 tumors were excluded from this analysis because their centroid were located outside of the tissue, due to their moon-like shape. The distance of each CD8 T cell to their closest endothelial cell was calculated using the nearest neighbor analysis. For quantification of blood vessels, the Object Quantification FL module of Halo was used, with each object corresponding to an individual blood vessel.



Flow Cytometry Analyses

On the day indicated in the figure legends, tumors were harvested and mechanically dissociated in the presence of enzymes (Collagenase I 100 mg/ml, Life Tech; Collagenase II 100 mg/ml, Life Tech; Dispase 1 mg/ml, Life Tech; and DNAse I 0.4 U/ml, Roche), using two cycles in the GentleMacs disruptor (Miltenyi) separated by 30 min of incubation at 37°C under continuous agitation. Tumor cell homogenates were clarified through 70 and 40 µm filters. Single cell suspensions were counted on a Luna® cell counter with a live-dead cell marker, then pelleted and resuspended in PBS containing 2 mM EDTA and 1% FCS for immediate staining, or in X-Vivo 10 medium (Invitrogen) to shortly incubate cells prior to staining.

Cells used for immediate staining were incubated with antibodies against surface markers (CD45, clone 30F-11; CD4, clone RM4-5; CD8a, clone 53-6.7) (Biolegend) in the presence of a viability dye (eBioscience) and anti-CD16/32 to block FcγRs. To identify MC38 tumor-specific T cells, cells were also incubated with an H2-Kb-p15E (KSPWFTTL) pentamer coupled to APC (ProImmune). One million cells per tumor were kept for ex vivo incubation with Brefeldin A (Sigma, 5 µg/ml) to increase the accumulation of cytokines in the Golgi/endoplasmic reticulum. No stimulation reagents were applied. Anti-CD107a mAb coupled to BV421 (clone 1D4B, Biolegend) was added to the mix. After 4 h of incubation at 37°C, cells were stained with antibodies against surface markers (CD45, CD4, CD8a) (Biolegend) in the presence of a viability dye (eBioscience) and an anti-CD16/32, fixed and permeabilized with the Cytofix/Cytoperm kit (BD Biosciences), then stained with antibodies against intracellular cytokines (IFNγ, clone XMG1.2; TNFα, clone MP6-XT22) (Biolegend) in the presence of additional anti-CD16/32.

C166 and MS1 cells were incubated with anti-CD16/32 antibody then stained with a biotinylated anti-GARP:TGF-β1 antibody (clone 58A2) and a streptavidin coupled to PE. Analyses were performed on a FACS LSRFortessa flow cytometer (DIVA, BD Biosciences) and data were computed using the FlowJo software (Tree Star).



RT-qPCR of Mouse Tissue Samples and Cell Lines

Mouse tumor fragments were collected and stored at −80°C until processing. After tissue disruption with the TissueLyser (Qiagen), total RNA was extracted using NucleoSpin Mini Columns (Macherey Nagel). RNA was reverse transcribed with Maxima First Strand cDNA Synthesis Kit (Thermofisher). For Figure 6, the MS1 cell line and splenocytes obtained from BALB/c mice were treated with recombinant TGF-β (rTGF-β) at 1 ng/ml for 24 h, then harvested and pelleted. RNA extraction and reverse transcription were performed as described above. qPCR were performed in the QuantStudio3 device (Thermofisher) in reaction volumes of 20 µl containing 0.025 U/µl of Takyon Master Mix (Eurogentec), 300 nM of each primers, 100 nM of Takyon probe, under either standard conditions (95°C for 3′; 45 cycles of 95°C for 10″ and 60°C for 30″) or fast conditions (95°C for 3′; 95°C for 3″ and 60°C for 30″) depending on amplicon size. The sequences of primers and probes are listed in Table S1.



Thymidine Incorporation Assay

C166 and MS1 endothelial cells (2,000 cells/well) were incubated in the presence of rTGF-β1, for the duration indicated in the figure legends. One µCurie of [3H]-thymidine (3H-T) was added during the last 24 h of culture. On the day of revelation, cells were incubated with trypsin and aspirated on a 96-filter plate (Unifilter GF/C) using a harvester (Packard Filtermate 196). The plate was washed several times with water. Radioactivity was measured by a scintillation counter (Packard Microplate Scintillation Counter), which calculates the counts per minute (cpm).



Statistical Analyses

All statistical analyses were performed using the JMP®Pro 15 software. Comparisons of measurements taken at a single time point were performed using a two-tailed, non-paired, non-parametric Wilcoxon test. Post-hoc Tukey’s test was performed to adjust for multiple comparisons. The number of experiments and the number of mice (n) in the various experimental groups are indicated in the corresponding figure legend.




Results


Combined GARP:TGF-β1/PD-1 Blockade Increases Infiltration of T Cells in MC38 but Not in CT26 Tumors

To compare the mechanism of action of combined GARP:TGF-β1/PD-1 blockade in two mouse tumor models, we injected MC38 or CT26 cells subcutaneously (s.c.) in syngeneic C57BL/6 or BALB/c mice, respectively. We then started intraperitoneal (i.p.) administrations of either isotype control, anti-GARP:TGF-β1 and/or anti-PD-1 mAbs after 6 days, when the tumors were well established in all mice. A total of three injections of single or combined mAbs were administered on days 6, 9 and 12, and tumors were collected on day 13. This time point was chosen based on our previous study, which showed that similar administration regimens significantly increased the frequency of complete, immune-mediated rejections of MC38 and CT26 tumors in mice treated with anti-GARP:TGF-β1 + anti-PD-1, as compared with anti-PD-1 alone. Notably, rejections occurred between days 15 and 40 in both MC38- and CT26-tumor bearing mice, leaving no sufficient tumor material for analyses after day 13 (8). Here on day 13, and as expected, volume and weight of tumors were already significantly reduced in mice treated with anti-GARP:TGF-β1 + anti-PD-1, or anti-PD-1 alone, as compared with controls (Figure S1).

We used digitalized multiplex immunofluorescence stainings (mIF) of formaldehyde-fixed paraffin-embedded (FFPE) sections to quantify T cell infiltration in the tumors (Figures 1A, B). In tumors from untreated mice, the proportion of CD3+ cells among DAPI+ nuclei was approximately 3-fold higher in MC38 (6.8% ± 0.4%; median ± interquartile range, or IQR) as compared with CT26 tumors (2.3% ± 1.4%) (Figure 1B). Consistent with our previous observations, administration of anti-GARP:TGF-β1 or anti-PD-1 alone did not significantly increase T cell infiltration in MC38 or CT26 tumors, and the anti-GARP:TGF-β1 + anti-PD-1 combination did not increase T cell infiltration in CT26 [Figure 1B and (8)]. However, the combination caused a significant 3-fold increase of the proportion of T cells infiltrating MC38 tumors in mice treated with the anti-GARP:TGF-β1 + anti-PD-1 combination (20.9% ± 7.5%) (Figure 1B). T cell infiltration was significantly higher with this combination than with the anti-PD-1 alone. Both CD8 and CD4 T cells contributed to the infiltration, but CD8 T cells more so (≈5-fold) than CD4 (≈2-fold). RT-qPCR for genes Cd3e, Cd8b and Cd4 confirmed increased infiltration of total, CD8 and CD4 T cells in MC38 tumors after combined GARP:TGF-β1/PD-1 blockade (Figure 1C).




Figure 1 | Combined GARP:TGF-β1/PD-1 blockade increases infiltration of total, CD8 and CD4 T cells in MC38, but not in CT26 tumors. C57BL/6 or BALB/c mice were injected on day 0 with live MC38 or CT26 cells, respectively, and treated on days 6, 9 and 12 with anti-GARP:TGF-β1 (clone 58A2 mIgG1 in C57BL/6 mice; clone 58A2 mIgG2a DANA in BALB/c mice), anti-PD-1 (clone RMP1-14 mIgG2a FcSilent), a combination of both mAbs or the corresponding isotype controls. Tumors were collected on day 13 and fragments were analyzed by mIF and quantitative digital imaging or RT-qPCR. (A) Representative images of FFPE tumor sections stained with anti-CD3 antibody (orange), anti-CD8 antibody (green), anti-CD146 antibody (red) and Hoescht (DAPI, blue). CD8 T cells (CD3+CD8+) appear in yellow. (B) Proportions (%) of total, CD8 and CD4 T cells in DAPI+ nuclei measured with Indicalabs Halo software. Results obtained in one experiment for MC38 (n = 5–6 mice/group) and pooled from two independent experiments for CT26 (n = 3–6 mice/group in each experiment). One tumor section analyzed per mouse. (C) Expression levels of Cd3e, Cd8 and Cd4 mRNA relative to housekeeping gene Actb in MC38 and CT26 samples. Samples from two independent experiments for MC38 (n = 4–7 mice/group in each experiment) and one experiment for CT26 (n = 5/group). Samples from the second MC38 experiment shown in c were also analyzed in Figure S2 by flow cytometry. Data points represent values in individual mice. Horizontal bars: median per group. P values <0.05, calculated with a two-sided Wilcoxon test, are indicated in italics. Numbers in bold: fold-change between the indicated groups.



We observed with flow cytometry that the proportion of CD8 and CD4 T cells among MC38-infiltrating leukocytes (CD45+ cells) were not modified after GARP:TGF-β1/PD-1 blockade, indicating that the augmented T cell infiltration resulted from an increased infiltration of total leukocytes and not of a particular cell subset (Figure S2A). Lymphocytes directed against the tumor-specific antigen p15E were identified by staining with a fluorescent H2-Kb pentamer loaded with the p15E peptide (15). Their proportions among leukocytes (7.6% ± 4.9%) or CD8 T cells (19.1% ± 11.6%) did not differ between the untreated or treated MC38 tumors (Figure S2A). We also did not find differences between the proportions of CD8 T cells or tumor-specific CD8 T cells that produced IFNγ and/or TNFα, or expressed the surface marker of degranulation CD107a (Figures S2B). The only difference was the proportions of CD4 T cells producing IFNγ, increased after combined GARP:TGF-β1/PD-1 blockade as compared with PD-1 blockade alone or controls (Figure S2B). RT-qPCR analyses confirmed these observations (Figure S2C).

We conclude that in MC38 tumors, the combined GARP:TGF-β1/PD-1 blockade increases the infiltration of T cells, including activated tumor-specific CD8 T cells. This contrasts with our previously published observations in CT26, where combined GARP:TGF-β1/PD-1 blockade did not increase T cell infiltration, but did augment the effector functions of the anti-tumor T cells that were already present in the tumors (8).



Combined GARP:TGF-β1/PD-1 Blockade Does Not Increase the Proliferation or Penetration of Tumor-Infiltrating CD8 T Cells in MC38 or CT26 Tumors

The increased T cell infiltration into MC38 following GARP:TGF-β1/PD-1 blockade could result from a local T cell proliferation within MC38, but not CT26 tumors. However, we observed no change in levels of Ki-67 in CD8 T cells or in the proportion of proliferating Ki-67+ cells among CD8 T cells in any treatment group in MC38 or CT26 tumors (Figures S3A, B).

Increased T cell infiltration could also result from an increased penetration of T cells from the periphery towards the center of MC38 tumors, as shown in EMT6 treated with a combination of anti-active TGF-β1, β2 and β3 (clone 1D11) and anti-PD-L1 (clone 6E11) (10). We measured the distance separating each CD8 T cell from the closest point on the tumor periphery in MC38 and CT26 FFPE sections, stained by mIF (Figure 2A), then examined the distribution of all CD8 T cells at various distances from the periphery relative to mean radius length (Figure 2B). In control MC38 tumors, the vast majority of CD8 T cells were closer to the tumor periphery than its center (79% of CD8 T cells at <50% mean radius length). Treatment with anti-GARP:TGF-β1, combined or not with anti-PD-1, did not modify this distribution (Figure 2B). In control CT26, a majority of CD8 T cells were even closer to the periphery (89% CD8 T cells at <30% mean radius length), but here also, their distribution was not modified by any treatment (Figure 2B).




Figure 2 | Combined GARP:TGF-β1/PD-1 blockade induces entry of T cells via intratumoral vessels rather than penetration from the tumor periphery. Sections of FFPE tumors from Figures 1A, B analyzed by mIF and quantitative digital imaging. Treatment groups are indicated in colored font on top (black: isotype control; blue: anti-GARP:TGF-β1; green: anti-PD-1; red: anti-PD-1 + anti-GARP:TGF-β1). (A) Digital representations generated by the Halo software of one representative tumor section per treatment group, with CD8 T cells (DAPI+CD3+CD8+) indicated as grey dots. The outer edge of the tumors (periphery) is delineated by a black line, and the position of the tumor center, calculated as a centroid, is depicted by a black cross. On one representative section (top left), the distance to the periphery (Dp) of a few CD8 T cells are illustrated by black lines, and a few radiuses (R) are depicted by red lines. A mean radius length was calculated for each section based on the lengths of all radiuses measured in the section (one radius represents the distance between the centroid and one DAPI+ nucleus located on the tumor periphery). (B) Distribution of Dp of CD8 T cells relative to mean radius length, i.e. proportion of CD8 T cells within all CD8 T cells in a given tumor section that are located at the indicated relative Dp (0–10%, 10–20%,…). Bars represent mean proportions in all sections analyzed in one treatment group. (C) Distribution of CD8 T cell distances to the nearest endothelial cell (DAPI+CD146+), as determined using nearest neighbor analysis. Bars represent mean proportions of CD8 T cells within all CD8 T cells in a given section that are located at the indicated distance (0–10 µm, 10–20 µm,…) from the nearest blood endothelial cell (BEC). Results from one experiment for MC38 (n = 5–6 mice/group) and pooled from two independent experiments for CT26 (n = 3–6 mice/group in each experiment). One tumor section analyzed per mouse.





Combined GARP:TGF-β1/PD-1 Blockade Increases Entry of T Cells via Intratumoral Vessels in MC38

We then examined whether combined GARP:TGF-β1/PD-1 blockade increased T cell entry via intratumoral blood vessels, as reported by Martin et al. for combined latent TGF-β1/PD-1 blockade in MBT-2 tumors (9). Here we used mIF and quantitative imaging of FFPE tumor sections, this time to measure distances between each CD8 T cell and the nearest blood endothelial cell (DAPI+CD146+ cell, or BEC) and determine the distribution of all CD8 T cells at various distances from their nearest BEC (Figure 2C). In murine tissues, CD146 is expressed by blood but not lymphatic endothelial cells (16). In control MC38 tumors, the vast majority of CD8 T cells were <100 µm away from the nearest BEC, with 48% at <30 µm. In mice treated with anti-GARP:TGF-β1, anti-PD-1, or both, the proportions of CD8 T cells at <30 µm from the nearest BEC rose to 55, 61 or 69%, respectively. This suggests that increased infiltration of CD8 T cells in MC38 tumors, after combined GARP:TGF-β1/PD-1 blockade (Figure 1), results from increased entry of T cells via blood vessels, but that T cells do not migrate further in the tumor bed after extravasation. In control CT26 tumors, 75% of CD8 T cells were at <30 µm from the nearest BEC, and this proportion did not vary with any treatment (Figure 2C).



Combined GARP:TGF-β1/PD-1 Blockade Increases the Density of Blood Vessels Containing GARP+ Endothelial Cells Covered by PDGFRβ+ Pericytes in MC38, but Not in CT26 Tumors

Next, we examined if increased infiltration of T cells was associated with a higher density of blood vessels in MC38 tumors. Blood vessel-like objects (i.e. structures defined based on CD146+ surface segmentation) were identified and counted (Figure 3A). Median areas of blood vessels were similar in MC38 and CT26 tumors, regardless of treatment (Figure S4). Densities of blood vessel-like objects in control MC38 and CT26 tumors were also similar, with 161 ± 54 (median ± IQR) blood vessels per mm2 in MC38, and 196 ± 132 in CT26 tumors (Figure 3B). Unexpectedly, we observed that combined GARP:TGF-β1/PD-1 blockade increased blood vessel density about 2-fold in MC38 (272 ± 91), but not in CT26 tumors (Figure 3B). Blood vessel densities correlated with proportions of tumor-infiltrating CD8 T cells in MC38, but not in CT26 tumors. Three of the four MC38 tumors with the highest CD8 T cell infiltration (>10% CD8 T cells in DAPI+ cells) and the highest blood vessel density (>250 vessels/mm2) were from mice treated with anti-GARP:TGF-β1 + anti-PD-1 (Figure 3C). We counted a median of about 1.8 and 1.2 CD8 T cell in every 20 vessels of untreated MC38 and CT26 tumors, respectively, and this number increased 4-fold after combined GARP:TGF-β1/PD-1 blockade in MC38, but not in CT26 tumors (Figure 3D). Thus, increased T cell infiltration in MC38 tumors upon combined GARP:TGF-β1/PD-1 blockade results from both increased blood vessel density and increased CD8 T cell extravasation into the tumors.




Figure 3 | Combined GARP:TGF-β1/PD-1 blockade increases blood vessel density in MC38, but not in CT26 tumors. Sections of FFPE tumors from Figures 1A, B analyzed by mIF and quantitative digital imaging. (A, B) Representative images and quantification of immunostaining for CD146 (red) and DAPI (blue). Sections were analyzed with the Halo software to identify and quantify the number of blood vessel-like objects (i.e. CD146+ objects) per mm2 of section. Mean of two tumor sections per mouse. (C) Correlation between the proportion of CD8 T cells (Figure 1B) and the density of blood vessels. Linear regressions and corresponding coefficients of determination (R2) are indicated. (D) Number of CD8 T cells colocalized with a blood vessel (i.e. DAPI+CD3+CD8+CD146+ events) per 20 blood vessels. Data points represent the values in individual mice. Horizontal bars: median per group. P values <0.05, calculated with a two-sided Wilcoxon test, are indicated in italics. Numbers in bold: fold-change between the indicated groups. Results from one experiment for MC38 (n = 5–6 mice/group), and pooled from two independent experiments for CT26 (n = 3–6 mice/group).



Intratumoral blood vessels are often described as structurally abnormal, displaying loose cellular junctions, high number of fenestrations and discontinuous basement membrane, which can impair lymphocyte extravasation (17). To measure the functionality and stability of blood vessels, we used anti-PDGFRβ antibodies to identify blood vessels covered by pericytes (i.e. CD146+PDGFRβ+ objects) (Figure 4A). We observed a 2-fold increase in the density of PDGFRβ+ blood vessels in MC38, but not in CT26 tumors, upon GARP:TGF-β1/PD-1 blockade as compared with controls or anti-PD-1 alone (Figure 4B). No increase in the density of PDGFRβ-negative blood vessels was observed in either MC38 or CT26 tumors, whatever the treatment (Figure 4B). Thus, increased blood vessel density in MC38 tumors after GARP:TGF-β1/PD-1 blockade can be attributed to an increased density of those vessels that are stabilized by pericytes, a parameter often taken as an indicator of blood vessel normalization in tumors (17).




Figure 4 | Combined GARP:TGF-β1/PD-1 blockade increases the density of intratumoral GARP+ blood vessels covered by pericytes in MC38, but not in CT26 tumors. Additional FFPE and frozen tumor sections obtained from mice in Figures 1A, B were analyzed by mIF and quantitative digital imaging. (A, B) Representative images (A) and quantification (B) of PDGFRβ+ and PDGFRβ- blood vessels (i.e. CD146+PDGFRβ+ and CD146+PDGFRβ− objects) in FFPE tumor sections stained with anti-CD146 (red), anti-PDGFRβ (yellow) and Hoescht (DAPI, blue). (C, D) Representative images (C) and quantification (D) of GARP+ and GARP- blood vessels (i.e. CD146+GARP+ and CD146+GARP− objects) per mm2 of frozen tumor sections stained with anti-CD146 (red), anti-GARP (green) and Hoescht (DAPI, blue). GARP+ vessels appear in yellow. Data points represent values in individual mice. Horizontal bars: median per group. P values <0.05 are indicated in italics (calculated with a two-sided Wilcoxon test). Numbers in bold: fold-change between the indicated groups. One tumor section analyzed per mouse.



GARP:TGF-β1 complexes are known to be expressed on endothelial cells (2, 8, 18). We therefore verified whether treatment with anti-GARP:TGF-β1 mAbs modified the densities and proportions of blood vessels containing GARP+ BECs in frozen MC38 and CT26 tumors (Figure 4C), as GARP can be detected by mIF in frozen tissues only (8). In untreated tumors, 45.3% ± 6.2% (median ± IQR) of blood vessels contained GARP+ BECs in MC38, versus 30.7% ± 7.7% in CT26 tumors. Combined GARP:TGF-β1/PD-1 blockade increased GARP+ blood vessel density about 2-fold in MC38, but not in CT26 tumors (Figure 4D). Densities of GARP-negative blood vessels did not change in MC38 or CT26 tumors, whatever the treatment. In a follow up experiment, we co-stained frozen tumor sections for GARP and PDGFRβ. The two markers were frequently co-expressed in intratumoral blood vessels: whilst 63.8% ± 5.8% (median ± IQR) of GARP+ blood vessels were also PDGFRβ+ in MC38 tumors, only 13.6% ± 4.2% of GARP- vessels expressed PDGFRβ (Figure S5). We conclude that combined GARP:TGF-β1/PD-1 blockade increased the density of GARP+ blood vessels covered by pericytes in MC38, but not in CT26 tumors.



Active TGF-β1 Inhibits the Proliferation of Murine GARP+ Endothelial Cells In Vitro

TGF-β1 exerts a cytostatic effect on many cell types. By blocking TGF-β1 activation on the surface of GARP+ endothelial cells, anti-GARP:TGF-β1 mAbs could increase endothelial cell proliferation and the formation of new GARP+PDGFRβ+ functional blood vessels in MC38 tumors. In vitro proliferation of MS1, an endothelial cell line which is derived from a pancreatic sarcoma and expressing surface GARP:TGF-β1 complexes (Figure 5A), was inhibited by recombinant active TGF-β1 (rTGF-β1) in a dose-dependent manner (Figure 5B). Noteworthy, incubation with neutralizing anti-active TGF-β1,2,3 (clone 1D11) or blocking anti-GARP:TGF-β1 (clone 58A2) mAbs did not increase MS1 proliferation (Figure S6), indicating that they are not under the influence of autocrine TGF-β1 activity. This result indicates that in the absence of a stimulus or another cell type, MS1 endothelial cells are unable to activate the latent TGF-β1 presented by GARP on their surface. We also tested the effect of rTGF-β1 on another murine endothelial cell line, C166, which originates from yolk sac. We observed no inhibition of proliferation (Figures 5A, B).




Figure 5 | Recombinant TGF-β1 exerts a cytostatic effect on GARP+ endothelial cells in vitro. (A) Flow cytometry analyses of MS1 and C166 murine endothelial cell lines stained with anti-GARP:TGF-β1 antibody (clone 58A2) or isotype control. Histograms are gated on live single cells. Geom, geometric mean fluorescence intensity. (B) C166 and MS1 cells were seeded in presence or absence of rTGF-β1 (top: 1 ng/ml; bottom: indicated concentrations) and cultivated during 48, 72 or 96 h (top) or 96 h (bottom). Tritiated thymidine (3H-T) was added during the last 24 h of culture, and cells were collected to measure 3H-T incorporation as a read-out of proliferation. Data points represent means of triplicate wells. Results are representative of three independent experiments.



The inhibition of MS1 proliferation by rTGF-β1 in vitro suggests that anti-GARP:TGF-β1 mAbs could favor the proliferation of GARP+ endothelial cells in vivo, and consequently increase blood vessel densities in MC38 tumors.



Combined GARP:TGF-β1/PD-1 Blockade Increases Expression of E-Selectin by BECs in MC38, but Not in CT26 Tumors

TGF-β1 regulates expression of adhesion molecules in hematopoietic and endothelial cells (19–21). We measured the expression of genes encoding various adhesion molecules in MC38 and CT26 tumor samples from control and mAb-treated mice. No difference was observed for expression of Vcam1 and Icam1 relative to Actb in any treatment group as compared with controls (Figure S7). In contrast, expression of Lfa1 and Sell, encoding adhesion molecules expressed on leukocytes, and that of Sele, encoding E-selectin expressed on BECs, were increased after combined GARP:TGF-β1/PD-1 blockade in MC38, but not in CT26 tumors (Figure 6A and Figure S7). We measured Lfa1/Cd3e, Sell/Cd3e and Sele/Cd146 mRNA ratios, to normalize adhesion molecule expression to the abundance of CD3 T cells or CD146+ BECs (Figure 6A and Figure S7). No significant difference in Lfa1/Cd3e or Sell/Cd3e ratios was observed in MC38 samples from control or mAb-treated mice. Thus, increased expression of these genes relative to Actb after GARP:TGF-β1/PD-1 blockade in MC38 tumors is probably mostly due to increased T cell infiltration. This was different for expression of Sele: ratios of Sele/Actb and Sele/Cd146 were significantly increased after combined GARP:TGF-β1/PD-1 blockade in MC38, but not in CT26 tumors. This suggests that increased Sele expression in MC38 tumors results not only from increased BEC densities but also from increased Sele mRNA levels per BEC. We verified whether exposure to rTGF-β1 regulates Lfa1 or Sele expression by murine activated T cells or endothelial cells in vitro, respectively. rTGF-β1 marginally increased (1.3- to 1.5-fold) Lfa1 expression by murine splenocytes stimulated or not with anti-CD3/CD28 beads (Figure 6B). In contrast, rTGF-β1 reduced Sele expression by more than 2-fold in MS1 endothelial cells (Figure 6C), confirming previous observations on HUVECs and murine lung, heart and liver endothelial cells (22, 23).




Figure 6 | Combined GARP:TGF-β1/PD-1 blockade increases expression of Sele and Lfa1 in MC38, but not in CT26 tumors. Tumor samples shown in Figure 1C were analyzed by RT-qPCR. (A) mRNA levels of Lfa1 and Sele relative to Actb (housekeeping gene), Cd3e (T-cell specific gene) or Cd146 (endothelial cell-specific gene). Data points represent values in one mouse. Horizontal bars: median per group. P values <0.05, as calculated with a two-sided Wilcoxon test, are indicated in italics. Numbers in bold: fold-change between the indicated groups. (B) Expression of Lfa1 in BALB/c splenocytes exposed to rTGF-β, in presence or absence of anti-CD3/CD28 beads during 24 h in vitro. Bars represent means (+SD) of duplicates. Results from one experiment. (C) Expression of Sele in C166 and MS1 cells exposed to rTGF-β during 24 h in vitro. Bars represent means (+SD) of duplicates. Results from one experiment.






Discussion

Altogether, our results suggest that combined GARP:TGF-β1/PD-1 blockade exerts anti-tumor activity in MC38 tumors by increasing the density of intratumoral GARP+ blood vessels covered by PDGFRβ+ pericytes, the expression of E-selectin by BECs, and the extravasation and infiltration of T cells, including activated anti-tumor CD8 T cells.

Because rTGF-β1 inhibited the proliferation of GARP+ endothelial cells in vitro, we propose that anti-GARP:TGF-β1 mAbs act by inhibiting TGF-β1-mediated endothelial cell cytostasis in MC38 tumors, thereby favoring BEC proliferation and densification of the intratumoral blood vasculature. Anti-PD-1 mAbs, alone or in combination with anti-CTLA-4, were previously shown to increase pericyte coverage of blood vessels in mouse tumors, but these treatments did not increase, and even reduced intratumoral blood vessel densities (24–27). Combining anti-PD-1 with anti-GARP:TGF-β1 could therefore increase pericyte coverage of blood vessels as a result of PD-1 blockade, while also increasing BEC proliferation and blood vessel density as a result of GARP:TGF-β1 blockade. This would explain the densification of pericyte-covered blood vessels observed in MC38 tumors upon combined GARP:TGF-β1/PD-1 blockade. Increased density of pericyte-covered blood vessels is an indicator of tumor vasculature normalization, which could improve tumor perfusion (17, 28). Other approaches targeting the tumor vasculature to overcome resistance to PD-1/PD-L1 blockade were tested previously, e.g. with anti-VEGFR2 mAbs, which enhanced vascular normalization but did not increase blood vessel density in mouse models of breast and pancreatic cancer (29). Anti-GARP:TGF-β1 could represent a more efficient and safer alternative, densifying in addition to normalizing the blood vasculature by targeting GARP-expressing cells only.

The cellular source of the active TGF-β1 exerting cytostatic effects on BECs in MC38 tumors is not yet clearly identified. We observed that approximately half of tumor blood vessels in MC38 tumors contained endothelial cells expressing GARP:TGF-β1 on their surface. It would thus be tempting to speculate that anti-GARP:TGF-β1 improves the anti-tumor efficacy of anti-PD-1 by blocking TGF-β1 activation on the surface of GARP+ endothelial cells. However, we observed that in vitro, endothelial cells were not able to activate latent TGF-β1 presented by GARP on their surface. This suggests that an unidentified stimulus, or another cell type, may be required to allow TGF-β1 activation on the surface of endothelial cells in vivo. In T cells, the mere presence of surface GARP:TGF-β1 is not sufficient to induce TGF-β1 activation. TGF-β1 activation by Tregs requires TCR stimulation and interaction of GARP:TGF-β1 complexes with integrin αVβ8 (3). The situation might be similar for endothelial cells, which would require an additional stimulus and/or the intervention of an αVβ8-expressing cell type to activate latent TGF-β1 presented by GARP on their surface in vivo. Tregs themselves, entering the tumor via blood vessels, represent interesting candidates. Indeed, we previously showed that the anti-tumor activity of combined GARP:TGF-β1/PD-1 blockade was lost in Treg-specific Garp knock-out mice bearing MC38 tumors, suggesting that targeting GARP-expressing Tregs is indispensable for anti-GARP:TGF-β1 to exert anti-tumor activity (8). It could thus very well be that the cellular source of the active TGF-β1 exerting cytostasis on BECs in MC38 tumors is the immunosuppressive Tregs. Considering that tumor-infiltrating T cells, which include Tregs, are more abundant in MC38 than in CT26 tumors, this could explain at least in part why GARP:TGF-β1 blockade increases the density of the tumor blood vasculature in MC38, but not in CT26 tumors.

Whichever the cellular source of TGF-β1 signals blocked by anti-GARP:TGF-β1, increased tumor perfusion will increase T cell influx in the MC38 tumor vasculature. We observed that expression of Sele, a gene encoding E-selectin and repressed by TGF-β1, was increased in MC38 tumors upon combined GARP:TGF-β1/PD-1 blockade. E-selectin on endothelial cells allows for the adhesion of activated leukocytes and facilitates their extravasation by slowing down their rolling on blood vessel walls. Therefore, anti-GARP:TGF-β1 mAbs, by blocking TGF-β1 activity and increasing Sele expression, could facilitate T cell extravasation and infiltration within MC38 tumors.

It is noteworthy that activated intratumoral T cells can themselves enhance vascular functionality by secreting TNFα, known to upregulate E-selectin on blood endothelial cells (23), and IFNγ, which induces expression of chemokines involved in pericyte recruitment (25, 30, 31). We observed a significant increase in Ifng mRNA levels and proportions of IFNγ-producing CD4 T cells in MC38 tumors after combined GARP:TGF-β1/PD-1 blockade. Thus, increased tumor blood vessel density and functionality induced by combined GARP:TGF-β1/PD-1 blockade could be further reinforced as a consequence of increased infiltration by activated T cells, in a positive feedback loop.

The mode of action of combined GARP:TGF-β1/PD-1 blockade in MC38 tumors contrasts with that previously described in CT26 tumors, in which it increased effector functions of already present anti-tumor CD8 T cells, without increasing T cell infiltration or blood vessel density. It is unclear why combined GARP:TGF-β1/PD-1 blockade did not densify the blood vasculature and increase T cell infiltration in CT26 tumors, and conversely, why it did not increase effector functions of tumor-infiltrating CD8 T cells in MC38 tumors. Whether different modes of action result from using different colon carcinoma cell lines (MC38 vs CT26) or different syngeneic mouse strains (C57BL/6 vs BALB/c, respectively) could be assessed by comparing the two tumor models in F1 mice. The proportion of blood vessels containing GARP+ BECs in CT26 tumors was lower as compared with MC38 tumors, perhaps contributing to the lack of effect of anti-GARP:TGF-β1 on the blood vasculature in these tumors. Nevertheless, combined GARP:TGF-β1/PD-1 blockade increased immune-mediated tumor rejections to a similar extent in CT26 and MC38 tumors (8), indicating that both modes of action can significantly contribute to the anti-tumor activity of the combination.

Taken together, our results suggest that combined GARP:TGF-β1/PD-1 blockade can exert anti-tumor activity via multiple mechanisms, not only by increasing effector functions of anti-tumor T cells already present within tumors, but also by increasing tumor blood vessel density and infiltration by new anti-tumor T cells. Anti-GARP:TGF-β1 mAbs could thus be tested in the clinics to overcome resistance to PD-1/PD-L1 blockade in patients with a broad range of cancer types, including not only tumors already infiltrated by T cells, but also poorly vascularized tumors with low immune cell infiltration.
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Supplementary Figure 1 | Combined GARP:TGF-β1/PD-1 blockade and anti-PD-1 alone reduce growth of MC38 and CT26 tumors. Volume and weight of tumors collected on day 13 for analyses shown in Figures 1–4 and Figure 6. Data points represent values in individual mice. Horizontal bars: median per group. P values < 0.05, as calculated with a two-sided Wilcoxon test, are indicated by numbers in italics. Results from one experiment for MC38 (n=5-6 mice/group), and pooled from two independent experiments for CT26 (n=3-6 mice/group in each experiment).

Supplementary Figure 2 | CD8 T cells infiltrating MC38 tumors include activated anti-tumor T cells, but combined GARP:TGF-β1/PD-1 blockade does not increase their proportions or functions. MC38 tumors from mice treated as indicated in Figure 1 were collected on day 13 to perform flow cytometry and RT-qPCR. (A) Proportions (%) of the indicated cell types among tumor infiltrating leukocytes (CD45+) or CD8 T cells (CD45+ CD8+). Results from one experiment (n=6-10 mice/group). (B) Proportions (%) of cells producing IFNγ, TNFα, and/or expressing surface CD107a among the indicated tumor-infiltrating cell subsets, obtained on unstimulated bulk processed tumors. Results from one experiment (n=6-10 mice/group). (C) Expression of Ifng, Tnfa, Prf1 and Gzmb relative to Actb in MC38 tumors. Results from 2 independent experiments (n=4-7 mice/group in each experiment). Data points represent values in individual mice. Horizontal bars: median per group. P values < 0.05, as calculated with a two-sided Wilcoxon test are indicated in italics. Numbers in bold: fold-change between the indicated groups.

Supplementary Figure 3 | Combined GARP:TGF-β1/PD-1 blockade does not increase the proliferation of tumor infiltrating CD8 T cells in MC38 and CT26. MC38 tumors from mice treated as indicated in Figure 1 were collected on day 13. CT26 tumors from mice treated as indicated in Figure 1 (with the exception that antibodies were injected on days 6, 10 and 14) were collected on day 14. Tumors were dissociated and analyzed by flow cytometry. Results from one experiment for MC38 (n=5 mice/group) and one experiment for CT26 (n=4/group). (A) Percentage of Ki-67+ cells in live single CD8 T cells (CD45+CD8+ for MC38, and CD3+CD8+ for CT26). (B) Geometric mean fluorescence intensity (geomean) for Ki-67 staining in live single Ki-67+ CD8 T cells. Data points represent values in one mouse. Horizontal bars: median per group.

Supplementary Figure 4 | Combined GARP:TGF-β1/PD-1 blockade does not modify mean area of blood vessels in MC38 and CT26 tumors. mIF and quantitative digital imaging of sections shown in Figure 4. Mean area of CD146+ objects in tumor sections (n=134 to 26 939 CD146+ objects per section). Data points represent the mean values of two tumor sections analyzed in individual mice. Horizontal bars: median per group.

Supplementary Figure 5 | A majority of GARP+ blood vessels also express PDGFRβ in MC38 tumors. Frozen MC38 tumor sections from mice shown in Figures 1A, B were used for mIF and quantitative imaging. (A) Representative image of a MC38 control tumor stained with anti-CD146 antibody (red), anti-PDGFRβ (yellow) and anti-GARP (green). Left: CD146 and PDGFRβ signals. Right: GARP and PDGFRβ signals on the same area. White arrow: CD146+PDGFRβ+GARP+ vessel (top images) or CD146+PDGFRβ+GARP- vessel (bottom images). (B) Proportion (%) of PDGFRβ+ vessels in GARP- or GARP+ blood vessels. Data points represent values for individual mice. Horizontal bars: median per group. P value < 0.05, as calculated with a two-sided Wilcoxon test, are indicated in italics. Number in bold: fold-change between the indicated groups. One tumor section analyzed per mouse.

Supplementary Figure 6 | C166 and MS1 endothelial cells do not activate TGF-β1 in vitro in absence of stimulus or another cell type. C166 and MS1 cells were used to perform a proliferation assay as described in Figure 5B. Incorporation of 3H-T was measured after 96 hours of culture in the presence of blocking anti-GARP:TGF-β1 (clone 58A2) or neutralizing anti-TGF-β1, β2, β3 (clone 1D11) mAbs. Bars indicate means (+ SD) for triplicate wells. Data representative of 3 independent experiments.

Supplementary Figure 7 | Combined GARP:TGF-β1/PD-1 blockade increases expression of Sell but not of Icam1 and Vcam1 in MC38 tumors. RT-qPCR analyses relative to Figure 6A. Graphs show the expression level of Icam1, Vcam1 and Sell normalized by Actb, Cd3e or Cd146. Data points represent values measured in individual mice. Horizontal bars: median per group. Number in italics indicate P values < 0.05 as calculated with a two-sided Wilcoxon test, and numbers in bold indicate fold-changes between groups for selected comparisons.

Supplementary Table 1 | Primers and probes sequences.
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Ovarian cancer is a leading cause of death among gynecological malignancies, and novel therapies are urgently needed. Here we report preliminary findings on the potential safety and efficacy of 6B11-OCIK, an adoptive cell therapy of autologous T cells induced by the humanized anti-idiotypic antibody 6B11 minibody plus dendritic cells and cytokines, against platinum-resistant recurrent or refractory ovarian cancer in three patients. We found that 6B11-OCIK treatment was safe and well tolerated after five cycles of intravenous infusion with an initial dose of 1–2×109 cells and a dose-climbing strategy. Hemoglobin, platelets, white cell count, creatinine or liver enzyme values, coagulation function, kidney and heart function were not significantly affected over the duration of therapy. Two of the three enrolled patients showed potentially drug-related grade 1 and 2 weakness, and no other adverse events were observed. Of the three enrolled patients, one had stable disease and two showed disease progression. The patient with favorable clinical efficacy had better immune response as measured by 6B11-OCIK proliferation capacity, activation ability of CD3+CD8+ tumor-specific cytotoxic T lymphocytes and CD3+CD56+ cytokine-induced killer cells, and tumor cell killing efficiency. Changes in circulating tumor cells after treatment were consistent with serum level CA125 in the patient with stable disease (both decreased), while differences were observed in the two patients with disease progression (increased CA125 in both and decreased CTC in the patient with better immune response), suggesting that variation of circulating tumor cells was more consistent with immune response and reflected efficacy directly. This preliminary study suggested that autologous 6B11-OCIK treatment was safe and had potential clinical efficacy against ovarian cancer. Patients with better immune response had more favorable efficacy. In addition to imaging, CA125 and immunophenotypes, CTC monitoring may represent a potential indicator of immunotherapy response.




Keywords: ovarian cancer, immunotherapy, adoptive cell therapy, safety and efficiency evaluation, circulating tumor cell



Introduction

Ovarian cancer (OC) has the highest mortality rate among all female reproductive malignancies, with a rate approximately equal to the mortality of cervical cancer and uterine body cancer combined (1). The initial treatment options for epithelial ovarian cancer (EOC) include cytoreductive surgery followed by paclitaxel and platinum chemotherapy (2, 3) or neoadjuvant chemotherapy followed by interval debulking surgery (4). However, most patients with EOC (80%) are diagnosed at late stage. Furthermore, the rate of recurrence for ovarian cancer is high (70%–80%) and patients who develop resistance to frontline therapies have limited treatment options. Therefore, the prognosis for EOC patients remains poor and survival rates have improved only modestly over the past few decades (5). Most patients with EOC die of tumor recurrence and drug resistance. Therefore, identifying new and effective treatment strategies for ovarian cancer patients is critical, particularly for advanced stage patients with platinum-resistant recurrence.

Immunotherapy has been established as an effective treatment for cancer (6–8) and can be applied alone or in combination with other approaches. Immunotherapy can be classified into two categories: (1) active immunotherapy (e.g., cancer vaccines); and (2) passive or adoptive immunotherapy, such as monoclonal antibodies and adoptive cell therapies (ACT). As cellular immunity plays an important role in anti-tumor immunity, ACT has become a powerful treatment strategy for cancers, including ovarian cancer (9, 10). ACT of dendritic cells (DCs), the main antigen presenting cells, together with cytokine induced killer cells (CIKs), has shown great potential to prevent tumor recurrence, increase progression-free survival (PFS) rates, and improve the quality of life of cancer patients (11–14).

In our previous studies (15), we prepared the anti-idiotypic monoclonal antibody 6B11 by immunizing mice with COC166-9, a monoclonal antibody obtained from mice immunized with tissue antigens from ovarian cancer patients. The 6B11 monoclonal antibody mimics the ovarian cancer–associated antigen OC166-9 and induces specific humoral and cellular immunity against ovarian cancer. The humanized modified 6B11 minibody (6B11mini) was obtained by combining the single chain of the 6B11 antibody with the human IgG hinge region (16). Anti-idiotypic 6B11mini–pulsed DCs were shown to induce T cell responses for specific killing against autologous ovarian cancer (17). We thus developed 6B11-OCIK, an ACT strategy against advanced drug-resistant recurrent ovarian cancer. We found that 6B11-OCIK induced not only a large number of specific cytotoxic T lymphocytes (CTLs) amplified by 6B11mini loading DCs, but also non-specific CIKs stimulated with anti-CD3 antibody and cytokines such as IL-2.

Early evaluation of the efficacy of anti-tumor therapy is difficult to conduct because the effects of treatments on overall survival (OS) and PFS require a substantial amount of time for analysis. Currently, the efficacy of drugs on solid tumors is mainly assessed according to Response Evaluation Criteria in Solid Tumors (RECIST v1.1) based on imaging. As the response of immunotherapy is often delayed, conventional imaging evaluation may underestimate the efficacy of immunotherapy in patients with disease progression (18). IrRECIST and iRECIST methods recommended for immunotherapy (19) have not been widely accepted. Therefore, it is necessary to improve the criteria to evaluate the efficacy of immunotherapy for cancer treatment.

Tumor biomarkers and other clinical indicators can evaluate the efficacy of cancer treatments. Circulating tumor cells (CTCs), which are derived from the primary tumor or metastases and play an important role in tumor metastasis, have been widely used as biomarkers for tumor diagnosis and tumor progression through non-invasive and real-time monitoring (20). Recent studies suggested that dynamic changes in CTC numbers may be used to assess the efficacy of cancer treatment (21).

In this study, we performed a preliminary and exploratory study about the safety and efficacy of 6B11-OCIK monotherapy against advanced platinum-resistant recurrent or refractory EOC in three patients. Efficacy of 6B11-OCIK monotherapy was evaluated according to RECIST v1.1 with CT imaging. We evaluated serum biomarker CA125 levels and performed dynamic monitoring of CTC numbers in blood. The potential for CTCs as an indicator of treatment response was evaluated.



Materials and Methods


Study Design

The 6B11-OCIK injection strategy is an ACT strategy against stage III–IV platinum-resistant recurrent ovarian cancer. The primary outcome of this study was a safety assessment of 6B11-OCIK through the evaluation of symptoms, vital signs, laboratory and auxiliary tests, adverse events (AE), and severe AEs. The secondary outcome was preliminary efficacy assessed by RECIST based on variation of CT imaging, dynamic changes of CA125 and CTC numbers, and immune response.



Study Population

Patients diagnosed with stage III–IV platinum-resistant EOC with a maximum measurable lesion smaller than 5 cm in diameter were enrolled in this study. The patients were between 18 and 70 years old, with at least 3 months of expected survival. Inclusion criteria were as follows: White blood cells number >3x109/L, absolute lymphocyte count ≥1.0x109/L, platelet count ≥100x109/L, hemoglobin ≥9 g/dL, Aspertate Aminotransferase and Alanine aminotransferase ≤2.5xULN (for patients with concurrent liver metastasis ≤5xULN), bilirubin ≤1.5xULN (for patients with Gilbert syndrome, bilirubin ≤3xULN), alkaline phosphatase ≤2.5xULN (patients with concurrent liver metastasis ≤5xULN), albumin ≥3 g/dL, serum creatinine and/or urea <1.5 times normal, prothrombin time: INR < 1.7 or prothrombin extension time < 4 sec, and ECOG ≤1. Exclusion criteria were as follows: central nervous system metastasis or active central nervous system injury, corticosteroids or other systemic immunotherapy within 4 weeks, interstitial lung disease or interstitial pneumonia, autoimmune diseases, pregnancy or lactation, other malignancies, uncontrolled concomitant diseases, active infectious diseases, severe allergic disorders, and previous gene therapy or other lymphocyte-based immunotherapy. Participants who were receiving or had previously received systemic therapy for any other malignancy in the preceding 4 weeks were also ineligible. Three patients were enrolled in this study.



Expansion of 6B11-OCIK and Treatment Protocol

Peripheral blood of patients was collected (blood collection volume (ml) = 1-2*108/absolute value of lymphocytes per ml). Peripheral blood mononuclear cells (PBMNCs) were isolated by Ficoll density gradient centrifugation and then transferred to serum-free lymphocyte culture medium supplemented with 1000 U/ml IL-4, 1000 U/ml GM-CSF, and 5 μg/ml 6B11 minibody in a T75 cell culture flask. The cells were incubated at 37°C in a CO2 incubator for 48 h. Adherent cells and cells in suspension were collected and transferred to a T225 activated culture flask coated with anti-human CD3 antibody for co-culture. Serum-free lymphocyte culture medium containing 500IU/ml human recombinant interleukin-2 (IL-2) was added for subsequent generation and amplification, and cells were harvested within 10–27 days.

Cell infusion was performed five times (at approximately day 1 (D1), D6, D11, D25 and D39). 6B11-OCIK for the 1st - 3rd infusion was prepared by once collection of peripheral blood, and for the fourth and fifth time, sufficient peripheral blood was collected respectively. Each patient received 1–2×109 cells as the initial cell infusion dose on day 1, followed by 3–5×109 cells on day 6 ± 2, 6–10×109 cells on day 11 ± 2, and 6–10×109 cells on days 25 ± 7 and 39 ± 7. The maximum dose was 10×109 cells. If the cell culture failed to reach the specified number of cells (6–10×109) during the third, fourth and fifth cell infusion, the patients were transfused with the maximum number of cells obtained in the actual culture.



Characterization of 6B11-OCIK Cells

	(1) Cell proliferation detection: The cell numbers and survival rates of 6B11-OCIK before infusion were tested. Cell proliferation was evaluated and compared with PBMNCs before culture.

	(2) Analysis of DC activation: The phenotypes of antigen-presenting DCs, including CD86, CD80, CD1a, CD83, HLA-DR CD54, and CD40 expressions, were identified in fresh isolated PBMNCs and 6B11-OCIK by flow cytometry.

	(3) Detection of lymphocyte activation: The changes in lymphocyte cell populations were detected by flow cytometry in PBMNCs and 6B11-OCIK, including CD3+ lymphocytes, CD3+CD4+ helper T cells, CD3+CD8+ killer T cells, CD3-CD56+ NK cells and CD3+CD56+ NK-like T cells.

	(4) Anti-tumor function of 6B11-OCIK: The killing effect of 6B11-OCIK in vitro was evaluated using the tumor cell line HOC1A (effect-target ratios, 10:1, 25:1, 50:1; treatment for 4 h) and a real-time cell analysis instrument (ACEA Biosciences, Inc.).





Detection of CTCs

6 ml peripheral blood from patients was collected into an ACD anticoagulant tube (Becton Dickinson, Franklin Lakes, NJ, USA) at D0 (before the first treatment), D25 (after the third treatment), and D50 (after the last treatment). Samples were stored at room temperature and in dark for no more than 48 h prior to processing. Detection of CTCs were performed as protocols described in our previous study (22), and briefly as the following procedures.

	(1) Subtraction enrichment of CTCs: Subtraction enrichment was performed using SE kit (Cytelligen, San Diego, CA, USA) according to the manufacturer’s instructions. Blood samples were centrifuged at 200 g for 15 min at room temperature. The cell pellet was gently resuspended with 3.5 mL of CRC buffer, followed by slow loading on a 3-ml cell separation matrix in a 50-mL tube and subsequent centrifugation at 350 g for 6 min to remove red blood cells. The solution containing WBCs and tumor cells was collected into a 50-mL tube and incubated with 300 μl of immune-magnetic beads conjugated to a cocktail of anti-leukocyte mAbs at room temperature for 20 min with gentle shaking. WBCs bound to immune-magnetic beads were depleted using a magnetic separator. The remaining solution was collected into a 50-mL tube, followed by the addition of CRC buffer and centrifugation at 500 g for 5 min at room temperature. The supernatant was discarded and the cell pellet containing CTCs was gently resuspended in 100 µl residual liquid for subsequent analysis.

	(2) Immunofluorescence and fluorescence in situ hybridization (iFISH) identification of CTCs: CTCs in the enriched cells were identified by iFISH (Cytelligen) according to the manufacturer’s instructions with some changes. Briefly, the enriched cells containing CTCs in 100 μl CRC buffer were gently mixed with 2 µl antigen repair buffer at room temperature for 10 min. Samples were subsequently incubated with 200 μl of an immunofluorescence staining mixture of mAbs recognizing HE4, CA125, CD45 and CD31 conjugated to Alexa Fluor (AF) 488, CY7, AF 594, and CY5, respectively, at room temperature for 20 min in the dark. After washing, samples were mixed with 100 μl cell fixative and applied onto formatted and coated slides to dry in an oven at 30–32°C overnight. Air-dried slides were re-fixed by cell fixative and FISH analysis was performed with a chromosome 8 centromere probe (CEP8) (Abbott Laboratories, Spectrum Orange) for 4 h using an S500 Stat Spin Thermo Brite Slide Hybridization/Denaturation System (Abbott Molecular). Samples were mounted with mounting media containing DAPI (Vector Laboratories) for nucleus staining and subjected to automated CTC image scanning and analyses by the fully automated scanning and image analyzing system, Metafer-iFISH (CarlZeiss, MetaSystems, and Cytelligen). CTCs of ovarian cancer were identified as DAPI+/CD45-/CD31-/HE4+ or CA125+ or DAPI+/CD45−/CD31- with aneuploidy of chromosome 8.





Detection of the CA125 Tumor Biomarker

Serum CA125 levels were detected by enzyme linked immunosorbent assay (Roche Diagnostic, Germany) at D0 (before the first treatment), D25 (after the third treatment), and D50 (after the last treatment).



Safety Assessment

The safety of 6B11-OCIK was determined by monitoring patients from day 1 to day 67 (approximately 4 weeks after the last cell infusion). We evaluated symptoms, vital signs, laboratory and auxiliary tests, AEs, and severe AEs.



Tumor Progression Assessment

Chest, abdomen, and pelvic enhanced CT scans were obtained before the first treatment (D0) and after the fifth treatment (D50) of 6B11-OCIK. Brain MRI was performed if necessary. Tumor progression assessment was analyzed using RECIST version 1.1 and described as complete remission (CR), partial remission (PR), progressive disease (PD) and stable disease (SD).



Immune Monitoring of Patients

Flow cytometry was performed on peripheral venous blood from patients to measure the change in immune cell populations, including CD3+ lymphocytes, CD3+CD4+ helper T cells, CD3+CD8+ killer T cells, CD3-CD56+ NK cells, and CD3-CD19+ B cells before treatment and after each administration of 6B11-OCIK.



Statistical Analysis

Analyses for the demographic and clinical features were descriptive. The paired t test was used to compare the percentage and surface biomarker expression of immune cell subsets before and after therapy. The unpaired t test was used to compare the differences between patients. A P value <0.05 was considered statistically significant. Statistical analyses were performed using GraphPad Prism software (GraphPad Software Inc.).




Results


Study Population

Three eligible patients were enrolled from March 2018 to August 2019. The characteristics of the enrolled patients are listed in Table 1. All three patients underwent multiple lines of treatment and had platinum-resistant recurrent or refractory EOC. Patient 1 (6B11-OCIK-001; high-grade serous carcinoma stage IIIC) had received five lines chemotherapy in 2 years after the first ovarian cancer cytoreductive surgery. Patient 2 (6B11-OCIK-002; high-grade serous carcinoma stage IIIC) received standard first-line chemotherapy with paclitaxel and carboplatin after the first ovary tumor debulking operation. Patient 3 (6B11-OCIK-003; high-grade serous carcinoma stage IIIB) underwent cytoreductive operations three times followed by first to three-line chemotherapies. Serum CA125 levels of all three patients were instable or even increasing. CT revealed that all patients had a maximum measurable lesion of smaller than 5 cm in diameter. Pathology imaging of the tumors of the three patients is shown in Supplementary Figure S1.


Table 1 | Characteristics of the enrolled patients.





Evaluation of Safety and Tolerance

Five times cell infusion were performed (at approximately day 1 (D1), D6, D11, D25 and D39). The treatment of 6B11-OCIK intravenous infusion for the three patients with platinum-resistant recurrent or refractory EOC was safe and well tolerated. We observed that 6B11-OCIK infusions did not significantly affect hemoglobin, platelets, white cell count, creatinine or liver enzyme values, coagulation function, kidney function and heart function over the duration of therapy. Two patients showed grade 1 and 2 weakness that might be drug-related, and no other AEs were found (Table 2).


Table 2 | Observed adverse events.





Evaluation of Tumor Progression After 6B11-OCIK Treatment

RECIST (V1.1) was used to evaluate the tumor progression of the three patients according to CT imaging (Table 3 and Figure 1). Patients 1 and 2 showed PD, including enlargement of the original metastatic lesion and appearance of new metastatic lesions. Patient 3 showed SD with no significant change in the original metastatic lesion before and after treatment.


Table 3 | Evaluation of tumor/progression before and after 6B11-OCIK treatment.






Figure 1 | CT images of patients before and after 6B11-OCIK treatment. (A) Lesion 1 of patient 1 before 6B11-CIK treatment: Plain and contrast-enhanced computed tomography shows a low-density lesion in S6 segment of liver, with slight enhancement. (B) Lesion 1 of patient 1 after 6B11-CIK treatment: CT shows that the lesion in S6 segment of liver became enlarged. (C) Lesion 2 of patient 1 before 6B11-CIK treatment: CT shows local peritoneal thickening. (D) Lesion 2 of patient 1 after 6B11-CIK treatment: Local peritoneum became thicker, and peritoneal effusion was detected. (E) Lesion 3 of patient 1 before 6B11-CIK treatment: Right iliac perivascular lymph node enlargement before treatment. (F) Lesion 3 of patient 1 after 6B11-CIK treatment: The lymph nodes near the right iliac vessels were slightly enlarged; pelvic effusion was detected. (G) Lesions of patient 2 before 6B11-CIK treatment: Low-density nodules were observed in the spleen. (H) PET-CT of patient 2 after 6B11-CIK treatment: Multiple FDG metabolism enhancement lesions were found throughout the body, and tumor recurrence and metastasis were considered. The lesions involved the right adrenal gland, liver capsule, spleen capsule, peritoneum, intestinal surface and multiple lymph nodes at heart diaphragm angle, left costal phrenic angle, mesenteric, abdominal aorta and iliac vascular periphery. (I) Lesions of patient 3 before 6B11-CIK treatment: Enlarged lymph nodes near the left iliac vessels were observed with a size of approximately 3.6×2.2cm. (J) Lesions of patient 3 after 6B11-CIK treatment: Left iliac perivascular enlarged lymph nodes with no change after treatment.





Changes in Serum CA125 Level After 6B11-OCIK Treatment

As shown in Figure 2C and Supplementary Table S1, during the treatment of 6B11-OCIK, CA125 levels in patient 1 and patient 2 increased, and the increase was higher in patient 1 (from 324.3 to 2347 U/ml) compared with patient 2 (from 247.6 to 994 U/ml). CA125 levels in patient 3 decreased from 380.4 to 283.5 U/ml. Variations of CA125 levels in the three patients were consistent with the tumor progression assessment of the patients.




Figure 2 | Detection of CTCs and serum CA125 during 6B11-OCIK treatment. (A) Identification of CTCs by iFISH: CTCs of ovarian cancer were pointed by arrows. (a): DAPI+/CD45-/CD31- with aneuploidy of chromosome 8; (b): DAPI+/CD45-/CD31-/HE4+; (c): DAPI+/CD45-/CD31-/CA125+. (B) Variation of the number of CTCs during 6B11-OCIK treatment: During the treatment of 6B11-OCIK, the number of CTCs increased in patient 1 (from 0 to 17 to 10) and decreased in patient 2 (from 46 to 4 to 3) and patient 3 (from 70 to 19 to 17) during the treatment. (C) Variation of serum CA125 during 6B11-OCIK treatment: During the treatment of 6B11-OCIK, CA125 levels in patient 1 and patient 2 increased. The increase was higher in patient 1 (from 324.3 to 2347 U/ml) compared with patient 2 (from 247.6 to 994 U/ml). CA125 levels in patient 3 decreased from 380.4 to 283.5 U/ml.





Variation of CTC Numbers During 6B11-OCIK Treatment

Cells negative for vascular endothelial cell and leukocyte biomarkers (CD31- CD45-) and with positive expression of tumor biomarkers (HE4+ or CA125+) or chromosome 8 aneuploidy were defined as CTCs of ovarian cancer (DAPI+/CD45-/CD31-/HE4+ or CA125+, or DAPI+/CD45-/CD31- with aneuploidy of chromosome 8) (Figure 2A) (manuscript submitted). Chromosome 8 aneuploidy was an important identification character of CTCs. The most prevalent aneuploidy for chromosome 8 of CTCs was pentaploid and above, followed by triploid, tetraploid, and haploid (Supplementary Figure S2). The number of CTCs increased in patient 1 (from 0 to 17 to 10) and decreased in patient 2 (from 46 to 4 to 3) and patient 3 (from 70 to 19 to 17) during the treatment (Figure 2B and Table S2). The variation of CTCs was consistent with tumor progression assessment and CA125 variation in patient 1 (increased CTCs and CA125, PD) and patient 3 (decreased CTCs and CA125, SD), while differences were observed in patient 2 (decreased CTCs and increased CA125, PD) (Figures 2B, C). As shown in Table S2, tumor biomarker proteins HE4 and CA125 were only expressed in some cells with chromosome aneuploidy. These biomarker-positive cells did not increase the CTC numbers because CTCs were mostly counted by chromosome aneuploidy. Circulating tumor microemboli were detected in patients before and during treatment. Small cell CTCs are usually missed in cell size separation methods, but were captured here by the selective enrichment method and accounted for a large proportion of CTCs. The change of small cell CTC numbers in each patient after treatment was consistent with the change of the total number of CTCs (Table S2 and Figure 2B).



Characterization of 6B11-OCIK Cells

Peripheral blood was collected from each patient at three time points as described in Methods, and PBMNCs were isolated to culture and induce 6B11-OCIK. DCs were first activated by IL-4 and GM-CSF, and specific CTLs were expanded by 6B11 minibody loading DCs. CIKs were stimulated by anti-CD3 and IL-2. The average cell culture days for the three patients were 18, 16.6 and 14.4 days. The average PBMNC amplification was 46.92-fold (patient 1), 102.07-fold (patient 2) and 117.95-fold (patient 3) (Figure 3A and Table S3).




Figure 3 | Amplification and activation characterization of ex vivo–expanded 6B11-OCIK cells. (A) Proliferation of 6B11-OCIK during culture: PBMNCs were amplified in all three patients, with the average cell amplification of 46.92-fold (patient 1), 102.07-fold (patient 2) and 117.95-fold (patient 3). (B-D) Immunophenotypic analysis of expanded 6B11-OCIK and PBMNCs before culture in patients. (B) patient 1; (C) patient 2; (D) patient 3. Results showed activation of DCs (CD86, CD80, CD83, and HLA- DR positive) in 6B11-OCIK. The proportion of CD3+ T lymphocytes, specific CD3+CD8+ killer T cells (CTLs), and CD3+CD56+ NK-like T cells (CIKs) in 6B11-OCIK of all three patients were markedly increased. The T cell proliferation and activation of patient 3 was greater than that of patient 2 and patient 1.



Immunophenotypic analysis was performed on expanded 6B11-OCIK compared with PBMNCs before culture. The results showed activation of DCs (CD86, CD80, CD83, and HLA-DR positive) in 6B11-OCIK. Activation of CD54+ DCs in patient 3 was also observed. There was no activation of CD54+ DCs in patients 1 and 2, which could be attributed to the poor cell quality in batch 4, as the activation of CD54+ DCs was apparent in patients 1 and 2 for other batches (Figures 3B–D and Tables S4–7).

The proportions of CD3+ T lymphocytes, specific CD3+CD8+ killer T cells (CTLs), and CD3+CD56+ NK-like T cells (CIKs) in 6B11-OCIK of all three patients were markedly increased. The proportion of CD3+CD4+ helper T cells in patient 2 was also increased, and this population may help to activate CD3+CD8+ killer T cells. Proliferation and activation of T cells from patient 3 were greater than that of patient 1 and patient 2 (Figures 3B–D and Tables S4–7).

If the decreased CTCs were due to 6B11-OCIK, the tumor killing function of 6B11-OCIK in vitro may reflect its potential clinical efficacy. We found that 6B11-OCIK of the three patients effectively killed HOC1A ovarian cancer cells, and the killing efficiency increased with the increase of the effect-target ratio. The killing efficiency was the lowest for patient 1 and highest for patient 3 (Table S8, Figures 4 and S3).




Figure 4 | Killing efficiency of 6B11-OCIK against the ovarian cancer cell line HOC1A. The average killing efficiency of 6B11-OCIK from all three patients against the ovarian cancer cell line HOC1A increased with the increase of effect-target ratio. At each effect-target ratio, the killing efficiency was the lowest for patient 1 and highest for patient 3. *P < 0.05; **P < 0.01; ***P < 0.001; ns, no significance, P > 0.05.



Together these results indicate that in terms of cell amplification, activation of DCs, CTLs and CIKs, and tumor killing function, patient 3 had a better response than patient 2, who in turn showed better response than patient 1. These results are also consistent with the increased CTCs in patient 1 but decreased CTCs in patient 2.



Changes of Peripheral Blood Lymphocyte Phenotypes in Patients During 6B11-OCIK Treatment

As shown in Supplementary Figure S4, during the treatment of 6B11-OCIK, the proportion of lymphocytes of patient 1 and patient 2 barely changed, while the proportion of CD4+ and CD8+ T cells of patient 3 increased, suggesting improvement of the overall immune function of patient 3 in vivo.



Summary of the Clinical Feature Changes After 6B11-OCIK Treatment

The results of clinical characteristics after 6B11-OCIK treatment are shown in Table 4. After 6B11-OCIK treatment, patient 3 had SD and decreased CA125 and CTCs, while patients 1 and 2 with PD showed increased CA125 as well as increased CTCs in patient 1 and decreased CTCs in patient 2. The activation of DCs (CD86 +, CD80+, CD83+, HLA-DR+), CTLs (CD3+CD8+) and NKT (CD3+CD56+) cells were all increased in 6B11-OCIK of the three patients during in vitro culture and showed good killing effect on ovarian cancer cells. The killing effect of 6B11-OCIK in patient 3 was better than for 6B11-OCIK in patient 2, and the killing effect of 6B11-OCIK in patient 2 was better than for 6B11-OCIK in patient 1. After 6B11-OCIK treatment, the immune function of patient 3 was improved in vivo, and the ratios of CD3+CD4+ and CD3+CD8+ were increased to a certain extent.


Table 4 | Summary of the clinical feature changes after 6B11-OCIK treatment.






Discussion

Up to 85% of patients with advanced ovarian cancer show recurrence after standard therapy of a combination of debulking surgery and platinum-based chemotherapy (1). Therefore, identifying new treatments for these patients is critical. Here we performed a preliminary evaluation of the safety and efficacy of 6B11-OCIK as potential monotherapy against platinum-resistant recurrent or refractory EOC. All three participants had relapsed EOC after multiple lines of treatment, based on CT imaging and abnormal serum CA125 level (>30 U/ml). After five cycles of 6B11-OCIK cell transfusion, two patients showed grade 1 and 2 weakness that might be drug-related; no other treatment-related adverse reactions were found. While tumor progression was observed in two patients, tumor progression remained stable in one patient. This suggested that even in patients with advanced platinum-resistant recurrent or refractory EOC, and even as monotherapy, 6B11-OCIK may control tumor progression in some patients.

Changes of tumor biomarkers and other clinical measures can be used to evaluate efficacy of cancer treatments. In this study, the changes in the levels of the cancer biomarker CA125 were consistent with tumor progression as determined by imaging. CA125 serum levels were increased in the two PD patients and decreased in the patient with SD. However, because of the long-term presence of a large tumor load in patients with advanced stage cancers, the change of CA125 levels might reflect the large tumor load but not directly reflect the dynamics of tumor cell invasion and metastasis. Therefore, a dynamic monitoring method to directly and objectively determine the efficacy of immunotherapy is required.

CTCs are a novel tumor biomarker that have been approved by the US Food and Drug Administration for monitoring breast cancer, colorectal cancer, prostate cancer and other solid tumors and play an important role in tumor diagnosis and prognosis (23, 24). The value of CTCs as an indicator of efficacy of cancer treatments was recently confirmed. An analysis of five phase 3 clinical trials in prostate cancer demonstrated that CTC number was a far better measure of treatment response compared with prostate serum antigen, the current standard biomarker for prostate cancer (21).

Intra-abdominal implantation metastasis was previously considered the main route of ovarian cancer metastasis, and blood metastasis was thought to be less important (25). However, Pradeep et al. showed that blood metastasis was important for ovarian cancer metastasis (including proximal omentum metastasis), because in a mouse model of parabiosis with shared blood circulation system, no matter inoculated ovarian cancer cells in the peritoneal cavity or in situ ovary of host mice, tumor metastases occurred in the omentum of the symbiotic host mice (26). Increasing studies have since confirmed the presence of CTCs in the peripheral blood of ovarian cancer patients and their potential use as a tumor biomarker for diagnosis, treatment response, prognosis, and recurrence and metastasis monitoring of ovarian cancer (27–30).

In this study, in addition to conventional clinical methods to assess drug efficacy, such as RECIST v1.1 based on imaging and the tumor biomarker CA125, we also evaluated the efficacy of 6B11-OCIK therapy by dynamically monitoring changes in patient CTCs using SE-iFISH, a new method for CTC detection (31, 32). CTC monitoring by SE-iFISH has shown high sensitivity and specificity in gastric cancer, colon cancer, liver cancer, and other cancers (33–35). In our previous study, CTC detection by SE-iFISH has also shown good diagnostic value in ovarian cancer (22). In the SE-iFISH method, CTCs are separated by subtraction enrichment, in which combinations of multiple antibodies including anti-CD45 are used to remove WBCs and enrich CTCs. Compared with other CTC enrichment strategies such as positive enrichment and molecular sieve methods, subtraction enrichment is not restricted by tumor antigen expression, epithelial mesenchymal transformation and cell size, and this strategy can obtain highly heterogeneous CTCs. Then in the process of CTC identification, in addition to immunofluorescence detection of tumor cell surface molecules, chromosome 8 aneuploidy, a common phenomenon in various tumors, was also evaluated by fluorescence in-situ hybridization. This approach tracks CTCs with positive expression of tumor biomarkers or/and chromosomal heteroploidy.

In this study, the number of CTCs in the patient with SD decreased (from 70 to 19 to 17) after 6B11-OCIK treatment, suggesting that 6B11-OCIK may suppress tumor cell growth in the blood. In the two PD patients, CTC numbers increased in one case (from 0 to 17 to 10) and decreased in the other patient (from 46 to 4 to 3), indicating that 6B11-OCIK may reduce tumor cell growth and slow tumor metastasis. However, local tumor progression was not halted due to limited efficacy or delayed effect.

The immune function of patients could also be used as an important indicator to predict or assess the overall efficacy of cellular immunotherapy. Our results showed that the proliferation and activation capacity of 6B11-OCIK in vitro reflected the immune status of patients. We analyzed the possible relationship between the characteristics of 6B11-OCIK cells and clinical efficacy. In terms of cell amplification ability, activation of DCs, CTLs and CIKs, and in vitro tumor killing by 6B11-OCIK, patient 3 had a better response than patient 2 and patient 2 had a better response than patient 1. This was consistent with the clinical efficacy: patient 3 had the best response (SD, decreased CA125 and CTCs), followed by patient 2 (PD, increased CA125, but decreased CTCs); patient 1 had poor response (PD, increased CA125 and CTCs). The different immune response between patients 1 and 2 (the two PD patients) might also explain the differences in CTC number changes (increased in patient 1 and decreased in patient 2).

The anti-tumor response is dominated by T-lymphocyte-mediated cellular immune response. Therefore, changes in T-lymphocyte subsets can better reflect the cellular immune function (36). In this study, the proportions of CD3+ T lymphocytes, CD3+CD8+ killer T cells (CTLs), and CD3+CD56+ NK-like T cells (CIKs) in all three patients were remarkably increased after treatment, and the proportion of CD3+CD4+ helper T cells in patient 2 was also increased. In 6B11-OCIK, CTLs are amplified by 6B11mini-loaded DCs, and CIK cells are simultaneously induced by anti-CD3 antibody and cytokines such as IL-2, two main effectors against tumors. The main effectors of CIK cells are the NK-like T lymphocytes (CD3+ CD56+) that have potentially enhanced and broad antitumor activity and do not depend on TCR and MHC activity but still can elicit both MHC-restricted and MHC-unrestricted anti-tumor cytotoxicity (7, 37). CIKs may be useful in the adjuvant therapy of postoperative chemotherapy in EOC patients (38). CD8+ T lymphocytes play an important role in anti-tumor immune response. After antigen activation, they recognize specific antigens and play an important role in the direct killing of tumor cells by releasing effector molecules such as perforin and granulase. Previous studies showed that CD8+ T cells improved immune surveillance, prognosis and survival in a murine ovarian cancer model (39, 40). CD4+T cells are the main components that initiate, amplify and regulate acquired immunity. These cells maintain the immune memory and secrete cytokines to assist CD8+ T cells in killing tumor cells. Consistent with these roles, our study showed that the proportions of CD3+CD8+ T lymphocytes and CD3+CD4+ T cells were significantly increased in the peripheral blood of patient 3 after 6B11-OCIK immunotherapy. This result suggested that 6B11-OCIK immunotherapy promoted the proliferation and differentiation of T cells in vivo. We speculate that 6B11-OCIK might be able to improve immune function, rebuild anti-tumor specific immunity, and increase the T cell immune response in vivo.

Notably, this was only a preliminary and exploratory study, and the inclusion of only three patients is the main limitation of this study. The original plan for the trial was 10 samples, however, after the completion of 6B11 treatment in three patients, although one patient had SD, two patients had PD, and one of the patients showed rapid progression. This result indicated that 6B11-OCIK had a certain efficacy, but the efficacy of 6B11-OCIK alone was limited. And during follow-up (Table 4), we found that two patients were sensitive to chemotherapy after 6B11-OCIK treatment. We previously found that cell immunotherapy can improve the chemotherapy resistance of patients (unpublished data). In addition, previous studies showed that combining therapies can maximize the immune response as shown for various treatment regimens for ovarian cancer, such as immune check point inhibitors, anti-angiogenic VEGF antibody and poly (ADP-ribose) polymerase inhibitor (41–45). We thus speculate that cell therapy combined with chemotherapy might have a better outcome than cell therapy alone. Therefore, to maximize the benefit for patients, the follow-up clinical regimen will be changed to the combination of chemotherapy and cell therapy after communication with the Center for Drug Evaluation. Despite the small sample size, our data provide meaningful implications for 6B11-OCIK in terms of safety and effectiveness. Since there will no longer be the same therapy cases in the future, we decided to publish the three cases of data at first. Our current results provide important preliminary findings and will need to be further verified in future studies with a larger sample size.

In conclusion, this preliminary study indicated that 6B11-OCIK was safe and showed potential efficacy against platinum-resistant recurrent or refractory ovarian cancer. In addition to imaging and CA125 serum levels, the changes of CTC numbers correlated to the treatment response, and together with immune function estimation, it may provide an objective measure to evaluate the therapeutic effect of immunotherapy.
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Supplementary Figure 1 | Histopathologic images of ovarian tumor sections from the enrolled patients (Hematoxylin-eosin staining, 100x). (A, B) Patient 1: Specimens of ovarian tumor resection showed serous tumors with visible partial glandular duct and ingredient of papillary tumor, cell abnormal obviously, visible multi-core split phase (> 12/10 HPF), combined with immunohistochemical results, ovarian serous cancer tumor, high grade serous carcinomas. HE and immunohistochemical results: CK7 (+), PAX8 (+), p53 (-), p16 (+), WT2 (+), ER (15%+), PR (30%+), and Ki67 (70%+ in the cancer region). (C, D) Patient 2: The endometrium showed postmenopausal atrophy, but no tumor involvement was observed. The cervical mucosa showed chronic inflammation; cancer involvement was observed in the paracervical tissues, cancer invasion was observed in the mesentery, omentum and appendix, and no cancer involvement was observed in the adrenal tissues. Immunohistochemical staining results: CK7(+), CK20 (-), PAX8 (+), CA25 (+), p53 expression (-), WT1 (+), S-100 (+), SyN (-), CgA (-), CD56 (focal weak +), ER (-), PR (-), GATA-3 (-), HER-2 (-), Ki-67 (+ 30%), in line with high grade serous carcinoma. (E, F) Patient 3: Histological type: bilateral ovarian cancer, poorly differentiated; high grade serous carcinoma is considered. Tumor size: 10X8X6 cm on the left ovary; 5X4X2 cm on the right ovary. Fallopian tube:(left) no cancer, (right) with cancer. No cancer was observed in the omentum tissue. Lymph nodes: lymph nodes with cancer metastasis (4/5, 3/12); The mesentery, rectum, intestinal wall and sigmoid colon were found to have carcinoma, while the pelvic wall and peritoneum were suspected to have carcinoma. Immunohistochemical staining results: CK20 (-), CK7 (+), CA25 (+), WT1 (+), ER (+), PR (-), Napsina (-), P53 (+), Ki-67 (20%+), consistent with high grade serous carcinoma.

Supplementary Figure 2 | Numbers of CTCs with chromosome 8 aneuploidy. The most prevalent aneuploidy for chromosome 8 of CTCs was pentaploid and above, followed by triploid, tetraploid, and haploid.

Supplementary Figure 3 | Killing efficiency of 6B11-OCIK against the ovarian cancer cell line HOC1A. Five batches of 6B11-OCIK were obtained from each patient. The killing efficiency of each batch of 6B11-OCIK against the ovarian cancer cell line HOC1A increased with the increase of effect-target ratio. (The data in the fourth batch of patient 2 was lost due to equipment problems).

Supplementary Figure 4 | Changes of peripheral blood lymphocyte phenotypes in patients during 6B11-OCIK treatment. During the treatment of 6B11-OCIK, the proportion of lymphocytes in peripheral blood of patient 1 (A) and patient 2 (B) barely changed, while the proportions of CD4+ and CD8+ T cells of patient 3 (C); increased.
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Inflammasomes are fundamental innate immune mechanisms that promote inflammation and induce an inflammatory form of programmed cell death, pyroptosis. Pyroptotic inflammasome has been reported to be closely associated with tumorigenesis and prognosis of multiple cancers. Emerging studies show that the inflammasome assembly into a higher-order supramolecular complex has been utilized to evaluate the status of the innate immune response. The inflammasomes are now regarded as cellular signaling hubs of the innate immunity that drive the production of inflammatory cytokines and consequent recruitment of immune cells to the tumor sites. Herein, we provided an overview of molecular characteristics and biological properties of canonical and non-canonical inflammasome signaling in cancer immunology and immunotherapy. We also focus on the mechanism of regulating pyroptotic inflammasome in tumor cells, as well as the potential roles of inflammasome-mediated pyroptotic cell death in cancers, to explore the potential diagnostic and therapeutic markers contributing to the prevention and treatment of cancers.
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Introduction

Inflammasome, a major class of signalosomes in innate immunity, is a cytosolic multiprotein platform that formed by the oligomerization of a sensor, an adaptor apoptosis-associated speck-like (ASC) and caspases in response to pathogen-associated molecules and cellular stress (1, 2). These inflammasome components are expressed at low levels in normal tissue cells to prevent inappropriate activation, and are primed, activated and assembled through homotypical death domain (DD) interactions (3–6). The DD domains, from caspase recruitment domain (CARD), pyrin domain (PYD), to death effector domain (DED), were found to self-assemble into higher-order helical filaments in inflammasome (1). The higher-order inflammasome complexes carry out intricate signaling and key effector functions in innate immunity and inflammation.

Inflammasome activation induces pyroptosis, a type of programmed cell death. Studies have shown that the gasdermin family members (Gasdermins, GSDMs) play vital roles in inflammasome-induced pyroptosis (7–9). The inflammasome-induced pyroptosis depends on the formation of plasma membrane pores by the pyroptosis effectors GSDMs (7). Emerging studies had indicated that inflammasome activation plays a central role in the tumorigenesis (including immunosuppression, proliferation, angiogenesis and metastasis) and tumor suppression (10). The pyroptosis initiated by inflammasomes induces innate immune responses in cancer tissues, and targeting pyroptosis has exhibited potential anti-tumor capabilities in cancer treatment (8). Thus, targeting the inflammasome and pyroptosis is a promising strategy for cancer immunotherapy. The inflammasome and its related pyroptosis-trigged immune activation in cancer tissues will provide cancer patients with more effective anti-tumor immune responses and a better prognosis (9).

Activation of cell death effector GSDMs also has some connections with a type of cell apoptosis, NETosis, which is related to the formation of inflammasome and noncanonical inflammasome signaling (11, 12). In previous studies, NETosis was believed to associate with the immune defenses, helping to resist various pathogens (13, 14). While emerging studies have shown that noncanonical inflammasome signaling-elicited NETosis also has a positive impact on the tumorigenesis by protecting tumor cells against immune attack and promoting tumor cell metastasis (15–17).

Currently, with an increasing number of studies in innate immunity, the inflammasome assembly into a functional higher-order complex functions as hub platforms for inflammatory cytokine production, and has been considered to utilize in evaluating the activation and regulation status of the innate immune response (2, 18, 19). The inflammasomes are now regarded as cellular signaling hubs of the innate immunity that drive the inflammatory signaling and consequent recruitment of immune cells to the tumor sites, but activation of different inflammasomes may exhibit the exact opposite outcomes in cancers, anti-tumor or pro-tumor effects (20–23). In-depth understanding the functions of these canonical and non-canonical inflammasomes is critical for revealing the molecular mechanisms that govern the innate immune response and inflammatory signaling in cancer Immunotherapy (10, 24).



Canonical and Non-Canonical Inflammasome Signaling in Tumor Immunity

Canonical inflammasomes, assembled by sensor proteins (including pyrin domain containing related protein family (NLRP), absent in melanoma (AIM) 2, interferon-γ inducible factor (IFI) 16, RIG-I, and CARD-domain-containing (NLRC) 4), play key roles in immune surveillance of pathogens infections and danger signals by proteolytically activating caspases 1 and/or 11 (caspase-4/5 in humans) that cleaves interleukin-1β (IL-1β), interleukin-18 (IL-18) and the pore-forming protein gasdermin D (GSDMD), leading to cytokine maturation and pyroptosis (Table 1) (25, 26). Canonical inflammasome-induced pyroptosis is typically marked by the induction of rapid polymerization of the bipartite adapter ASC into large helical filaments with the sensors and caspases to form a single supramolecular ASC punctum (also known as ASC specks), which mediates robust cellular responses and acts as an important hallmark for inflammasome activation (27–29). NAIPs, which could recognize the bacterial ligands, recruit NLRC4 to assembly the NAIP-NLRC4 inflammasome complex, and directly activate the caspase 1 without the adaptor ASC (30–32).


Table 1 | Canonical and non-canonical Inflammasomes.



The non-canonical inflammasome activation mediates a caspase 11 (caspase 4/5 in human) dependent innate immune response to the invasion of gram-negative bacteria (33–35). The cytosolic sensor caspase 11 functions as a signal initiator and mediates the recognition of gram-negative bacteria via directly interacting with cytosolic lipopolysaccharide (LPS) and assembling a higher order structure called the non-canonical caspase 11 inflammasome (33). Besides caspase 11, innate immune sensor ZBP1 and the inhibition of kinase TAK1 could regulate the assembly of RIPK1/RIPK3-FADD-caspase-8 cell death complex and induce the Pyroptosis, Apoptosis, and Necroptosis (PAN-optosis) (Table 1) (36, 37). These active caspases cleave and activate GSDMD to promote pyroptosis, and then trigger a secondary activation of the canonical NLRP3 inflammasome for cytokine release (Figure 1) (38, 39).




Figure 1 | Canonical and non-canonical Inflammasome signaling pathways.



The effects of both canonical and non-canonical Inflammasomes activation-induced pyroptosis may be a double-edged sword on cancers (40). The role of inflammasome activation in promoting tumorigenesis has been previously reviewed by rajendra karki et al., which indicates that inflammasome components could induce cancer cell proliferation, survival and metastasis, and promote cancer cells to evade immune surveillance (10). Except the direct killing of cancer cells and cancer related microenvironmental cells by pyroptosis, the release of inflammasome-dependent cytokines (IL-1β, IL-18, et al.) and other costimulatory molecules (either from the cancer cells or from the cells in the tumor microenvironment) will significantly reshape the cancer immune microenvironment. The composition of cancer immune microenvironment will determine the effect of pyroptosis on cancer. On the one hand, pyroptosis may promote the cancer occurrence by recruiting the immunosuppressive immune cells (such as myeloid-derived suppressor cells, MDSC) (41–43) and inducing chronic inflammation (10, 44, 45); on the other hand, it may also inhibit the cancer occurrence by recruiting the NK and CD8+ T cells to the cancer microenvironment (8).



GSDMs and GSDMs-Dependent Canonical Inflammasome Signaling Modulate Tumor Immunity

The GSDMs, pyroptosis executors, are consists of gasdermin A (GSDMA), gasdermin B (GSDMB), gasdermin C (GSDMC), gasdermin D (GSDMD), gasdermin E (GSDME), and Autosomal Recessive Deafness Type 59 Protein (DFNB59 or PJVK) in homo sapiens, and displayed different tissue expression patterns (46, 47). In 2015, Kayagaki, N. et al. (38), Shi, J. et al. (48) and He, W. T. et al. (49) firstly discovered GSDMD, the executor of pyroptosis, and confirmed that it was cleaved by caspase 1 and caspase 4. Since this discovery, more and more gasdermins were characterized to play vital roles in inflammasome and pyroptosis. Further protein structure analysis of these GSDMs confirmed that by cleaving and releasing their N-terminal domains, these GSDMs can induce cell death by forming large oligomeric pores on cell membrane, disrupting the integrity of cell membrane and releasing the inflammatory mediators (50–54). These functions and mechanisms recently had been reported to relate with cancer therapy, especially the GSDMD and GSDME (8, 55, 56).

GSDMA, GSDMC and PJVK are not detected in most human tissues (both tumor tissues and normal tissues), while GSDMB, GSDMD and GSDME are highly expressed in most human tissues (both tumor tissues and normal tissues), especially GSDMD (47). These also indicate that different GSDMs may perform different functions in cancer development and cancer therapy (Table 2).


Table 2 | Function of GSDMs in anti-tumor immunotherapy.



GSDMA, especially GSDMA3, is expressed in the epidermis and frequently silenced in gastric cancer cell lines (76). Mutations in GSDMA3 with gain-of-function are associated with skin inflammation and hair loss (77). GSDMA3-N domains could form membrane-disrupting pores during pyroptosis (50). Dysregulated GSDMA3 could cause cell necrosis and chronic inflammation (52), and potentially influence the cancer immunotherapy (55).

GSDMB, which has been proven as an independent poor prognostic biomarker in breast cancer, is overexpressed in about 60% of HER2 breast cancers (78). The highly expressed GSDMB significantly promotes cancer cell migration and develops cancer cell resistance to anti-HER2 therapies (79). Knockout GSDMB, or intracellular-delivered anti-GSDMB through nanocapsules could neutralize the effects of GSDMB, reduce the aggressiveness of HER2 breast cancer, and enhance the sensitivity to trastuzumab (80). These results indicate that GSDMB may play a positive role in cancer development. However, Zhou Z et al. found that GSDMB positive cells showed greater sensitivity to granzyme A-mediated cytotoxic lymphocyte killing mechanism, and the upregulation of GSDMB expression in tumor cells might be due to the activation of the interferon gamma signaling (57) (Figure 2B). While the interferon gamma signaling also could trigger the expression of immune checkpoints, such as PD-L1 and PD-L2 (81, 82), which provided the explanation for the poor prognosis of GSDMB-positive tumors. In addition, these studies also indicated that cancer immunotherapy with the immune checkpoint inhibitors might be a better strategy for treating the GSDMB-positive tumors. We are looking forward to see the similar clinical trials for this cancer subtype in the future (83).




Figure 2 | Canonical inflammasome signaling in cancer immunology. (A) GSDMC-dependent inflammasome signaling and pyroptosis pathway. (B) Granzyme A/B-mediated cytotoxic lymphocyte killing mechanism and GSDMB/GSDMD/GSDME induce tumor cell pyroptosis. (C) GSDMs-mediated inflammasome activation and pyroptosis regulate antitumor immunity.



GSDMC, another effector of pyroptosis, correlates with poor survival in cancer patients (84, 85). GSDMC is cleaved by caspase-8 with TNFα treatment, and also can be cleaved by caspase-6 in response to reactive oxygen species (ROS) insult in cancer cells. The elevated expression level of GSDMC, which could be induced by the nuclear translocated PD-L1, is required for the switching TNFα-induced apoptosis to pyroptosis in cancer cells (58). In tumor microenvironment, the tumor-associated macrophages could secret the TNFα, and induce tumor necrosis through the activation of caspase-8, the translocation of PD-L1, and the cleavage of GSDMC (Figure 2A). This GSDMC-dependent inflammasome signaling and pyroptosis pathway will significantly change the tumor microenvironment, promote tumor progression and increase the resistance to chemotherapy, radiotherapy and immunotherapy.

The functions of GSDMD and GSDME are much clearer (48, 51, 54, 59–61). Studies had showed that GSDMD and GSDME-mediated canonical inflammasome signaling and pyroptosis play vital roles in the immune response of cancer tissues through modulating the tumor immune microenvironment. The GSDMD could be cleaved by activated caspase 4/11 (63, 65) and caspase 8 (64, 66), and activated caspase 1 (activated by AIM2 or NLRP3 inflammasome) (67–69). The GSDME could be cleaved by activated caspase 1 and caspase 3, and then trigger the transition of cancer cells from apoptosis to pyroptosis (9, 70, 86). The transition highly relies on the expression level of GSDME in cancer cells (56). The cleavage of GSDMD and GSDME in cancer cells could be induced by various therapeutic strategies, including chemotherapy drugs (56, 71–74, 87), molecular target therapies (62, 88), or immune cell therapy (8, 75). The GSDME is constitutively expressed in many normal tissues, which explains why the chemotherapy drugs could induce direct damage in normal tissues (56). Remarkably, these damages in tumor tissues have a positive function; the damage-induced cleavage of gasdermins, inflammasome activation and subsequent pyroptosis will promote the recruitment and activation of the tumor-infiltrating NK and CD8+ T lymphocytes in tumor sites (8). Thus, GSDMs-mediated inflammasome activation and pyroptosis could turn “cold” tumor into “hot” by modulating tumor immune microenvironment, and consequently regulate antitumor immunity (Figure 2C).

The expression pattern of GSDME is distinguished from GSDMD. The GSDME gene is frequently silenced in cancer cells, and loss of function (LOF) of GSDME by mutations or hypermethylation of promoter region in cancer cells will significantly reduce the anti-tumor innate immune responses (8, 40). Zhang Z et al. reported that the granzyme B released by cytotoxic T cells could cleave GSDME in cancer cells, and the granzyme B/GSDME-mediated pyroptosis suppressed tumor growth through a perforin-dependent T-cell killing mechanism (8). Thus, it will be beneficial to target GSDME or to elevate tumor-derived GSDME expression level in cancer treatment. While the excessive activation of inflammasome-induced pyroptosis in cancer treatment, such as in CAR-T therapy, could also cause serious consequences; The CAR-T cells elicited GSDME–mediated cancer cell pyroptosis and released pyroptosis-related factors. The pyroptosis-related factors activated caspase 1 for GSDMD cleavage in macrophages, and resulted in the release of more cytokines and the subsequent cytokine release syndrome (CRS) (75) (Figure 2B).



Noncanonical Inflammasome Signaling-Elicited NETosis Promotes Tumorigenesis

NETosis, a proinflammatory cell death modality originally identified in neutrophil, provides host defense against extracellular intruders in response to various stimuli. NETosis differs from apoptosis and necrosis, but has some connections with the activation of pyroptosis executor GSDMD (12). Various stimuli promote the release of NE from the neutrophil granules, and NE cleaves and activates GSDMD, leading to nuclear and plasma membrane rupture and neutrophil cell lysis by NETosis (Figure 3A). Exposure of neutrophil to cytosolic LPS also activates the noncanonical inflammasome signaling and triggers GSDMD-dependent NETosis (12, 89). Both Caspase-11 and GSDMD are required for NETosis at multiple stages, including nuclear delobulation, chromatin decondensation, nuclear membrane permeabilization and plasma membrane rupture (89).




Figure 3 | NETosis elicited by noncanonical inflammasome signaling promotes tumorigenesis. (A) Various stimuli promote the release of NE from the granules, and NE cleaves and activates GSDMD, leading to nuclear and plasma membrane rupture and neutrophil cell lysis by NETosis. (B) Tumor-secreted ligands induce extrusion of NETs, and NETs protect tumor cells from CTL and NK cytotoxicity. The extracellular NETs-DNA binds to the transmembrane protein CCDC25 on tumor cells, and thus improve tumor cell migration.



Neutrophil extracellular traps (NETs) are the regulated outcome of NETosis, and the release of NETs is linked with tumorigenesis (90–92). Tumor cells can recruit myeloid cells, mostly neutrophils, by secreting CXCR1 and CXCR2 agonists ELR positive CXCL chemokines, such as CXCL1, CXCL2, and CXCL8 (93). The tumor-derived ELR positive CXCL chemokines are the major mediators of cancer-promoted NETosis and NETs (91). The NETs released from neutrophils are enriched on the tumor surface to form a barrier, which effectively reduces the contact of CD8+ T cells and NK cells with tumor cells, and thus protects tumors from immune cytotoxicity (Figure 3B).

Excessive NETs produced by sustained inflammation contribute to reawakenment of dormant cancer cells (94). The sustained lung inflammation induced by tobacco smoke or LPS instillation recruits and activates neutrophils, and the subsequent NETs formation is greatly induced in the cancer cell dormancy mouse model. The two NETs-associated proteases neutrophil elastase (NE) and matrix metalloproteinase 9 (MMP9) remodel the extracellular matrix (ECM) by hydrolyzing laminin. The proteolytic remodeling laminin induces the proliferation of dormant cancer cells through activating the cell surface ECM receptor integrin α3β1 (94). In mouse models of small bowel tumors, tumor development is related with the accumulation of low-density neutrophils (LDNs). The LDNs aggregation-induced up-regulation of complement 3a receptor (C3aR) and activation of the complement cascade lead to NETosis, coagulation and differentiation of neutrophils into N2 type, which in turn promote tumorigenesis (95).

NETs also play an important role in promoting tumor metastasis. The transmembrane protein CCDC25 is a NET-DNA (the DNA component of NETs) receptor on cancer cells, which activate the integrin‐linked kinase (ILK)/β-parvin pathway by binding to extracellular DNA to enhance the mobility of cells, thereby promoting tumor metastasis (96) (Figure 3B). In tissues of lung and retina, NETosis can induce apoptosis of senescent vascular endothelial cells and promote the formation of new blood vessels that are conducive to tumor growth (97, 98). In addition, NETs can continuously deposit in the lungs, which might be the reason why lung is one of the most common sites of cancer metastasis (99).



Pyroptotic Inflammasome Signaling Acts as a Critical Regulator of Inflammation and TILs Within Tumor Microenvironment

The activation of canonical or non-canonical inflammasome signaling in the cytosolic compartment will lead to pyroptosis (34, 100, 101), which are critical defense mechanisms against endogenous (tissue or cellular injury) or exogenous danger signals (infections, such as microbes) (34, 100–102). The dysregulation of inflammasome activation in cancer development and progression is controversial, due to the inconsistent findings on potential cancer promotion and immunotherapy (103). As the potent contributors to the activation of inflammatory cytokines in cancer tissues, the excessive inflammasome signaling will lead to the cancer progression (10, 104, 105). Thus, inhibition of inflammasome with some certain inhibitors could potentially be used for clinical cancer treatment (106, 107). Meanwhile, in the treatment of cancer, various drugs could induce the activation of inflammasome-related pyroptosis and cause the release of proinflammatory cytokines. Subsequently, the activated inflammatory cytokines could recruit the NK or cytotoxic T cells to the tumor site for killing cancer cells, and eventually delay the tumor progression (108, 109).

Regulation of inflammasome activation might reinforce anti-tumor immunity by boosting the recruitment of TILs (110). Mechanismly, the checkpoint molecule, T cell immunoglobulin and mucin-containing molecule 3 (TIM-3) in DC cells restrains anti-tumor immunity through suppressing inflammasome activation; TIM-3-deficient DCs promote the recruitment of stem-like CD8+ TILs and boost antigen-specific immunity via increasing accumulation of reactive oxygen species resulting in driving inflammasome activation (111). Additionally, the pyroptotic inflammasome-cytokine (IL-18) pathway effectively regulates the NK-cell-mediated tumor attack through promoting the maturation of NK cells and surface expression of the death ligand FasL, which consequently leads to elevate the tumoricidal activity of NK cells (108). Thus, inhibition of inflammasome activation, or downstream effector cytokines might abrogate the protective anti-tumor immunity and expanded TILs.

Recently, emerging insights in cancer immunology indicate that the roles of pyroptotic inflammasomes on tumor immunotherapies may highly rely on the tumor stage and the tumor microenvironment (105). In early-stages of cancer development, the pyroptotic inflammasomes participate in the innate immune response, recruit tumor-infiltrating lymphocytes and promote inflammatory cell death of cancer. The immune cells recruited to tumor sites retain their immunosurveillance properties and anti-tumor immunity prevails (Elimination phase) (112), while the ESCRT-III-mediated plasma membrane repair in pyroptotic cells strongly inhibits pyroptotic cell death (113, 114). A dynamic interplay of pyroptosis with ESCRT-mediated membrane repair in cancer cells occurs in immune equilibrium phase. In addition, cancer cells also develop a series of pyroptosis-resistance strategies to escape immune attack and establish a protumor immune microenvironment (escape phase) (Figure 4A). The levels of pyroptotic inflammasomes regulate the inflammation and TILs within tumor microenvironment, and affect the balance between cancer cell elimination and immune escape (Figure 4B).




Figure 4 | Pyroptotic Inflammasome signaling regulates inflammation and TILs within tumor microenvironment. (A) The level of pyroptotic inflammasomes is associated with the balance between cancer cell elimination and immune escape. (B) Pyroptosis levels in cancer cells affect the inflammation and TILs within tumor microenvironment.



The inflammasomes have been considered as cellular signaling hubs of the innate immunity that drive the production of inflammatory cytokines, promote inflammation and induce pyroptosis in cancer cells. While inflammasome signaling hubs function in innate immune response, the inflammasome activation links with diverse physiological and pathological processes, such as autophagy (2, 115), cellular stress response (116), cell-cycle progression (117). In these processes, inflammasomes activation is tightly regulated by DDX3X-mediated assembly of stress granules, HDAC6-associated autophagosomal degradation, and NEK7-dependent mitotic spindle formation and cytokinesis (2, 115–117).



Conclusion

Inflammasome signaling has shifted the paradigm for the hub platform in innate immune responses. The inflammasomes are considered as cellular signaling hubs of the innate immunity that drive the production of inflammatory cytokines, promote inflammation and induce pyroptosis in cancer cells. The polymerization of pattern recognition receptors, adaptor ASC, and effectors caspases into higher-order supramolecular complexes facilitates signal transduction cascades and proximity-facilitated enzyme activation. In these complexes, pattern recognition receptors (sensor proteins) and adaptor ASC form the center (ASC specks), whereas caspases make up the filaments. The inflammasome activation and assembly into higher-order supramolecular complexes function as inflammasome hub platforms for inflammatory cytokine production, and have been utilized to evaluate the status of the innate immune response.

The pyroptotic inflammasome regulates inflammation, TILs within tumor microenvironment, and the consequent recruitment of immune cells to the tumor sites. But the ESCRT-III-mediated plasma membrane repair in pyroptotic cells strongly inhibits pyroptosis in cancer cells. Thus, a dynamic interplay of pyroptosis with membrane repair in cancer cells occurs in immune equilibrium phase. The level of pyroptotic inflammasomes might related with the balance between cancer cell elimination and immune escape. With the inflammasome examples in cancer immunology presented here, we could see that the regulation of inflammasome level with some certain agonists or antagonists would potentially be used for future clinical cancer treatment.
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Objective

The monoclonal antibodies anti-programmed death protein-1 (anti–PD-1) nivolumab and pembrolizumab are the first immune checkpoint inhibitors (ICIs) approved for treatment of recurrent/metastatic head and neck carcinoma R/M HNSCC in first line and in platinum refractory disease. This network meta-analysis aims to investigate the efficacy of anti–PD-1- vs anti–PD-L1-based therapy in R/M HNSCC cancer patients through a systematic review of the literature to provide support for evidence-based treatment decisions. In particular, the effectiveness of ICIs for R/M HNSCC is analyzed according to the different mechanisms of action of the check-points inhibitory drugs in different subgroups of patients.



Methods

We did a systematic literature review and network meta-analysis (NMA) of randomized controlled trials (RCTs) in PubMed, ClinicalTrials.gov, Embase, Medline, the Cochrane Central Register of Controlled Trials, Web of Science. Our search identified a total of five randomized controlled trials: Keynote 040, Keynote 048, Eagle, Condor, Checkmate 141. These trials included 3001 patients. Treatment was sub-categorized into PD-L1–based, PD-1–based, and standard chemotherapy. Treatments were indirectly compared with anti–PD-L1-based therapy.



Results

The network meta-analysis demonstrated no significant differences in OS between different subgroups except for the metastatic patients in which anti–PD-1-based therapy was associated with significantly less risk of death. Furthermore, anti–PD-1-based therapy appeared to be effective in smoker patients and in human papilloma–negative (HPV) patients. Conversely, anti–PD-L1-based therapy seems to be better efficient in female patients, in locally recurrent setting and in HPV positive patients.



Conclusion

This is the first NMA study that aimed to indirectly compare anti–PD-1- and anti–PD-L1-based therapy in HNSCC patients. The results of our NMA could help define a profile of patient responder or resistant to specific classes of immune drugs and can be used to guide/design future studies in the novel scenario of precision immune-oncology.
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Introduction

Head and neck squamous cell carcinomas (HNSCC) represent the sixth most common type of cancer with 830,000 new cases and around 430,000 deaths each year worldwide (1). HNSCC is a spectrum of malignancies arising from the mucosal lining of the upper aerodigestive tract, with different localizations (concerning larynx, hypopharynx, oropharynx, nasopharynx, oral and nasal cavities, and paranasal sinuses) (2, 3). HNSCC is mostly diagnosed at an advanced stage involving loco-regional lymph nodes. Approximately 10% of patients with locally advanced disease already have distant metastases at initial presentation (4). Moreover, despite the aggressive local treatment carried out with radical intent, local and/or distant relapse occurs in more than half of locally advanced HNSCC (5–7).

HNSCC can be classified into human papillomavirus associated (HPV-positive) and HPV-negative sub-types characterized by a different prognostic profile, strongly associated with the oropharyngeal carcinoma and with smoking habit and alcohol consumption, respectively (8–10).

The monoclonal antibodies anti-programmed death protein-1 (anti–PD-1) nivolumab and pembrolizumab are the first immune checkpoint inhibitors (ICIs) approved for treatment of platinum refractory HNSCC recurrent/metastatic (R/M) (11, 12). These immunotherapeutic agents act by enhancing immune system response by blocking suppressive signals through the PD-1/PD-L1 pathway (13, 14).

The results of KEYNOTE-048 trial led to the approval of pembrolizumab in association with cisplatin/5 fluorouracil chemotherapy or as a single agent, in first-line setting in patients whose tumors show a PD-L1 combined positive score (CPS) ≥ 1% (15).

Anti–PD-1 agents have changed the management of HNSCC R/M, based on chemotherapeutic and targeted agents (16–19), becoming the current standard of care. Despite the anti-PD-1 antibodies providing a benefit in terms of tumor progression control and overall survival (OS) compared with chemotherapy (11, 13, 14, 20), overall response still remains limited.

Furthermore, the phase III EAGLE trial (21) and the phase II CONDOR trial (22) investigated the role of durvalumab, alone or in combination with cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) tremelimumab, versus chemotherapy (23).

Both clinical trials failed to show a statistically significant advantage of durvalumab-based immunotherapy in terms of OS, even though the immunotherapy strategy showed higher response rate and survival rates at 12 to 24 months, highlighting the clinical activity of durvalumab.

Data from clinical trials that investigate ICIs in HNSCC showed that only a relatively small subset of patients really benefit from treatment, underlining the crucial role of patients’ selection before starting immunotherapy (24).

Therefore, a deeper understanding of immune resistance mechanisms, probably dependent to the specific check point inhibitor mechanism of action, is urgently needed.

The response to immunotherapy could be affected by the features of tumor microenvironment (TME) (25–28) that is potentially different between primary tumors, primary tumor, and metastatic sites and finally between different sites of metastasis (29, 30).

The evaluation of clinical characteristic of patients should be considered. Indeed, several factors, such as age and gender (31–33), have shown an important role in conditioning the response to immunotherapy resulting in novel predictive biomarkers.

This network meta-analysis aims to investigate the efficacy of anti–PD-1- vs anti–PD-L1-based therapy in HNSCC cancer patients through a systematic literature review (including data from the most recent randomized controlled trials) to provide support for evidence-based treatment decisions.

In particular, the effectiveness of ICIs for advanced or metastatic HNSCC is analyzed according to different subgroups of patients (in relation to baseline characteristics) and to the different mechanisms of action of the check-points inhibitory drugs.

To the best of our knowledge, this is the first study indirectly comparing the effect of anti–PD-1 and anti–PD-L1 therapy in HNSCC patients.



Materials and Methods

We performed a systematic literature review and network meta-analysis (NMA) of randomized controlled trials (RCTs) in PubMed, ClinicalTrials.gov, Embase, Medline, the Cochrane Central Register of Controlled Trials, and Web of Science. Conference abstracts from the American Society of Clinical Oncology (ASCO) and ESMO were searched independently. Only English language publications were included. The search covered the literature up to July 2017.

Search terms included the following: randomized clinical trials, locally advanced and metastatic head and neck cancer, immunotherapy, anti–PD-1, and anti–PD-L1. Search results were restricted to phase II and phase III RCTs.

Bibliographies of review articles and editorials were manually searched. The literature review process followed Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (34). Two authors independently evaluated data from eligible studies, which were then checked by a third author.

We performed an NMA for OS data using a random-effects model with a frequentist approach (35, 36) to account for this potential heterogeneity (different study designs, populations, treatment arms, etc.). Treatments were ranked by calculating P scores using the netrank function of the netmeta R-package (37, 38). P scores measure the extent of certainty that a treatment is better than another treatment, averaged over all competing treatments, while taking the precision into account (38). In our study, we used a p<0.05 threshold to judge the statistical significance of our findings, which means that the results are statistically significant if the confidence intervals do not include the value of 1 (for HR and relative risk). We also used a p<0.10 threshold as trend because of the reduced number of patients in the various investigated subgroups. The forest plot, with the HR being<1, is indicative of inferior efficacy of all other treatments compared with anti–PD-L1-based therapy.

The odds ratio as a simple percent increase or decrease of an event happening, as this value depends on the base-rate, was evaluated according to the following formula:

	



Results

One hundred and ninety-eight articles were selected for phase II and III clinical trials anti–PD-1 therapy and 122 for anti–PD-L1 therapy. Three hundred and thirteen articles were analyzed. Three hundred and six articles were excluded because non randomized trials, review, or not related to head and neck cancer. Two further trials were excluded because related to immuno-radiotherapy (Figure 1). Our search identified a total of five randomized controlled trials: Keynote 040, Keynote 048, Eagle, Condor, Checkmate 141. These trials included 3001 patients (Table 1S). Treatment was sub-categorized into PD-L1–based and PD-1–based and the standard chemotherapy (Figure 2). Treatments were indirectly compared with anti–PD-L1-based therapy. The patient’s characteristics, from the identified RCT, are summarized in Table 1.




Figure 1 | Diagram of selection process for trials included in meta-analysis.






Figure 2 | The NMA results of the indirect efficacy comparison of anti–PD-1 and SoC with anti–PD-L1 in the whole population.




Table 1 | Patients’ characteristics of the identified RCTs.



The network meta-analysis of OS demonstrated no significant differences between different subgroups except for the metastatic patients in which anti–PD-1-based therapy was associated with significantly less risk of death. In addition, our results showed a benefit in terms of OS in the male population and in patients with current smoking habit.

Furthermore, the indirect analysis revealed that the anti–PD-1-based therapy had the highest probability of being the best treatment in the whole population (P score = 0.96), in male patients (P=0.98), in metastatic patients (P=1), in negative HPV cancer patients (P=0.91), in patients with former (P=0.91), and current (P=0.97) smoking habit. The analysis evidenced that OS was irrespective of ECOG PS [both ECOG performance status = 0 (P=0.97) and 1-2 (P=0.89)] and patient’s age [patients with age higher (P=0.97) or lower (P=0.84) than 65 years] (Figure 3).




Figure 3 | The NMA results of the indirect efficacy comparison of anti–PD-1-based therapy and SoC with anti–PD-L1-based therapy in all the available subgroups: (A) age, (B) sex, (C) ECOG PS, (D) smoke habit, (E) type of disease, (F) HPV status.



Moreover, the indirect analysis revealed that anti–PD-L1-based therapy had the highest probability of being the best treatment in patients never smoking (P=0.75), with local recurrence disease (P=0.62) or in the female subgroup. In the subgroups of patients with positive HPV status, anti–PD-1- (P=0.70) and anti–PD-L1-based therapy (P=0.69) had a similar probability of being the best treatment highlighting a higher efficacy than the chemotherapy treatment.



Discussion

The therapeutic arsenal of HNSCC is rapidly evolving because of the introduction of new immunotherapeutic agents, which have been shown to improve treatment outcomes and OS in recurrent and metastatic disease as single agents, as well as in combination with chemotherapy.

However, only a small percentage, about 20% to 30%, of HNSCC patients presented a long-term benefit from immunotherapy.

In the context of several available treatments, the selection of patients prone to respond to chemotherapy or immunotherapy could be crucial to define the combination or a sequential approach.

Unfortunately, only PD-L1 expression is currently used in our clinical practice, so lack of biomarkers led us to better consider the clinical features to guide the choice of strategy (39).

This NMA was conducted to provide a comprehensive comparison of the efficacy of anti–PD-1-based therapy or anti–PD-L1-based therapy for advanced and/or metastatic HNSCC patients and in several subgroups compared with chemotherapy treatment. However, several treatments had P scores >50%, and the confidence intervals demonstrate no significant differences between anti–PD-1-based anti–PD-L1-based therapy.

It should be emphasized that when an NMA analysis is undersized (with a large 95% CI), it cannot be defined as “similar efficacy” between two treatments. Although we have not demonstrated statistically significant differences in the efficacy of anti–PD-1 therapy versus anti–PD-L1 therapy in the whole population, this does not rule out the possibility of an advantage when analyzing specific or larger subgroups.

In particular anti–PD-L1-based therapy seems to be more efficient in female patients, in recurrent setting, and in HPV-positive patients.

The gender effect on the response to immunotherapy was widely investigated in several studies, such as the different susceptibility of autoimmune disease according to the reproductive status.

Despite the controversial results of durvalumab alone or in combination with tremelimumab in Eagle and Condor studies, two recent metanalysis demonstrated the benefit of anti–PD-L1-based therapy, in terms of survival and safety, in recurrent disease, suggesting a specific role in this setting that could be immunologically different from the metastatic ones (40, 41). Furthermore, durvalumab demonstrated higher efficacy, in terms of response rate and survival, in HPV-positive patients (42), highlighting the putative role of HPV infection in the modulation of immune response creating a more “ready to act” microenvironment (43, 44). Conversely, anti–PD-1-based therapy is more promising in terms of therapeutic efficacy in male and smoker patients. We have already demonstrated the sexist behavior of anti–PD-1 treatment in favor of male patients (45), and several studies highlighted the strong association between response to immunotherapy and smoking status, regardless of the type of cancer (46–49). Indeed, the effect of smoke on mutation of DNA could lead to an increased tumor mutational burden (TMB) with an impact on immunogenicity especially if non-synonymous mutations are involved (50–52). In addition, our meta-analysis suggests the higher benefit of anti–PD-1-based therapy in metastatic patients. We suggest that the subgroup of metastatic patients’ anti–PD-1-based therapy was associated with lower risk of death. Based on the information (number of patients in the subgroups and overall number of death) data, our results suggest a risk reduction in the metastatic patients of 3.1% using the anti–PD-1-based therapy, whereas the reduction was not significant between SoC and anti–PD-L1. The median OS was 8.7 and 7 months for patients PD-L1–positive and PD-L1–negative, respectively. Unfortunately, the median OS was not reported for all the subgroups except for HPV-positive and HPV-negative ones, resulting in 6.75 and 6.65 months, respectively, suggesting a higher benefit of anti–PD-1-based therapy in HPV-negative patients.

These results, in contrast with the effect of anti–PD-L1, could be explain by the different monoclonal antibodies targets. In particular, the PD-1 therapy effect is mediated by the binding with T lymphocytes (53–55) resulting in a systemic effect, whereas the activity of anti–PD-L1 therapy is directed against the receptor expressed on tumor cells (56, 57) determining a localized effect.

It is well known that metastasis is characterized by a colder microenvironment and that different sites of metastasis present heterogeneous expression of PD-L1 (58, 59) and TILs (29, 60–63). The heterogeneity of PD-L1 expression and the peculiar immunological behavior of each metastatic site affect the response to immunotherapy (64, 65), identifying some site as “immunologically sanctuary” organs.

This speculation may lead to explain the reason why anti–PD-L1-based therapy could be more effective in advanced or recurrent disease, in which PD-L1 expression is less heterogeneous, whereas anti–PD-1, acting on T lymphocytes, is more effective in metastatic disease, independent from the specific site of metastasis and local microenvironment (53–55).

A limitation of this analysis is that only five RCTs are included in this study (because of the recent introduction of immunotherapy in the head and neck cancer). A further limitation is that the five included RCTs are of open-label design and were supported by pharmaceutical industry funding, and finally, immunotherapy treatment is included regardless of (I) the line of therapy, (II) the level of PD-L1/PD-1 expression, and (III) the conventional therapies received in the different clinical trial groups.

Nevertheless, the results of our NMA could help define a profile of patient responder (66, 67) or resistant (68) and can be used to guide/design of future studies in the novel scenario of precision immune-oncology (69).

Limitations of meta-analyses using pooled/aggregate data have been discussed previously (70). As the confidence intervals in our analysis and other published NMAs (70, 71) are relatively wide, results need to be treated with caution.



Conclusions

This is the first NMA study aiming at indirectly comparing anti–PD-1- and anti–PD-L1-based therapy in HNSCC patients. Our analysis suggests that there are no statistically significant differences in the efficacy among anti–PD-1- and anti–PD-L1-based therapy, with the exception of subgroup of metastatic patients, in which anti–PD-1-based therapy was associated with significantly lower risk of death. Although not reaching statistical significance, our study suggests a different effect of anti–PD1-based and anti–PD-L1-based therapy in female, with respect to male or HPV-positive or -negative, and in recurrent or metastatic setting (Figure 4). Our findings may bolster information from pairwise comparisons to shape HNSCC clinical decision making and to assist planning of future RCTs. A comprehensive evaluation based on immune differences between genders, extent of disease, HPV status, smoking habits, together with new predictive molecular biomarkers may determine selecting the most appropriate type of immunotherapy treatment in the future, allowing the personalization of treatments and finally applying the principle of precision medicine.




Figure 4 | Anti–PD-1/PD-L1 therapy in HN cancer. Anti–PD-1-based therapy appears to be effective in metastatic patients, smoker patients, and HPV-negative patients. Conversely anti–PD-L1-based therapy seems to be better efficient in female patients, in recurrent setting, and in HPV positive patients.
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The glioma tumor microenvironment (TME), composed of several noncancerous cells and biomolecules is known for its complexity of cancer-immune system interaction. Given that, novel risk signature is required for predicting glioma patient responses to immunotherapy. In this study, we systematically evaluated the TME infiltration pattern of 2877 glioma samples. TME phenotypes were determined using the Partitioning Around Medoid method. Machine learning including SVM-RFE and Principal component analysis (PCA) were used to construct a TME scoring system. A total of 857 glioma samples from four datasets were used for external validation of the TME-score. The correlation of TME phenotypes and TME-scores with diverse clinicopathologic characteristics, genomic features, and immunotherapeutic efficacy in glioma patients was determined. Immunohistochemistry staining for the M2 macrophage marker CD68 and CD163, mast cell marker CD117, neutrophil marker CD66b, and RNA sequencing of glioma samples from the XYNS cohort were performed. Two distinct TME phenotypes were identified. High TME-score correlated with a high number of immune infiltrating cells, elevated expression of immune checkpoints, increased mutation rates of oncogenes, and poor survival of glioma patients. Moreover, high TME-score exhibited remarkable association with multiple immunomodulators that could potentially mediate immune escape of cancer. Thus, the TME-score showed the potential to predict the efficacy of anti-PD-1 immunotherapy. Univariate and multivariate analyses demonstrated the TME-score to be a valuable prognostic biomarker for gliomas. Our study demonstrated that TME could potentially influence immunotherapy efficacy in melanoma patients whereas its role in immunotherapy of glioma patients remains unknown. Therefore, a better understanding of the TME landscape in gliomas would promote the development of novel immunotherapy strategies against glioma.
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Highlights

	The TME-score comprehensively evaluate the infiltration characteristics of the TME cells in glioma patients.

	The TME-score is an independent prognostic biomarker to predict patients’ survival.

	TME-score showed the potential to predict the efficacy of anti-PD-1 immunotherapy.





Introduction

According to the 2016 World Health Organization (WHO) classification criteria, gliomas are classified into low-grade glioma (LGG) and glioblastoma (GBM). Gliomas are the most common and devastating primary tumors affecting the central nervous system (1). The prognosis of GBM patients is dismal and the median overall survival (OS) is about 15 months following concomitant chemoradiotherapy, which can be attributed to the excessive heterogeneity of GBMs, rendering traditional therapies ineffective.

Immune checkpoint blockers such as PD-1/L1 and CTLA-4 have demonstrated remarkable clinical efficacy in the management of multiple cancers (2, 3). However, the current checkpoint immunotherapy is only effective in a limited number of glioma patients. It is, therefore, important to develop more effective immunotherapies for gliomas.

Besides genetic and epigenetic variations in glioma cells, tumor microenvironment (TME) also plays a critical role in tumor proliferation, progression, and therapeutic responses (4, 5). TME is a complex network of cancer cells, stromal cells and, most importantly, infiltrating immune cells. The TME complexity makes it difficult to predict the immunotherapy outcome in gliomas effectively. Cancer cells regulate numerous biological functions through direct or indirect interaction with TME components (6). Emerging evidence suggests that TME crucially influences the response to both chemotherapy (7) and immunotherapy (8). Moreover, alterations in the number of immune infiltrating cells in the TME have been shown to affect clinical outcomes in various malignant tumor types. Therefore, it is important to characterize the TME landscape in gliomas.

Understanding the complexity of the TME landscape in gliomas may lead to the identification of different immune-related TME phenotypes. This can help guide and predict immunotherapeutic responses and reveal potential therapeutic targets. Bioinformatics analysis has been used to evaluate the abundance of immune infiltrating cells in the TME. Several studies have also explored how TME affects immunotherapeutic response and other clinical outcomes (9, 10).

In this study, we developed a novel TME scoring system to improve the clinical management of glioma patients based on large-scale samples.



Materials and Methods


Glioma Datasets and Preprocessing

The following search terms were used as: (((survival OR prognosis OR prognostic OR outcome OR death OR relapse OR recurrence))) AND (Glioma[Title]) OR (Astrocytoma*[Title]) OR (Glioblastoma*[Title]) OR (Ependymoma*[Title]) OR (Oligodendroglioma*[Title]) OR (Gliosarcoma*[Title]) OR (Astroglioma*[Title]) OR (LGG[Title]) OR (HGG[Title]) OR (glial cell tumor[Title]). All datasets were manually examined. Patients lacking survival information were excluded from further evaluation.

Publicly available glioma gene-expression datasets together with clinical annotations were downloaded and examined. 2877 samples from 12 patient cohorts diagnosed with gliomas were included in this study (Table S1). Four external datasets were included for validation: GSE13041, GSE16011, GSE61335, GSE68838. The microarray datasets were downloaded from the Gene-Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/). Chinese Glioma Genome Atlas (CGGA) datasets were downloaded from the CGGA website (http://www.cgga.org.cn/), while The Cancer Genome Atlas (TCGA) datasets were downloaded from UCSC Xena (https://xenabrowser.net/).

Raw data from microarray datasets were generated using Affymetrix and Agilent. The RMA algorithm was used to perform quantile normalization and background correction of the raw data from Affymetrix in the Affy software package. The final summarizing of oligonucleotides for each transcript was based on the consensus median polish algorithm in the Affymetrix software. The raw data from Agilent was processed using limma software. RNA-sequencing data were downloaded from the TCGA and CGGA data portals and the fragments per kilobase million (FPKM) values were transformed into transcripts per kilobase million (TPM) values, which were similar to those resulting from microarrays and comparable between samples. The TPM values from TCGA and CGGA had similar signal intensity with the RMA-standardized values from microarray datasets. R package sva was then used to remove the computational batch effect.



Estimation of TME-Infiltrating Cells

The CIBERSORT algorithm was used to predict the presence and quantify the abundance of immune cells in glioma samples (11). The LM22 gene signature was applied since it allowed for sensitive and specific discrimination of 22 human infiltrating immune cell phenotypes. Gene-expression profiles were uploaded to the CIBERSORT web portal (http://cibersort.stanford.edu/). This algorithm was run using the LM22 signature and 1000 permutations. Single factor analysis was performed on the 22 immune cells to determine their prognostic values in gliomas. The cellular correlation among the 22 immune cells was performed using Pearson correlation analysis. TIMER algorithm (9), EPIC algorithm (12), MCPcounter algorithm (13), quanTlseq algorithm (14), xCell algorithm (15), and ssGSEA algorithm (16) were also used for estimating the abundance of immune infiltrating cells.



Unsupervised Consensus Clustering for TME-Infiltrating Cells

Tumors with qualitatively diverse TME infiltrating patterns were classified using Partitioning Around Medoid (PAM) (17), which identified TME patterns and grouped patients for further analysis. The optimal number of clusters and their stability and reliability in the meta-cohort and TCGA cohort were determined using the ConsensuClusterPlus R package. Infiltration level of stromal cells and immune cells in glioma samples was assessed using the consensus ESTIMATE (Estimation of Stromal and Immune cells in Malignant Tumor tissues using Expression) algorithm (18).



Identification of TME-Related Differentially Expressed Genes (DEGs)

To identify genes associated with TME cell-infiltrating patterns, the patients were grouped into two distinct TME clusters based on the diverse expression of infiltrating immune cells. The enrichment levels of immune signatures were quantified by the xCell algorithm to validate TME clusters (15). The R package limma (19) was used to determine DEGs associated with the two TME cell-infiltrating patterns. The adjusted P-value < 0.01 was used to determine DEGs among the TME subtypes.



Generation of TME Gene Signatures and Dimension Reduction

The DEGs among the TME clusters were standardized in all samples in the TCGA glioma cohort. Univariate cox regression analysis identified representative DEGs. The unsupervised clustering method (20) was used to classify patients into two TME gene clusters for further analysis. The clusterProfiler R package (21) was used to annotate the TME pattern genes. The consensus clustering algorithm (22) was performed to define the gene clusters. χ2 contingency test was used to determine the correlation between the TME gene clusters. The SVM-RFE algorithm was used for dimension reduction and to mitigate the interference effect of redundant genes (23). The top 300 DEGs between two TME gene clusters were selected (24), among which 63 most representative genes were identified with the highest accuracy of separating samples. Principal component analysis (PCA) was performed and the extracted principal component 1 served as the signature score. A method similar to GGI was then applied (25) to define the TME-score of each patient after the prognostic value of gene signature score was obtained:

	

where i is the signature score of clusters with HR>1, and j represents the expression of genes with HR<1.



Pathway Enrichment Analysis

All gene sets were downloaded from the MSigDB database. Gene set enrichment analysis (GSEA) and gene set variation analysis (GSVA) were performed on the TME gene signatures using the clusterProfiler R package and GSVA R package (21). Pathways enriched in TME immune-related gene patterns were identified in Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) with the false discovery rate (FDR) < 0.05 and a strict cutoff of P < 0.01.



Prediction of Immunotherapy Response

The Tumor Immune Dysfunction and Exclusion (TIDE) algorithm was used to infer individual responses to immunotherapy such as immune checkpoint blockade (e.g. anti-PD-1 therapy) (26). The submap analysis was applied to compare differences in response to anti-PD-1 and anti-CTLA-4 therapies. For the melanoma data set (GSE78220, N=28), GSE78220 expression profiles (FPKM normalized) were transformed into TPM values, which were used to calculate the TME-score (27). T cell-inflamed gene expression profile (GEP) was defined through the expression of the 18 genes (28). Cytotoxic activity (CYT) was determined based on the gene expression value of two cytolytic markers (GZMA and PRF1) (29), and the geometric mean of these two markers was used to perform the calculations. Seven types of immune checkpoints were collected from previously published work (30).



RNA Sequencing

For each glioma patient of the 48 samples, major exclusion criteria were incomplete follow-up data, poor quality of samples, and missing baseline clinicopathological features. RNAstore-fixed tumor tissues were then collected for sequencing. Briefly, 1 μg RNA per sample was used as input material for RNA sample preparations. RNA was extracted and sheared followed by sequencing library preparation using NEBNext® UltraTM RNA Library Prep Kit. Subsequently, PCR was performed with Phusion High-Fidelity RNA polymerase, Universal PCR primers and the Index (X) Primer. After PCR primer removal, biotin-labeled probe was used for capturing target regions. The captured libraries were sequenced on an Illumina Hiseq platform and 125 bp/150 bp paired-end reads were generated. Raw data (raw reads) of fastq format were first processed through in-house perlscripts. In this step, clean data (clean reads) were obtained by removing reads containing adapter, ploy-N, and low-quality reads from raw data. At the same time, Q20, Q30, and GC content of the clean data were calculated. All downstream analyses were based on clean data with high quality. Reference genome and gene model annotation files were downloaded from the genome website directly. The reference genome index was built using Hisat2 v2.0.5 and paired-end clean reads were aligned to the reference genome using Hisat2 v2.0.5 and Hisat2 was selected as the mapping tool. FeatureCounts v1.5.0-p3 was then used to count the reads numbers mapped to each gene. TPM of each gene was calculated based on the gene length and reads count mapped to this gene.



Immunohistochemistry Staining

Immunohistochemistry (IHC) staining was conducted as previously described (31, 32). Paraffin-embedded tissues of 40 glioma samples with the corresponding sequencing data from the Xiangya Neurosurgey (XYNS) cohort were used for performing IHC. The paraffin-embedded glioma sections were incubated with CD68, CD163, CD117 (Rabbit, 1:500, Proteintech, China), and CD66b (Rabbit, 1:200, Abcam). The IHC marker was detected with microscope.



Statistical Analysis

The normality of variables was tested using the Shapiro-Wilk normality test (33). For normally distributed variables, unpaired Student’s t-test was used to compare differences between two groups, while the Wilcoxon test was used to compare nonnormally distributed variables. For multiple groups, one-way analysis of variance was used as a parametric method to compare mean values between groups while Kruskal–Wallis tests were used as a nonparametric method.

Pearson analysis and distance correlation analyses were used to calculate correlation coefficients. Contingency tables were analyzed by χ2 contingency test. The OS and TME-score were calculated using the R package survival and cutoff values determined. Based on the dichotomized TME-score, patients were grouped into high or low TME-score in each data set, and the computational batch effect was reduced by the R package sva. Data were mainly visualized using the R package ggplot2. R package, igraph was used to visualize the cellular interactions within the TME. For the differential gene expression analysis, we used the Benjamini–Hochberg method that converts the P values to FDRs to identify significant genes (34). The package pROC (35) was utilized to establish receiver operating characteristic (ROC) curves and calculate the area under the curve (AUC). OncoPrint was used to delineate the mutation landscape of TCGA via the maftools R package (36). The Kaplan–Meier method was applied to generate and visualize survival curves for the subgroups, and the differences between data sets were compared using the log-rank test. The univariate and multivariate Cox proportional hazards regression models were utilized to calculate the hazard ratios in univariate and multivariate analyses and to determine independent prognostic factors using the R package survival. All survivorship curves were generated via R package survminer. All heatmaps were generated based on pheatmap. All statistical analyses were performed in R version 3.6.1 (https://www.r-project.org/). All tests were two-sided and P values < 0.05 were considered to be statistically significant.




Results


The Landscape of Glioma TME

The TME cell infiltration patterns and gene signatures were evaluated (Figure 1). The ConsensusClusterPlus package was used to assess clustering stability to determine the optimal cluster number (Figure S1A), which supported two robust subtypes of gliomas in a meta-cohort. The optimal cluster number was also identified in TCGA (Figure S1B). We built an integrated TME cell network that comprehensively depicted a landscape of TME cell lineages, tumor immune cell correlations, and their prognostic values on the OS of glioma patients (Figure 2A and Tables S3, S4). A similar TME cell network was constructed in the TCGA cohort (Figure S2A and Tables S3, S4). Partitioning Around Medoid (PAM) was performed for the 2877 tumors with the corresponding TME cell expression profiles of the 12 included glioma cohorts (Figure 2B and Table S2). PAM was subsequently performed in the TCGA cohort (1027 patient samples), and two phenotypes were separated by different clinical factors (Figure S2B and Table S6). Two TME phenotypes were identified by TME cell infiltration and exhibited significant differences in the OS in the meta-cohort and TCGA alone (log-rank test, p < 0.001; Figures 2C and S2C). Among the two clusters, PCA distribution was separated in both the meta-cohort and TCGA alone (Figures 2D and S2D). Figure 2E shows that the two TME clusters exhibited significant differences in TME cell infiltration patterns, and these differences were reported in multiple immune suppressive cell types. Additionally, PAM was performed in another two cohorts for validation, and there was a significant correlation between identified TME phenotypes and TME infiltration cell patterns in the CGGA and GSE108474 datasets, respectively (Figures S2E, F and Table S6). We further analyzed immune cells by the xCell algorithm (15). The two TME clusters identified by xCell algorithm were significantly different in terms of the survival probability (Figure S3E). Additionally, the TME clusters identified by xCell algorithm were consistent with those identified by the CIBERSORT algorithm (Figure S3F).




Figure 1 | Flow diagram of the study design. TME phenotypes were determined using the Partitioning Around Medoid method. Principal component analysis (PCA) was used to construct a TME scoring system. A total of 857 glioma samples from four datasets were used for external validation of the TME-score. The correlation of TME phenotypes and TME-scores with diverse clinicopathologic characteristics, genomic features, and immunotherapeutic efficacy in glioma patients was determined. Immunohistochemistry staining for the M2 macrophage marker CD68 and CD163, and RNA sequencing of glioma samples from the XYNS cohort were performed.






Figure 2 | TME landscape in gliomas and characteristics of TME subtypes in the meta-cohort. (A) Cellular interaction of the TME cell types. (B) Unsupervised clustering of TME cells for 2877 patients in the meta-cohort. (C) Kaplan–Meier curves for two TME groups of 2877 patients in the meta-cohort. Log-rank test, P < 0.001. (D) PCA separated the two TME clusters. (E) Fraction of TME cells in two TME clusters. The scattered dots represent TME cell expression values within each group. NS, Not Statistically Significant; **P < 0.01; ****P < 0.0001.





Functional Annotations for TME Phenotype Clusters

To elucidate the correlation between the immune infiltrating environment and TME clusters, 20 of both immune-related and DNA regulation-related signaling pathways in GO analysis were identified in the meta-cohort (Figure S3A). We found that TME cluster1 was associated with immunosuppressive pathways (Figure S3A). Additionally, TME cluster 1 was associated with pathways regulating tumor cell proliferation (Figure S3A). Similar results were observed in the TCGA database (Figure S3B), showing differences in 20 signaling pathways in the two TME clusters (Figures S3C, D).



Generation of TME Gene Signatures and Functional Annotation

We acquired a total of 1312 DEGs (Table S5) using the limma package to classify the patients into genomic subtypes and to investigate the potential biological characteristics of each TME infiltration cell pattern. The analysis was significantly consistent with the clustering results of the TME phenotype groups (χ2 contingency tests, p =1.95 × 10-12). The TCGA glioma cohort population was grouped into two TME gene clusters 1 and 2 (Figure S4A). The survival analysis of the two patient clusters indicated that gene cluster 1 correlated with worse survival outcomes than cluster 2 (Figure S4B). The GO and KEGG enrichment analyses showed that gene clusters 1 and 2 were enriched in distinct biological processes. In GO enrichment analysis, gene cluster 1 was involved in tumor proliferation (Figure S4C). Overexpression of genes involved in immune activation pathways was enriched in gene cluster 2 (Figure S4D). Additionally, the KEGG enrichment analysis showed that gene cluster 1 was associated with tumor proliferation and was a prognostic marker for poor survival outcomes (Figure S4E). Gene cluster 2 was associated with immune activation and was a prognostic marker for better survival outcomes (Figure S4F).



Generation of TME-Score, Transcriptome Traits, and Clinical Characteristics

The SVM-RFE algorithm was used in dimension reduction to extract phenotype signatures with high classification accuracy and further explore the role of TME phenotypes. Sixty-three most representative DEGs were identified (Figure S5A and Table S7); the chromosomal distribution and expression of these genes are displayed in Figure S5B. Almost all of the 63 genes were significantly differentially expressed between glioma molecular subtypes, isocitric dehydrogenase (IDH) mut glioma and IDH wt glioma (Table S13). The regulatory networks identified by the clusterProfiler R package suggested that immune activation and tumor proliferation pathways were involved and exhibited significant overlaps with other pathways (Figure S5C).

The PCA algorithm was used to define the TME-scores of the 12 cohorts (Table S8). Based on the 63 DEGs, PCA distribution was separated among the two TME gene clusters in TCGA (Figure S5F). The interconnections among TME clusters, TME gene clusters, TME-scores, patient survival, and tumor grade are presented in Figure S5D. Contingency table revealed the significant consistency between TME clusters and TME-scores, which TME score could be considered a collection of the features of the two TME clusters (Figure S5E). The distribution of TME-scores in TME clusters in CGGA and GSE108474 datasets are shown in Figure S5G. Consistent with the findings in TME gene cluster 1, a high TME-score was a prognostic marker for poor clinical outcomes in TCGA and meta-cohort (Figures 3A, B). Given that gliomas consist of various types and grades of glial tumors, the differences in TME landscapes among different types of glial tumors were explored. The prognostic values of TME-scores were verified in TCGA LGG (Figure S6A) and TCGA GBM (Figure S6B). The TME-score was also a prognostic marker for the IDH status in LGG (Figure S6C), GBM (Figure S6D), and pan-gliomas (Figure S6E). A high TME-score was associated with metastatic and immunosuppressive signatures (Figure 3C). The correlations between TME-scores and these known signatures are shown in Figure S5H.




Figure 3 | Immune-related characteristics of the TME score. (A) Kaplan–Meier curves for high and low TME-score patient groups in TCGA. Log-rank test, P < 0.001. (B) Kaplan–Meier curves for the high and low TME-score patient groups in the meta-cohort. Log-rank test, P < 0.001. (C) TME-score patient groups were distinguished by different known signatures (immune, mismatch, and stromal signatures as indicated) in TCGA. The scattered dots represent the mean value of signature genes within each group. (D) Expression difference of Estimate Score, Immune Score, and Stromal Score in TME-score in TCGA. (E) Fraction of TME cells in TME-score in TCGA. Scattered dots represent TME cell expression values. (F) Correlation between TME-score and TME cells calculated by different algorithms in TCGA. (G) Fraction of seven types of immune checkpoints in TME-score in TCGA. Scattered dots represent immune checkpoint expression values. NS, Not Statistically Significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.



The associations between TME-scores and the immune infiltrating environment was further examined. High TME-scores were correlated with Estimate Scores, Immune Scores, and Stromal Scores (Figure 3D) and also associated with the infiltration of M2 macrophages, mast cells, and neutrophils. Thus, high TME-scores were an indication of the immunosuppressive environment and poor survival outcomes while low TME-scores were prognostic for activated immune environments (Figures 3E, S5I). Further, TME-scores were significantly correlated with CD8 T cell, NK cell, regulatory T cells (Tregs), macrophages, fibroblasts, Th1 cells, and dendritic cells based on TIMER algorithm, EPIC algorithm, MCPcounter algorithm, quanTlseq algorithm, and xCell algorithm (Figure 3F). The immunocyte infiltrating characteristics of TME-scores were verified in LGG (Figure S6F) and GBM (Figure S6G). Gliomas with a high TME-score expressed more immune checkpoints, such as LAG3, CD40, and PDCD1LG2 (Figure 3G). Figure S7B displays the expression differences of TME-scores in relation to several clinical factors. Gliomas with unmethylated MGMT, IDH WT, 1p19q non-codeletion, higher grade, and mesenchymal gliomas with poor survival outcomes had high TME-scores.



TME-Score Is Associated With Unique Genomic Alteration Patterns

We performed a copy number variant (CNV) (Figure 4A) and somatic mutation analysis (Figures 4B, C) of the TCGA dataset to determine the associations between TME-score and glioma genomic profiles. Various frequently amplified and deleted genomic regions were observed in high and low TME-score samples (Figure 4A). The somatic mutation analysis showed mutation frequencies of various genes as follows: TP53 (45%), IDH1 (40%), ATRX (27%), TTN (21%), and EGFR (20%) in the high TME-score (Figure 4B), while IDH1 (62%), TP53 (31%), and CIC (27%) in the low TME-score cluster (Figure 4C). A CNV comparison between high and low TME-score clusters identified significantly different CNV regions (Table S11). The mutated genes were compared between high and low TME-score clusters, identifying different mutated genes (Table S12).




Figure 4 | Distinct genomic profiles associated with the TME-score. (A) GISTIC 2.0 amplifications and deletions in gliomas with high and low TME-scores. Chromosomal locations of peaks of significantly recurring focal amplifications (red) and deletions (blue) are presented. (B) Differential somatic mutations were detected in gliomas with high TME-score. (C) Differential somatic mutations were detected in gliomas with low TME-score. (D) Subgroup analyses estimating the clinical prognostic value between low/high TME-score groups in independent glioma datasets.





Potential Intrinsic Immune Escape Mechanisms of TME-Score

High TME-scores demonstrated significant enrichment of PD-1 signaling, T cell signaling, Hypoxia signaling, exosome signaling, immunosuppressive cells including Tregs, myeloid-derived suppressor cells (MDSCs), tumor-associated macrophages (TAMs), and cancer-associated fibroblasts (CAFs) (Figure 5A). m6A signatures that were associated with antitumor immunity were also enriched in high TME-scores (Figure 5B). In term of antigen presentation capacity, high TME-scores presented higher antigen processing and presenting machinery (APM) score (Figure 5C). Cancer testis antigen (CTA) and neoantigens were vital source of tumor-specific antigens, and they were significantly higher in high TME-scores (Figures 5D, E). A series of factors associated with tumor immunogenicity was then assessed. High TME-scores presented higher level of nonsilent mutation rate, number of segments, and aneuploidy score, all of which were significant indicators for genome alteration (Figures 5F–H). Stroma signatures including TGF-beta response, leukocyte fraction, and stromal fraction were higher in high TME-scores (Figures 5I–K). Intratumor heterogeneity and tumor mutation burden (TMB) predicting better immunotherapy responses were also higher in high TME-scores (Figures 6A, B).




Figure 5 | Potential immune escape mechanisms related to TME-score. (A) Characterization of the immune suppressive signatures associated with TME-scores in TCGA. (B) Fraction of m6A signature genes in TME-score in TCGA. (C) APM score in high and low TME-score. (D) CTA score in high and low TME-score. (E) SNV neoantigens in high and low TME-score. (F) Nonsilent mutation rate in high and low TME-score. (G) Number of segments in high and low TME-score. (H) Aneuploidy score in high and low TME-score. (I) Leukocyte fraction in high and low TME-score. (J) Stromal fraction in high and low TME-score. (K) TGF-beta response in high and low TME-score. NS, Not Statistically Significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.






Figure 6 | TME-score is a prognostic biomarker and predicts immunotherapeutic benefit. (A) Intratumor heterogeneity in high and low TME-score. (B) TMB in high and low TME-score. (C) TIDE value and response to immunotherapy of patients with TME-scores. (D) Submap analysis based on the TIDE algorithm showed a significant difference in response to CTLA-4 and anti-PD-1 therapy with respect to the TME-score in TCGA. (E) TME-scores in groups with a response and non-response to anti–PD-1. Differences between groups were compared by the Wilcoxon test (Wilcoxon, P = 0.036). (F) Predictive value of the TME-score measured by ROC curves in the GSE35640 cohort. AUC is 0.657. (G) Kaplan–Meier curves for high and low TME-score patient groups in the GSE78220 cohort. Log-rank test, P = 0.00139. (H) TME-scores in groups with different anti–PD-1 clinical response status (CR/PR and SD/PD). Differences between groups were compared by Wilcoxon test (Wilcoxon, P = 0.019). (I) Rate of clinical response (CR/PR, SD/PD) to anti–PD-1 immunotherapy in high or low TME-score groups in the GSE78220 cohort. (J) Predictive value of the TME-score, PD-L1, and PD-L2 measured by ROC curves in the GSE78220 cohort. AUC is 0.742. Scatter plots depicting a positive correlation between TME-score and (K) CYT and (M) GEP. Pearson Correlation Coefficient R = 0.34 and 0.51, respectively. (L) CYT and (N) GEP expression differences in high and low TME-scores. Differences between groups were compared through the Wilcoxon test (Wilcoxon, P < 0.001).





The TME-Score Predicts Therapeutic Benefits

We assessed the TME-scores in glioma cohorts because of their prognostic significance associated with poor outcomes in glioma datasets (Figure 4D). Survival analysis in the 10 included cohorts indicated an association of the high TME-score with poor survival outcomes in all datasets (Figure S7A). Univariate and multivariate Cox regression models in both TCGA and CGGA cohorts showed that the TME-score model was an independent prognostic factor (Figure S8A). TME-scores were also validated in several external datasets and high TME-scores were found to be prognostic markers for poor survival outcomes (Figure S9A).

The ability of the TME-score to predict patients’ response to immune-checkpoint therapy was explored by assigning the GSE35640 cohort patients (melanoma dataset) to different TME-score groups. Patients with high TME-scores exhibited better immunotherapeutic responses (Figure 6E). The ROC analyses confirmed that TME-score was a predictive biomarker in patients with melanoma (Figure 6F). In another melanoma dataset, GSE78220, patients with high TME-scores exhibited significantly longer OS compared to patients with low TME-scores (Figure 6G). High TME-scores also correlated with complete anti-PD-1 responses (Figures 6H, I). The expression patterns of TME-scores in 27 melanoma patients with complete anti-PD-1 and partial anti-PD-1 responses and progressive disease are displayed in Figure S8C. The ROC analyses confirmed that TME-score was a predictive biomarker in melanoma patients (Figure 6J). TME-score was also found to be significantly correlated with two classical immune checkpoint molecules, LAG3 and PDCD1LG2 (Figure S8F).

To further elucidate the correlation between TME-score and immunotherapy, the potential response to immunotherapy in TCGA based on the TIDE algorithm was evaluated. Patients with high TME-scores exhibited better immunotherapy response compared to those with low TME-scores (Figure 6C). Subsequently, responses to anti-PD-1 and anti-CTLA-4 therapies were analyzed. The results showed different responses between high and low TME-score groups to both immunotherapies, which a high TME-score exhibited a significant response to anti-PD-1 immunotherapy while TME-score predicted no response for anti-CTLA-4 immunotherapy in TCGA (Figure 6D). Further, TME-scores were significantly associated with CYT (Figures 6K, L). A high TME-score indicated increased expression of GEP (Figures 6M, N). TME gene cluster 1 and TME phenotype cluster 1 also showed a high expression of CYT and GEP (Figures S8D, E).



Functional Annotation and Genomic Analysis of TME-Scores

The potential associations between TME-scores and signaling pathways in GO and KEGG pathways based on GSVA were analyzed in TCGA. GO results showed that high TME-scores were significantly associated with immune-related pathways (Figure S9B). KEGG analysis showed that a high TME-score was associated with pathways in cancer, apoptosis, and VEGF signaling pathway (Figure S9C). These results denoted the complexity of TME and also showed that activated T cells were major components of immune infiltrating cells. GSEA indicated that negative regulation of the immune response and T cell activation were enriched in high TME-scores (Figure S9D). Pathways in cancer were associated with high TME-scores as shown in KEGG analysis (Figure S9E). A high TME-score indicated the presence of higher overall variants (Figure S8B). Additionally, a high TME-score was associated with lower arm SCNA levels and higher chromosome SCNA levels in this study (Figure S8G).



Validation of TME-Scores in the XYNS Cohort

We validated TME-scores in our samples with sequencing data from Xiangya hospital (Table S14). High TME-scores served as prognostic markers for poor clinical outcome in the XYNS cohort (Figure 7A). Figure S10A shows that the high TME-score exhibited significant higher TME cell infiltration level based on ssGSEA algorithm, and these differences were reported in multiple immune suppressive cell types, including macrophages, mast cells, MDSCs, and Tregs. Gliomas with a high TME-score expressed higher levels of immune checkpoint molecules including CD274, CD276, PDCD1LG2, LAG3, PDCD1, TIGIT, IDO1, CTLA4, and TGFB1 (Figure S10B). As shown in Figure 7B, TME-scores were also found to be positively correlated with four classical immune checkpoints (CD274, PDCD1LG2, LAG3, and PDCD1). Given the critical role of macrophages in the tumor microenvironment, CD68 and CD163, specific M2 macrophage markers, were used for the identification of M2 macrophages in the glioma microenvironment (37). IHC staining showed that high TME-scores exhibited a relatively higher expression of CD68 and CD163 compared to low TME-scores (Figure 7C), implying a high infiltration of M2 macrophages in the tumor microenvironment with high TME-scores. Besides, IHC staining was also performed for CD66b (marker of neutrophil) (38) and CD117 (marker of mast cell) (39) (Figure S11). Likewise, high TME-scores exhibited a relatively higher expression of CD66b and CD117 compared to low TME-scores, implying a high infiltration of neutrophils and mast cells in the tumor microenvironment with high TME-scores.




Figure 7 | Validation of TME-score in the XYNS cohort. (A) Kaplan–Meier curves for high and low TME-score patient groups in Xiangya samples. Log-rank test, P = 0.00106. (B) Scatter plots depicting a positive correlation between the TME-score and three classical immune checkpoints, CD274, PDCD1LG2, LAG3, and PDCD1. (C) Representative images of CD68 and CD163 IHC staining based on low and high TME-scores in Xiangya samples.






Discussion

TME is a complex system that plays an important role in the proliferation and progression of tumor cells. Previous studies have demonstrated that TME also contributes to chemoresistance (7). It is, therefore, considered a novel therapeutic target, especially for immunotherapeutic agents. However, the effects of immunotherapy on gliomas have not been adequately addressed. In this study, we established a TME signature based on prediction of immune infiltrating cells that showed good potential to predict glioma immunotherapy response. The TME signature revealed the immune and stromal statuses, and predicted the survival of patients with glioma. Gene cluster 1 of the TME signature was enriched in genes involved in signaling pathways related to tumor proliferation and progression and was associated with poor survival. Gene cluster 2 had a significant association with immune activation pathways. Immune checkpoints have been shown to facilitate tumor immune evasion (40). In this study, an immunosuppressive microenvironment highly expressing classical immune checkpoints was observed in gene cluster 1.

Based on several consensus computational algorithms, the TME infiltration pattern was estimated and the TME-score for gliomas was established. Most of the 63 differentially expressed genes identified by TME-score, such as ARHGDIB, MYO1F,and CD14 have been demonstrated to facilitate tumor proliferation and regulate tumor immune microenvironment in breast (41) and pancreatic (42) cancers, respectively. Analysis of the publicly available datasets and the sequencing data from Xiangya samples indicated that a high TME-score predicted poor survival and an immunosuppressive environment, consistent with the findings in TME phenotypes and TME gene clusters. A high TME-score was also associated with a higher mutation rate of oncogenes, including TP53 and PTEN, while IDH mutation, a favorable prognostic marker for gliomas, was detected in low TME-score. Moreover, the TME-score had a high SCNA. In the functional annotation of TME-score in glioma, T cell activation and macrophage activation were significantly correlated with high TME-score. These observations underscore the complexity of biological processes in TME and immune activation that coexist with immune suppression.

The Cox regression analysis showed that the TME-score was associated with high risk in gliomas and several other cancers. Notably, a high TME-score was a favorable marker in melanoma. The patient age, tumor grade, IDH mutation, 1p19q codeletion, and TME-score were all identified as risk factors in glioma patients. Moreover, mesenchymal gliomas had the highest TME-score. A previous study demonstrated that the mesenchymal glioma subtype was associated with an immunosuppressive environment (43), consistent with our results that TME-score could predict an immunosuppressive environment. Notably, TME-score was observed to be significantly involved in the immunological functions of four classical immune suppressive cells including TAMs, MDSCs, Tregs, and CAFs. The IHC staining results proved that M2 macrophages, mast cells, and neutrophils were more infiltrated in tumor microenvironment of patients with high TME-scores. Moreover, high ICP score prominently participated in the regulation of immunomodulators for tumor immunogenicity and antigen presentation capacity. TMB, a diagnostic phenotype with more malignancy of cancer and better immunotherapy response, was more significantly correlated with high TME-score (44). High TME-score was also detected with higher Intratumor Heterogeneity, a diagnostic phenotype with more malignancy of cancer (45). Additionally, high TME-score had the distinct biological characteristics regarding stroma signatures such as TGF-beta response and leukocyte fraction compared with low TME-score, and these stroma signatures have previously been proved to facilitate the immune escape of cancer (46). Therapeutic inhibitors that block the PD-1/PD-L1 pathway have been reported to enhance immunotherapy responses in multiple cancers (32, 47–51). So far, anti-PD-1 therapy has not been effective in glioma cohorts, and one phase 3 trial failed to show that PD-1 inhibition confers a survival benefit in patients with recurrent glioblastoma (52). Therefore, we examined the impact of TME-score on anti-PD-1 therapy based on two melanoma cohorts, GSE35640, and GSE78220. Patients with high TME-score were more likely to benefit from anti-PD-1 therapy, demonstrating the different immune infiltrating microenvironment between gliomas and melanoma. Using the TIDE algorithm, high TME-scores correlated with good response to immunotherapies such as anti-PD-1 and anti-CTLA-4. Thus, we hypothesized that the TME-score may potentially serve as a sensitive marker for predicting glioma patients’ response to anti-PD-1 therapy.

A positive correlation was observed between TME-score, GEP, and CYT. GEP-induced CYT enhanced the anti-tumor activity of the adoptive transfer of T cells. These results may appear contradictory to the perilous role of high TME-score in gliomas. However, this could be attributed to TME complexity, where activated T cells coexist with multiple immunosuppressive infiltrating cells. Previous studies have shown that T cell–infiltrated tumors have an optimal response to therapies targeting the immune system inhibitory mechanisms (53). The high TME-score was positively involved in T cell activity and indicated a better response to anti-PD-1 therapy.

Although many studies have established prognostic models based on several immune-related signature genes, they were based on small samples and only utilized a small fraction of TME (Table S9). In this study, we developed a TME-score based on several signature genes that enabled us to comprehensively explore the infiltration characteristics of the TME cells in individual glioma patients. Thus, the TME-score would help study the immune phenotype of tumors thereby improving clinical management. The performance of the TME-score was consistent with findings from TME clusters and TME gene clusters. Further analysis showed that the TME-score could assess patients’ clinicopathological features, including the immune infiltration pattern, tumor stage, age, molecular subtypes, and genetic variations. TME-score showed good potential as an independent prognostic biomarker in predicting patient survival. Currently, there are multiple ongoing clinical trials on immunotherapy targeting PD-1; however, they have not demonstrated promising results so far (Table S10). Therefore, the TME-score established here would help evaluate clinical response to anti-PD-1 therapy and promote the development of effective immunotherapy strategies.
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Interleukins (ILs) and interleukin receptors (ILRs) play important role in the antitumor immune response. However, the expression signature and clinical characteristics of the IL(R) family in lung adenocarcinoma (LUAD) remains unclear. The main purpose of this study was to explore the expression profile of IL(R) family genes and construct an IL(R)-based prognostic signature in LUAD. Five public datasets of 1,312 patients with LUAD were enrolled in this study. Samples from The Cancer Genome Atlas (TCGA) were used as the training set, and samples from the other four cohorts extracted from Gene Expression Omnibus (GEO) database were used as the validation set. Additionally, the profile of IL(R) family signature was explored, and the association between this signature and immunotherapy response was also analyzed. Meanwhile, the prognostic value was compared between this IL(R)-based signature and different immunotherapy markers. A signature based on five identified IL(R)s (IL7R, IL5RA, IL20RB, IL11, IL22RA1) was constructed using the TCGA dataset through univariate/multivariable Cox proportional hazards regression and least absolute shrinkage and selection operator (LASSO) Cox analysis. These cases with LUAD were stratified into high- and low-risk group according to the risk score. This signature showed a strong prognostic ability, which was verified by the five independent cohorts and clinical subtypes. The IL(R)-based models presented unique characteristics in terms of immune cell infiltration and immune inflammation profile in tumor microenvironment (TME). Biological pathway analysis confirmed that high-risk patients showed significant T- and B-cell immunosuppression and rapid tumor cell proliferation. More importantly, we researched the relationship between this IL(R)-based signature and immune checkpoints, tumor mutation burden (TMB), tumor purity and ploidy, and tumor immune dysfunction and exclusion (TIDE) score, which confirmed that this signature gave the best prognostic value. We first provided a robust prognostic IL(R)-based signature, which had the potential as a predictor for immunotherapy response to realize individualized treatment of LUAD.
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Introduction

Lung cancer is a major type of cancer and an important cause of cancer-related death in China and worldwide (1). Lung adenocarcinoma (LUAD) accounts for more than 40% of lung cancers and is also a major pathological subtype of lung cancer (2). Despite great advances in treatment strategies for lung cancer, including molecular targeted drugs and immune checkpoint inhibitors, the 5-year survival rate for lung cancer is only 17% (3). Therefore, it is necessary to find a method that can specifically predict patient survival so that the most appropriate personalized treatment can be tailored to different subgroups of patients with lung cancer. With the development of multi-omics, many studies using different expression profiles and bioinformatics have provided a variety of prognostic assessment methods for patients with LUAD. However, the parameters used in these studies were derived from genome-wide and transcriptome data and did not take into account the biological processes of the patients, which might lead to natural errors. In addition, these methods were simply mathematical models that might not reflect the intrinsic characteristics of the tumor itself.

With the successful application of immune checkpoint inhibitors (ICIs), the treatment effect of lung cancer has been significantly improved over the decades (4). Many studies have investigated the role of programmed cell death 1 (PD1)/programmed death-ligand 1 (PD-L1) in immunosuppression and verified their ability to act as a prognostic biomarker for tumor progression or as a biomarker for predicting immune response. However, these ICIs targeting PD-L1 and PD1 have a significant disadvantage that more than half of patients do not respond to PD-1/PD-L1 immunotherapy (5), suggesting the presence of other costimulatory signaling pathways in the tumor microenvironment of LUAD.

The IL(R) families refer to the lymphatic factors that interact between white blood cells or immune cells. They play an important role in transmitting information; activating and regulating immune cells; mediating the activation, proliferation, and differentiation of T or B cells; and regulating inflammatory response (6, 7). In the TME, tumor cells can produce a series of immunosuppressive factors, such as interleukin (IL)-10 or IL-4, which inhibit the activity of T cells and the killing ability of natural killer (NK) cells, and mediate the polarization of macrophages to the immunosuppressive direction (8, 9). Recently, some studies have shown that ILs could exert antitumor effects by enhancing the tumor therapeutic sensitivity of immune checkpoint inhibitors (10). Wen et al. showed that the IL20RA-mediated pathway formed a tumor-friendly immune microenvironment by increasing the expression of PD-L1 and reducing the recruitment of anticancer lymphocytes (11). IL-1β is secreted mainly by macrophages in immune response to pathogens. Inhibition or depletion of IL-1β in the TME has been verified to inhibit tumor vascular survival and various metastatic cell-induced lung metastases. Therefore, antibody strategy targeting the IL-1β signaling pathway showed great promise in curing lung cancer (12–14). Similarly, a variety of different ILs, such as IL-2, IL-15, IL-27, and IL-6, play an important role in tumor microenvironment and immunotherapy (13–17). In fact, many tumor therapies targeting IL-15 and IL-2 have shown positive therapeutic effects (15, 16). However, the expression profile and clinical features of IL(R) family in LUAD are still unclear.

We conducted a comprehensive analysis of the expression details and clinical features of IL(R) family in LUAD. In addition, 1,312 LUAD samples were selected from five public data sets to create and validate a prognostic model of five-IL(R)-based signature for LUAD. We first deeply analyzed the expression features and landscape of IL(R) family members in LUAD and validated an accurate IL(R)-based signature to serve as a reliable biomarker to predict the prognosis of LUAD. More importantly, based on comparison with other indicators for immunotherapy response, this five-IL(R)-based prognostic model showed a more powerful and reliable ability to predict the effect of immunotherapy and the prognosis of patients. Our findings will help clinicians implement individualized treatment for LUAD patients.



Materials and Methods


Publicly Data Collection

Cases with LUAD from five public databases were enrolled in this study. Among them, 464 LUAD samples with clinical characteristics were collected from The Cancer Genome Atlas (TCGA) (https://portal.gdc.cancer.gov/), which served as the training set. The other four independent validation sets containing 848 cases were downloaded from Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo), including 117 samples from GSE13213, 85 samples from GSE30219, 226 samples from GSE31210, and 420 samples from GSE72094. Log2 conversion was performed for messenger RNA (mRNA) expression data, and the average expression amount was taken as the gene expression quantity. The basic clinical characteristics of these five cohorts are shown in Table 1.


Table 1 | Clinical characteristics of lung adenocarcinoma from multiple cohorts.





The Five IL(R)s Identification and Signature Generation

Based on TCGA transcriptome data, 87 IL(R)s were included in this study. Using R package “edge R”, 24 differently expressed genes (DEGs) were identified between normal and tumor tissues according to the standard of adjusted p < 0.001 and |log2 (fold change)| > 1. Univariate Cox regression analysis was used to analyze the relationship between the expression of IL(R)s and overall survival (OS) in LUAD, and seven IL(R)s were found to be associated with the prognosis of LUAD. Next, we performed a least absolute shrinkage and selection operator (LASSO) Cox regression model using R3.6.1 statistical software to figure out five IL(R)s (IL7R, IL5RA, IL20RB, IL11, and IL22RA1) that were thought to play the most important role in LUAD. A rigorous model-development process defined this five-IL(R)-based risk model, which was constructed by considering the expression of priority genes and the related risk coefficient as defined in the equation: risk score = −0.09948*IL7R + −0.51191*IL5RA + 0.09591*IL20RB + 0.28446*IL11 + 0.2596*IL22RA1. Patients with LUAD were divided into high- and low-risk groups based on the median value of risk score.



Pathway and Function Enrichment Analysis

Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) pathway and functional enrichment analysis were performed using R statistical software and R packages.



Analysis of Immune Cell Infiltration

CIBERSORT was used to estimate the abundance of immune cell infiltration in different risk groups in this study (17). CIBERSORT is a tool for deconvolution of the expression matrix of immune cell subtypes based on the principle of linear support vector regression, using RNA-seq data to estimate immune cell infiltration. In different tumors, this method of detecting the composition of immune cells is highly consistent with the real results (18). LM22 contains 547 genes that distinguish 22 human hematopoietic cell phenotypes, including seven T cell types, naive and memory B cells, plasma cells, NK cells, and myeloid subsets downloaded from the CIBERSORT web portal (https://cibersort.stanford.edu/) (17). CIBERSORT calculated the proportion of different immune cell types based on LM22 signature algorithm.



GSVA and GSEA Analysis

The results of the seven metagenes clusters were emulated by Gene Sets Variation Analysis (GSVA), which evaluates whether a gene is highly or lowly expressed in sample in the context of the sample population distribution (19). Signaling pathways related to the IL(R)-based signature were analyzed through Gene Set Enrichment Analysis (GSEA). GSEA is commonly used to evaluate the distribution trend of genes in a predefined gene set, which has been widely reported to investigate the biological process difference between subtypes (20, 21).



TMB and Neoantigen Analysis

Gene mutation data of patients with LUAD was generated from TCGA dataset (https://portal.gdc.cancer.gov/). The definition of tumor mutational burden (TMB) is mutations per million bases. The protein with specific amino acid sequence variation produced by cancer cells based on genetic variation is called “neoantigen”. We obtained neoantigen data of LUAD patients from The Cancer Immunome Atlas (TCIA) (https://tcia.at/home).



TIDE and Immune Checkpoint Analysis

Tumor immune dysfunction and exclusion (TIDE) score was first defined by Jiang and his colleagues (22), which has been proven to have robust power for predicting the prognosis of cancer patients. We obtained TIDE score, IFN-γ (IFNG), merck18 (T-cell-inflamed signature) score, CD8 score, dysfunction score, and exclusion score from the TIDE web (http://tide.dfci.harvard.edu). The expression of immune checkpoints (PD-1, PD-L1, CTLA4, TIM-3, and LAG3) was extracted from TCGA database.



Estimation of IDI and NRI

Net reclassification improvement (NRI) is often used to compare the accuracy of prediction ability of two models. To verify the improvement of the prognostic ability of the five-IL(R)-based signature, we estimated the integrated discrimination improvement (IDI) and NRI using R package of “PredictABEL”.



Statistical Analysis

The patients with LUAD were divided into high- and low-risk groups according to median or optimal cutoff value. The Kaplan–Meier method was used to evaluate the OS between the high- and the low-risk group, and the log-rank was used to verify the significant difference. The unpaired u-test was used to analyze the distribution of immune cells, TMB, number of neoantigens, number of clonal neoantigens, number of subclonal neoantigens, PD-L1 protein expression, and TIDE in the different risk groups. Independent prognostic factors were calculated by Cox proportional hazard regression model. Among all the analysis methods, p < 0.05 was considered statistically different. R 3.6.1 (https://www.r-project.org) and GraphPad Prism 8.0.1. were used to analyze data and create tables and figures.




Results


Identification of Prognostic IL(R)s in LUAD

Based on the standard of adjusted p < 0.001 and |log2 (fold change)| > 1), a total of 27 IL(R) family members with significant differences in LUAD were enrolled in this study (Supplementary Table S1). Volcano map (Figure 1A) and heatmap (Figure 1B) showed the expression characteristics of 27 DEGs. Univariate cox regression analysis for the 27 DEGs identified seven genes, which were significantly associated with OS (Supplementary Table S2). Five most important genes were further screen out using LASSO analysis (Figures 1C, D). Multivariable Cox analysis was performed to prove that IL5RA, IL11, and IL22RA1 were independent prognostic risk factors (p < 0.05) (Figure 1E).




Figure 1 | Identification of prognostic interleukins (IL) and interleukin receptors (ILR) in LUAD based on TCGA cohort. (A) The volcano map showed all IL(R) genes in LUAD comparing with normal tissues. (B) Heatmap showed 27 differentially expression genes (DEGs) panel. (C) LASSO coefficient profiles of the most useful prognostic genes. (D) 100-fold cross-validation for tuning parameter selection in the LASSO model. (E) Multivariable Cox proportional hazards regression analysis of the five prognostic genes.





The Landscape and Prognostic Significance of the Five-IL(R)-Based Signature in LUAD

A stepwise Cox proportional hazards regression model was constructed using the expression of the identified five IL(R)s and their corresponding regression coefficients: risk score= −0.09948*IL7R + −0.51191*IL5RA + 0.09591*IL20RB + 0.28446*IL11 + 0.2596*IL22RA1. All these patients were divided into high- and low-risk groups based on the median risk score. Figure 2A shows the distribution of survival status and risk score, which indicated that more deaths occurred in the high-risk group. Figure 2B exhibits the expression characteristics of these identified five IL(R)s. Patients with low risk score had high levels of IL7R and IL5RA. High expression of IL20RB, IL11, and IL22RA1 often occurred in patients with high risk score.




Figure 2 | The landscape and prognostic significance of the five-IL(R)-based signature in LUAD using TCGA cohort. (A) the distribution of risk score and survival status. (B) Heatmap showed the expression characteristics of the identified ILs. (C) Kaplan-Meier curves compared the OS of total LUAD (n=464) between high- and low-risk groups. Kaplan-Meier curves compared the OS of early-stage (stage I and II) LUAD (n=358) (D) and advanced-stage (stage III and IV) LUAD (n=98) (E) between high- and low-risk groups.



In order to verify the rationality of this five-IL(R)-based signature, we performed survival analysis on all cases and found that the OS of patients in the high-risk group was significantly lower than that in the low-risk group (Figure 2C, p < 0.0001). As known, lung cancer stage is an important factor in patient survival. There were significant differences between the treatment regimens in the early stage (stages I and II) and the advanced stage (stages III and IV) (23). Therefore, we analyzed the OS of patients in different stages and found that the OS of the high-risk group was significantly lower than that of the low-risk group, both in the early stage (Figure 2D, p < 0.0001) and the advanced stage (Figure 2E, p = 0.014).



The Prognostic Power of the Five-IL(R)-Based in Clinical Subgroups

In order to further prove the powerful ability of this IL(R)-based signature to predict the prognosis of patients, we compared the OS of different risk groups in patients with different clinical subtypes (gender, age, and smoking history). The result confirmed that, in all clinical subgroups, patients with low risk score showed an obvious survival advantages (Supplementary Figure S1, p < 0.05).

Many factors can affect the OS of patients with lung cancer. Patients with different EGFR, KRAS, TP53, and STK11 mutation status were closely related to their prognosis and immunotherapy response (24, 25). In order to prove the powerful prognostic ability of this model, we compared the effects of high- and low-risk groups on OS in these gene mutation subgroups. Consistent with the expected result, the OS of high-risk group was significantly lower than that of low-risk group, no matter whether it was gene mutant or wild type (Supplementary Figure S2, p < 0.05).



Validation of the Five-IL(R)-Based Signature in Four Other Independent Cohorts

To verify the reproducibility of this five-IL(R)-based signature in LUAD patients, we first calculated risk values for each patient in four independent GEO datasets using the same formula. Table 1 lists all demographic data for these public GEO datasets. Patients in different cohorts were divided into high- and low-risk groups based on optimal cutoff points. Not surprisingly, Kaplan–Meier analysis showed that patients in the high-risk group had a higher risk of death than those in the low-risk group, as shown in Figure 3A [hazard ratio (HR), 3.314; 95%CI, 1.346–8.158; p < 0.0001], Figure 3B (HR, 3.15; 95%CI, 1.69–5.873, p <0.0001], Figure 3C (HR, 2.12; 95%CI, 1.08–4.16; p = 0.029), Figure 3D (HR, 2.03; 95%CI, 1.4–2.942, p = 0.0002). In addition, we determined the prognostic significance of IL(R) family-based signatures in these public cohorts through a prognostic meta-analysis based on these five groups (n = 1,312). Our results confirmed that IL(R)-based signature was a risk factors for LUAD patients (HR, 2.028; 95%CI, 1.671–2.461, p < 0.0001) (Figure 3E).




Figure 3 | Validation of the prognostic value of the five-IL(R)-based signature in four independent GEO datasets. (A) GSE13213 (n=117); (B) GSE30219(n=85); (C) GSE31210 (n=226); (D) GSE72094 (n=420). (E) A meta-analysis based on prognostic results of the five independent datasets.





The Five-IL(R)-Based Signature Was an Independent Risk Factor for LUAD

In order to prove whether the predictive value of this five-IL(R)-based signature was affected by other clinical features, univariate and multivariate regression analysis was used, and the data showed that high risk score was an independent prognostic factor (HR, 1.724; 95%CI, 1.407–2.114, p < 0.0001). In addition, T and N stages were also independent prognostic factor (Table 2).


Table 2 | Univariable and multivariable Cox regression analysis of the IL(R)-based signature in TCGA dataset.





Biological Pathways Related to the Five-IL(R)-Based Signature

This powerful predictive ability of the five-IL(R)-based signature aroused our interest in exploring its potential mechanism. First of all, in order to be able to analyze the molecular biological characteristics of this model comprehensively, we screened out these genes strongly related to five-IL(R)-based signature score (Pearson |R| > 0.3, p < 0.05). The result indicated that 262 genes were negatively correlated with the risk score, and 474 genes were positively correlated with this IL(R)-based signature (Figure 4A). GO and KEGG function enrichment analysis was performed on the screened genes. As shown in Figure 4B, these genes were mainly involved in cell mitosis, proliferation, antigen processing and presentation, and immune regulation pathway (T-cell receptor signaling pathway, MHC-II protein signaling pathway, etc.). In addition, KEGG analysis showed that these genes were closely related to immune response, cell cycle, T-cell differentiation, p53 pathway, etc. (Figure 4C).




Figure 4 | Biological pathways of the five-IL(R)-based signature in TCGA cohort. (A) Heatmap showed 262 genes most negatively correlated with IL -based risk score and 474 genes most positively correlated with IL(R)-based risk score in LUAD (Pearson |R| > 0.3, P<0.05). GO (B) and KEGG (C) analysis of the identified genes.





The Immune Cell Infiltration Profile of the Five-IL(R)-Based Signature

Considering that the identified signature was closely related to immune-related pathways, we further analyzed the infiltration of immune cells in the high- and low-risk samples. The LM22 method in CIBERSORT was used to calculate the infiltration of immune cells in each TCGA sample. As shown in Supplementary Figure S3A, compared with LUAD patients in high-risk group, patients with low-risk score had higher proportion of B cells memory, T cells CD4 memory resting, monocytes, dendritic cells resting, and mast cells resting. However, macrophages M0, NK cells activated, and mast cells activated had a high proportion in the high-risk group. Specifically, memory B cells, resting memory CD4+ T cells, resting dendritic cells, resting mast cells, and monocytes were negatively correlated with risk score, whereas M0 macrophages, activated NK cells, activated mast cells, and follicular helper T cells were positively correlated with risk score (Supplementary Figure S3B). Supplementary Figure S3C exhibits the distribution of the main immune cell populations in the two risk groups. M0 macrophages and resting memory CD4+ T cells were the main components of the tumor immune infiltrate in patients at both high and low risk.



Inflammatory and Immunologic Profile of the Five-IL(R)-Based Signature

To further understand the inflammatory profile associated with this IL(R)-based signature, we investigated the relationship between risk score and seven metagenes (Figure 5A). We used GSVA to simulate the corresponding results of seven metagenes (22) and found that the risk score was negatively correlated with MHC-II, HCK, and LCK (Figure 5B).




Figure 5 | Inflammatory and immunologic profile of the five-IL(R)-based signature in TCGA cohort. (A) Heatmap showed the relationship between risk score and immune inflammatory metagenes. (B) Correlogram was generated based on Pearson r-value between risk score and metagenes. (C–E) The different gene sets enrichment analysis based on GSEA.



Although previous studies have shown that this signature was related to immunity, the enrichment of antitumor and tumor-promoting pathways in the TME of different risk groups was not clear. Then, we performed GSEA enrichment analysis. As shown in Figure 5C, hallmark analysis showed that the tumor-promoting pathways—DNA_REPAIR, G2M_CHECKPOINT, MTORC1_SIGNALING, and MYC_TARGETS_V1—were enriched in high-risk group, while the antitumor pathways—ALLOGRAFT_REJECTION and IL2_STAT5_SIGNALING—were mainly enriched in low-risk group. The KEGG analysis indicated that CELL_CYCLE, DNA_REPLICATION, and P53_SIGNALING_PATHWAY that promoted cell proliferation were mainly enriched in the high-risk group, while multiple T cell-, B cell-, and NK cells-mediated immune pathways were activated in the low-risk group (Figure 5D). The GO analysis yielded similar results, which further verified that cell proliferation signaling pathways in the high-risk group were obviously activated, and tumor immune-related pathways mediated by T and B cells were significantly enhanced in the low-risk group (Figure 5E). Supplementary Table S3 shows the enrichment score (NES) and nominal p value. These results fully explained the reason that the prognosis of patients in the high-risk group was worse than that in the low-risk group from the perspective of molecular biology.



Relationship Between the Five-IL(R)-Based Signature and Immunotherapy-Related Biomarkers

Immunotherapy targeting immune checkpoints has now become the first-line treatment of lung cancer, especially advanced tumors. At present, PD1, PD-L1, TMB, LAG3, CTLA4, and TIM3 have been widely used as biomarkers of immunotherapy response (26). Studies have shown that patients with high TMB have better treatment outcomes with ICIs (27). We investigated the relationship between the five-IL(R)-based signature and these immunotherapy biomarkers and found that patients with high-risk score tended to have higher TMB (Supplementary Figure S4). Correlation analysis showed that risk score was positively correlated with TMB (Figure 6A). Although lung cancer patients with high TMB had better immunotherapy response and prognosis, a study has confirmed that postoperative adjuvant chemotherapy for patients with TMB <4 can significantly improve the survival rate (28). Using the same cutoff value, we found that the proportion of patients with TMB <4 in the low-risk group was significantly higher than that in the high-risk group. At the same time, the proportion of patients with TMB >8 in the low-risk group was significantly lower than that in the high-risk group (Figure 6B). These results suggested that low-risk patients were more likely to benefit from chemotherapy, while high-risk patients were more likely to benefit from immunotherapy. Of course, more clinical cohort studies are needed to verify this conclusion.




Figure 6 | Relationship between the five-IL(R)-based signature and immunotherapy-related biomarkers in TCGA cohort. (A) Correlation of TMB and risk score. (B) The proportion of TMB in the high-risk group and the low-risk groups. (C) Correlation of CTLA4 and risk score. (D) Correlation of TIM3 and risk score. (E) Comparison of CTLA4 in high-risk group and low-risk group. (F) Comparison of TIM3 in high-risk group and low-risk group.



In order to prove whether this five-IL(R)-based risk score can be used as a basis for LUAD patients to receive ICI therapy, we have deeply explored the relationship between the risk score and the current major immune checkpoints (PD1, PD-L1, LAG3, CTLA-4, and TIM-3). The results confirmed that the risk score had a strong negative correlation with CTLA-4 (Figure 6C) and TIM-3 (Figure 6D), and the expression of CTLA-4 (Figure 6E) and TIM-3 (Figure 6F) in the low-risk group were significantly higher than those in the high-risk group. Interestingly, this risk score has no relationship with the expression levels of the other three immune checkpoints (PD1, PDL1, and LAG3) (Supplementary Figure S5). Considering that patients with high expression of CTLA-4 was more likely to benefit from immunotherapy of anti-CTLA-4, and that anti-TIM-3 or anti-CTLA-4 could enhance tumor immunity, we speculated that patients in the low-risk group may be more sensitive to CTLA-4 and TIM-3 inhibitors.



Distribution of Number of Tumor Neoantigens and Tumor Purity or Ploidy in the Five-IL(R)-Based Signature

Neoantigen is a protein encoded by a mutated gene in tumor cells. Corresponding to different mutations, these neoantigens also exhibit intratumoral heterogeneity. Neoantigens are potential biomarkers for predicting patient response to immunotherapy, and the distinction between clonal and subclonal neoantigens can also help identify which neoantigens are most effective and can develop different targeting methods (29). Clonal neoantigens exist in every cancer cell, while subclonal neoantigens are expressed only in part of cancer cells. Clonal and subclonal events in cancer evolution have a profound impact on tumor therapy (30). We explored the relationship between tumor neoantigens and this five-IL(R)-based signature. Our results showed that the number of neoantigens (Figure 7A), the number of clonal neoantigens (Figure 7B), and the number of subclonal neoantigens (Figure 7C) were higher in high-risk group. Tumor purity refers to the proportion of cancer cells in a tumor sample, while tumor ploidy refers to the true content of cancer cells in a tumor sample caused by abnormal chromosomal structure and number. Studies have shown that tumor purity was a key factor in the prognosis of patients (31). We further evaluated the relationship between risk score and tumor purity and ploidy, which showed that the tumor purity and ploidy in high-risk patients were higher than that in low-risk group (Figures 7D, E).




Figure 7 | Distribution of number of tumor neoantigens and purity in the five-IL(R)-based signature in TCGA cohort. The distribution and comparison of number of neoantigens (A), number of clonal (B), number of subclonal (C), Tumor purity (D), and tumor ploidy (E) in the high-risk group and the low-risk group. Tumor purity, the proportion of cancer cells in a tumor sample; tumor ploidy, the true content of cancer cells in a tumor sample caused by abnormal chromosomal structure and number.





Relationship Between the Five-IL(R)-Based Signature and Tumor Immune Dysfunction and Exclusion Score

TIDE, a more accurate biomarker than TMB and ICIs, is a computational approach that simulates the two main mechanisms of tumor immune escape: induction of T cell dysfunction in tumors with high cytotoxic T lymphocyte (CTL) invasion and prevention of T cell invasion in tumors with low CTL levels (22). Although cytotoxic T cells can infiltrate some tumors, they are still unable to inhibit tumor growth in a T-cell dysfunctional state. T-cell exclusion was presented in tumors with low T-cell invasion. Several molecular mechanisms may explain the lack of T-cell infiltration in tumors, such as impaired initiation of tumor-specific T cells or the presence of suppressor cells that prevent T-cell infiltration into tumors (23). It was reported that T-cell-inflamed phenotype could predict response to pembrolizumab in multiple tumor types (32). Calculated based on the expression level of genes in a specific gene set, T cell dysfunction score and T cell exclusion score were reported to have well-prediction performance for ICB response (22). Here, TIDE score, T-cell-inflamed signature (merck18), T-cell dysfunction score, T-cell exclusion score, IFNG score, and CD8 were generated from TIDE system. In order to further study the value of this model in tumor immunotherapy, we explored the relationship between this risk signature and TIDE. In our study, the risk score was positively correlated with TIDE score (Figure 8A) and T-cell exclusion score (Figure 8F) but negatively correlated with IFNG (Figure 8B), merck18 score (Figure 8C), CD8 (Figure 8D), and T-cell dysfunction score (Figure 8E). Compared with low-risk patients, high-risk patients had higher TIDE score (Supplementary Figure S6A) and T-cell exclusion score (Supplementary Figure S6F), while they had lower level of IFNG (Supplementary Figure S6B), merck18 score (Supplementary Figure S6C), CD8 (Supplementary Figure S6D), and T-cell dysfunction score (Supplementary Figure S6E).




Figure 8 | Relationship between the five-IL(R)-based signature and tumor immune dysfunction and exclusion score in TCGA cohort. Correlation analysis between risk score and TIDE (A), IFNG (B), Merck18 (C), CD8 (D), T cell Dysfunction (E), T cell Exclusion (F).





Comparison of the Prognostic Power of the Five-IL(R)-Based Signature With Other Biomarkers

The five-IL(R)-based signature was closely associated with other immunotherapy-related biomarkers, and it was also an independent risk factor for OS in patients (Table 2). To confirm the advantages of the model in predicting the prognosis of lung cancer, we compared this signature with other markers by receiver operating characteristic (ROC) analysis (Figures 9A, C). The time-dependent AUC showed that the prognostic power of the IL(R)-based signature was significantly higher than that of classical immunotherapy markers, including PD1, PD-L1, TMB, and CTLA4, even the newly discovered biomarker, TIDE (Figures 9B, D). Similar to ROC, net reclassification improvement (NRI) and integrated discrimination improvement (IDI) are used to compare the predictive power of two indicators or models (33). In this study, the NRI, and IDI were further used to compare the accuracy between the five-IL(R)-based signature and other markers. As is shown in Table 3, the prediction performance of this signature was better than TMB, TIDE score, IFNG, merck18, CD8, T-cells dysfunction and exclusion, PD-1, PD-L1, CTLA-4, LAG3, and TIM-3 (NRI > 0, p <0.05).




Figure 9 | Comparison of the predictive power of this five-IL(R)-based signature with other biomarkers in TCGA cohort. (A, C) ROC curve compared the sensitivity and specificity of risk score and other markers for predicting OS. (B, D) Time-dependent AUC reflected and compared the predictive power of risk score and other markers on OS. The dotted lines represented the 95% confidence interval.




Table 3 | Compare the predictive value and predictive power of the risk score model with other indicators using NRI and IDI.






Discussion

With the development of high-throughput sequencing technology in the past few years, increasing prognostic markers and immunotherapy targets have been discovered, which can help us better understand tumors. However, presently, there is still no biomarker that could accurately reflect the immunotherapy response and prognosis of LUAD. They could not truly reflect the characteristics of the tumor microenvironment. Therefore, we proposed the IL(R)-based signature to predict the prognosis of LUAD for the first time, which was the first comprehensive understanding of the prognostic characteristics of IL(R) families and their prognostic effect on immunotherapy. First of all, this five-IL(R)-based signature demonstrated its powerful and reliable prognostic ability under the verification of five independent cohorts containing 1,312 cases. Second, through immune microenvironment and signal pathway analysis, we found that the strong prognostic ability of this IL(R)-based signature was attributed to unique immune cell infiltration ratio, tumor cell proliferation activity, immune cell activity, and antigen processing and presentation mediated by MHC I and MHC II in different risk groups. In addition, we deeply analyzed the potential value of this signature as a biomarker of tumor immunotherapy response and found that low-risk patients were more likely to benefit from postoperative chemotherapy, and they also might be benefit from ICI therapy based on anti-CTLA-4 or anti-TIM-3. More importantly, after comparing with other classic predictors for immunotherapy response, we found that this five-IL(R)-based signature had better prediction performance than other indicators. This study gave us a comprehensive understanding of the role of IL(R)s in LUAD. The classification method based on this signature will help clinicians better implement individualized treatment for patients with LUAD.

Although the IL(R)-based signature exhibited powerful predictive ability, these signature members themselves (IL-7R, IL-5RA, IL-20RB, IL-11, and IL-22RA1) were rarely reported to be used to predict tumor prognosis. It was reported that IL-11 played an important role as a prognostic factor in multiple tumors (34–36). Interestingly, IL-5, IL-7, IL-20, and IL-22, rather than their receptors, have been widely reported to have the ability to predict tumor prognosis (37–39).

Tumors have the ability to form their microenvironment to counteract the host immune system, and one of the key challenges of tumor immunotherapy is to overcome tumor-induced immunosuppression. Immune cells of the innate immune system and adaptive immune system constitute the main components of TME. IL(R)s are key mediators of cell–cell interaction in TME and have the function of activating lymphocytes. IL-7R is a heterodimer composed of IL-7Rα and common γ chain, which can combine with various ILs, including IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21 (40). Over 70% blasts with T-cell acute lymphoblastic leukemia (T-ALL) patients showed IL-7R-positive expression (41). IL-7R could inhibit apoptosis in T-ALL blasts by binding with IL-7 (41). IL-7R signal transduction has been shown to be associated with the prognosis of malignant lymphoma. Specifically, a gain-of-function mutation in IL-7R played an oncogene role in approximately 10% of T-cell ALLs and 1% of B-cell ALLs (42). Therefore, anti-IL-7R targeting antibody therapies had the potential to be beneficial for the patients with lymphoid malignancy (43). Human IL-5R alpha-chain (IL-5RA) was a soluble form of IL-5R that contained the extracellular IL-5 binding domain affecting the activation of human eosinophils and basophils (44). IL-5RA intracellular signaling provoked eosinophils proliferation and exaggerated activation through FIP1L1-PDGFRA/JAK2/Lyn/Akt network complex, which manifested as chronic eosinophilic leukemia (CEL) (45). IL-20RB forms a heterodimer structure with IL-20RA or IL-22R1, which is highly expressed in skin cells, lung, and reproductive organs. Targeted binding with IL-20 or IL-10 family members could induce cell proliferation (46, 47). Anne et al. found that IL-20 and its receptors were often maladjusted in NSCLC, and IL-20RB mRNA was significantly increased in NSCLC. Targeting this family members may be a viable therapeutic option in lung cancer (48). IL-11 is a member of glycoprotein 130 (GP-130) cytokines and participates in the GP-130 signaling pathway with other cytokines of the same family. IL-11 was identified in a series of cells, including T cells, B cells, and macrophages, but the main source of IL-11 secretion remains unclear (49). There were a number of reports that documented the involvement of IL-11 in various malignancies including gastric, colorectal, pancreatic, prostate, breast, ovarian, endometrial, and bone cancers, and some studies have been published on targeting IL-11 signaling in preclinical models of cancer (50). Interleukin-20 receptor subunit alpha (IL20RA) belongs to the type II cytokine receptor family. Upon binding to its ligands, such as IL-19, IL-20, and IL-24, IL20RA can form a functional heterodimeric receptor with IL20RB. IL20RA promoted stem cell characteristics and tumor initiation ability of breast cancer cells through JAK1–STAT3–SOX2 signaling pathway, resulting in increased expression of PD-L1 and reduced recruitment of lymphocytes, including CD8 T cells and NK cells, so as to form a tumor-favorable immune microenvironment (11). Although these reports indicated the potential application of targeting this five IL(R)s in cancer treatment, further research will be necessary to assess their value in LUAD.

In our study, 87 IL(R)s extracted from TCGA database were included. After difference analysis, univariate Cox regression analysis, LASSO regression analysis, and multivaritate Cox regression analysis, we finally constructed a prognostic model for LUAD based on five IL(R)s. GO and KEGG analysis of 736 genes that strongly correlated with the five-IL(R)-based signature showed that this model is mainly related to cell mitosis, cell cycle, proliferation, antigen processing and presentation, immune regulation pathway, immune response-related diseases, T-cell differentiation, or p53 pathway. GSVA and GSEA analysis comforted that the signal pathways promoting cell proliferation were activated in the high-risk group, while the adaptive immune response seemed suppressed. In contrast, T (and B)-cell-mediated tumor immunity appeared significantly enhanced in the low-risk group. By describing the gene expression profile associated with the five-IL(R)-based signature, these results illustrated the biological processes predicting the prognosis of LUAD.

The role of IFNG in immunotherapy response remains controversial (51). On the one hand, IFNG was known to play a key role in antitumor immunity. Interferon played an important role in the early stage of antigen recognition and the interaction between adaptive immune cells and innate immune cells. Therefore, the loss of functional mutations and genomic changes in IFN signaling pathway were associated with clinical immune checkpoint blockade (ICB) resistance or recurrence (52, 53). On the other hand, activation of IFNG signaling pathway in tumor cells can antagonize the function of T cells and innate immune cells. Blocking of IFNG signaling pathway in tumor cells can improve the body’s ability to kill tumor cells and promote the response to ICB (51). CD8+ T cells are the main effector cells that carry out antigen-specific killing of tumor cells. Effectively enhancing the antitumor function of CD8+ T cells is the key to the treatment of tumors (54, 55). CD8+ T cells could be used as a marker of immunotherapy response. Based on the above results, we further demonstrated the potential of the risk model serving as indicators for immunotherapy response. Currently, the most recognized biomarkers (PD-1, PD-L1, CTLA-4, TIM-3, and LAG3) still cannot accurately guide the use of ICIs, resulting in limited clinical benefit for cancer patients (26). TMB, neoantigens, and TIDE were newly discovered immunotherapy predictors (26). Especially TIDE has been proven to have better prognostic performance than other biomarkers or indicators (22). To prove that this signature can be a biomarker of immunotherapy response, we explored the relationship between this signature and other markers mentioned above. The results showed that the proportion of patients with TMB <4 in low-risk group was significantly higher than that in high-risk group, and the expression levels of CTLA-4 and TIM-3 in low-risk patients were significantly higher than those in high-risk patients. Considering that patients with high expression of CTLA-4 (56) or TIM-3 (57) had a better prognosis, inhibition of CTLA-4 or TIM-3 expression could enhance tumor immunity (58, 59), and postoperative adjuvant chemotherapy for patients with TMB <4 can significantly improve the survival rate (28), we speculated that patients in the low-risk group may be more likely to benefit from chemotherapy and more sensitive to CTLA-4 and TIM-3 inhibitors.

It was confirmed that higher TIDE score was less likely to benefit from anti-PD-1/CTLA-4 (22), and merck18 (T-cell-inflamed signature) can contribute to T-cell dysfunction (60). Hence, this IL(R)-based signature identified low-risk patients who should be suitable for treatment with ICIs for their lower TIDE score and T-cell dysfunction score. To verify the superiority of this signature, we compared the prognostic power of this five-IL(R)-based signature with other indicators. The ROC and time-dependent area under the curve (AUC) values showed that our signature got a better prediction performance than other markers. In addition, the NRI and IDI analysis also verified that this five-IL(R)-based signature was superior to other markers.

Although the IL(R)-based signature can be used as an effective independent prognostic factor and can predict the immunotherapy response in LUAD, this study still had some limitations. First of all, all these five cohorts were retrospective datasets, and a prospective study of this IL(R)-based signature will be necessary. Second, all the expression data were sequencing data downloaded from public database, and the findings will need to be validated by new method and fresh specimens. Third, the ability to predict the immunotherapy response was evaluated indirectly, and further research is needed to verify this finding.

In summary, our study thoroughly described the overall expression profile and clinical characteristics of the five-IL(R)-based signature in LUAD and provided more information about the immune microenvironment and immunotherapy response. This was the first time to propose the prognostic model based on IL(R) family members, which provided a marker for precisely predicting the prognosis of LUAD. In addition, this research indirectly proved the possibility of this IL(R)-based signature serving as indicator for tumor immunotherapy response, which will provide important guidance for clinicians to achieve individualized treatment for patients with LUAD.
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T-cell immunoglobulin and immunoreceptor tyrosine-based inhibitory motif domain (TIGIT) is an immunosuppressive receptor expressed on the surface of immune cells, suppressing immune responses by activating the intracellular negative regulatory signals. TIGIT plays an important role in the pathogenesis of various tumors, but its immune escape in colorectal cancer remains unclear. We found that the proportion of CD3+TIGIT+ T cells was increased in peripheral blood and cancer tissue in colorectal cancer patients when compared with the healthy donors. These cells exhibited functional defects, low proliferative activity, impaired cytokine production and reduced glucose metabolism. A strong association was also observed between the elevated TIGIT expression and poor prognosis in this cohort. In the in vitro co-culture assays of T cells and tumor cells, the suppressed glucose metabolic activity of T cells was reversed by TIGIT blockade. In addition, this blockade induced the apoptosis and reduced G2/M transit in tumor cells. The antitumor efficacy of TIGIT Ab therapy was further demonstrated in a human colorectal xenograft mice model while co-blockers of TIGIT and PD-1 exhibited synergistic suppressing effects on tumor growth. These results suggest that while TIGIT induces CD3+ T cell dysfunction in colorectal cancer, co-targeting TIGIT and PD-1 can lead to an effective antitumor response and may serve as a novel therapeutic strategy for colorectal patients.
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Introduction

Colorectal cancer has the third highest incidence and the second highest mortality rate according to the 2020 Global Cancer Statistics (1). Traditional treatment such as surgical resection, chemo-radiotherapy and targeted therapy has encountered development bottleneck, while tumor immunotherapy has emerged as a more promising therapeutic strategy.

As a core component of the immune response, T cells are present in the tumor microenvironment and determine the efficacy of anti-tumor immunotherapy (2). Immune checkpoints are signaling molecules on the surface of T cells that regulate their activity and participate in the immune response (3–5). It has been proved that tumor cells can escape from the immune surveillance by activating immune checkpoints which then release inhibitory signals (6–8). Immune homeostasis can be restored by introducing immune checkpoint-blocking antibodies, either alone or in combination therapy, which helps to reinvigorate T cell activation and proliferation (9–12). There is a growing awareness of the critical role of immune checkpoints in tumor immunotherapy. Although many new checkpoints on T cells’ surface have been reported in recent years, few of them have exerted promising result when used in colorectal cancer patients. Therefore, identifying a new immunotherapeutic and target is of great importance.

TIGIT (T-cell immunoglobulin and immunoreceptor tyrosine-based inhibitory motif domain), as a novel member of the CD28 family, is located on human chromosome 3. It contains an immunoglobulin variable region (IgV), a transmembrane region, and a tyrosine inhibitory motif region of the immune receptor (13–15). It is widely expressed on immune cells such as NK cells, activated T cells, memory T cells, Tregs, and even some cancer cells (13). TIGIT is a conservative molecule, and its homologous molecules have been found in many mammals (16). TIGIT, as a co-inhibitory receptor, binds to Polio Virus receptor (PVR, CD155) with the highest binding affinity, followed by PVRL2 (CD112) and PVRL3 (CD113) (13). It binds to the same site on PVRs with the affinity receptors CD226 which transmits positive co-stimulatory signals, or CD96 which transmits inhibitory signals (13, 17).

At present, the research of TIGIT has been conducted in a wide range of diseases, including infection, autoimmune diseases and tumors, with the latter one becoming a hotspot of research focus (17–20). It has been confirmed that TIGIT expression is upregulated in various tumors, and many studies have proven that the use of TIGIT antibody alone or synergized with others can achieve promising preclinical results (20, 21). Zhou (16)suggested that endogenous TIGIT mediated NK cells and CD8+ T cells malfunction were involved in the tumor promotion process. Furthermore, blocking TIGIT/PVR interaction with antibodies could induce anti-tumor effects by promoting tumor infiltration and restoring CD8+ T cell function. Josefsson (22)found that TIGIT and PD-1 were common co-inhibitory receptors expressed on CD8+ and CD4+ T effector memory cells in NHL patients. TIGIT and PD-1 together can be used to mark dysfunctional T cells, and co-inhibition of TIGIT and PD-1 could trigger robust anti-tumor responses in patients with NHL. These studies have undoubtedly revealed the role of TIGIT as a key checkpoint for tumors; however, little is known about whether TIGIT regulates the micro-environment in colorectal cancer patients and its specific mechanisms.

In this study, we found that the expression of TIGIT was upregulated on the T cell surface in colorectal cancer patients and had exhibited a significant relationship with clinical prognosis. Elevated TIGIT on CD3+ T cells led to functional defect and impaired glucose metabolism. We have also shown that antibody blockade of TIGIT could restore CD3+ T cell activity and inhibit tumor growth, which might suggest a promising target for colorectal cancer.



Materials and Methods


Clinical Participants

From September to December 2019, peripheral blood samples and tumor tissues were collected from 24 pathologically verified patients with colorectal cancer from the Third Affiliated Hospital of Soochow University (cohort 1). Peripheral blood was collected 1-3 days before the surgery. The exclusion criteria were (1) patients with infection and autoimmune diseases, (2) patients who had received chemotherapy or radiotherapy before surgery. Peripheral blood samples from 20 healthy donors (HDs) were used as controls. Informed consent was obtained from every patient. This study was approved by the Medical Ethics Committee of the Third Affiliated Hospital of Soochow University and was conducted in accordance with ethical guidelines: Declaration of Helsinki.



Immunofluorescence

Tissue microarrays (HRec-Ade180Sur-03, Shanghai Outdo Biotech Co.) were constructed using formalin-fixed, paraffin-embedded carcinoma tissues matched to adjacent normal tissues collected from 90 colorectal cancer cases (cohort 2). Immunofluorescence was performed following an established protocol. Briefly, tissue microarrays were dewaxed, rehydrated through graded ethanol, and incubated with 3% hydrogen peroxide for 30 mins. Antigen retrieval was performed by heating the sections to 95 °C in 0.01 M citrate buffer (pH6.0) for 15 mins. Slides were then washed in PBS for 15 mins, treated with 10% normal horse serum for 30 mins and incubated with the primary antibodies, including Alexa Fluor 549 mouse anti-CD3 (BioLegend, San Diego, USA) and DyLight 488rabbit anti-TIGIT (BioLegend, San Diego, USA). After staining, the slides were mounted with ProLong Gold Antifade Mountant with 4’,6-diamidino-2-phenylindole (DAPI, Thermo Fisher, USA). The images were taken using the Leica Aperio System (Leica, USA).



Cell Isolation

Peripheral blood mononuclear cells (PBMCs) were isolated with Ficoll–Hypaque by density gradient centrifugation within 2 hours of peripheral blood sample collection. Fresh colorectal tumor tissues were minced and digested within 2h of surgery. Digested cells were filtered through a 70 um nylon mesh and washed with PBS. Native CD3+ T cells were purified from PBMC by negative selection using the EasySep human total or native CD3+ T Cell EnrichmentKits (STEMCELL Technologies Inc. USA). CD3+TIGIT+T cells and CD3+TIGIT-T cells were sorted using a BD FACS Influx (BD Biosciences, USA).



Flow Cytometry

PBMCs and tumor tissues isolated from colorectal cancer patients or HDs were stained with the following antibodies: PC5 conjugated anti-CD3, Ac7 conjugated anti-CD4, PE-Cy7 conjugated anti-CD8, APC conjugated anti-TIGIT, PE conjugated anti-Tim-3, FITC conjugated anti-PD-1, PE-Cy7 conjugated anti-INF-ϒ, V670 conjugated anti-IL-2, PC7 conjugated anti-Granzyme B, and V450 conjugated anti-IL10 antibodies. Samples were analyzed using BD FACS ARIA (BD Biosciences).



Glucose Metabolism

Glucose consumption reflects the metabolic activity of many cells. 2-deoxyglucose (2-DG) is a glucose analog and widely used to assess glucose uptake. Similar to glucose, 2-DG can be taken up by glucose transporters and then metabolized to 2-DG-6-phosphate (2-DG6P). 2-DG6P is oxidized, resulting in the generation of NADPH which can be determined by an enzymatic recycling amplification reaction. T cells (2x105/well, 50ul) were stimulated with aCD3/CD28 (5 ug/mL) for 8 hours. The cells were washed 3 times with PBS and then glucose starved with 100 mL Krebs-Ringer-phosphate-HEPES buffer containing 2% BSA for 40 min. The cells were then stimulated with or without 1 mmol/L insulin for 20 minutes. 10 uL10umol/L2-DG was added into the cells for 20 mins. Glucose metabolism was analyzed according to the manufacturer’s instructions of the 2-DG Assay Kit (Sigma-Aldrich, USA).



Lactate and Pyruvate Production Assay

CD3+TIGIT+ T or CD3+TIGIT- T cells (2*105/well) were stimulated with aCD3/CD28 for 8 hours and then cultured with fresh complete medium containing glucose. Lactate concentrations and pyruvate concentrations were analyzed according to the manufacturer’s instructions of the Lactate Assay Kit (Abnova, USA) and Pyruvate Assay Kit (Abnova, USA).



Extracellular Acidification Rate

Measurement of extracellular acidification rate (ECAR) was performed in a 96-well XF Extracellular Flux Analyser (Seahorse Biosciences). Sensor cartridge injection compounds or XF Base Media controls were injected in a total volume of 25 μl. Injection compound concentrations were as follows: glucose (5 mM), oligomycin (OLIGO) (mitochondrial ATP synthase inhibitor) (2.5 μM), 2-DG (100 mM). Sensor cartridges (96-well) were hydrated for a minimum period of 12 h with XF Calibrant solution according to the manufacturer’s instructions (Seahorse Biosciences, North Billerica, MA, USA). XF Assay Base Media (Seahorse Biosciences) was supplemented with l-glutamine (2 mM) for ECAR measurement. Glycolysis parameters [glycolysis, glycolytic capacity (GC), glycolytic reserve (GR)] were calculated as follows: Glycolysis: (Maximal rate measurement after glucose injection through measurement prior to oligomycin (OLIGO) injection) minus (measurement prior to glucose injection); GC: (Maximal rate measurement after OLIGO injection through measurement prior to 2-DG injection) minus (measurement prior to glucose injection); GR: GC minus glycolysis (23).



T-Cell Proliferation Assays

In T-cell proliferation assays, cells (5*105/well) were seeded in 96-well plates, labeled with 5mmol/L carboxy fluorescein diacetate succinimidyl ester (CFSE), and stimulated with aCD3/CD28(5 ug/mL) at 37°C with 5% CO2 for 4 days. Cells were collected, and the dilution of intracellular CFSE caused by proliferation was calculated using BD FACS ARIA (BD Biosciences).



Cell Culture

Human HCT-116 colorectal cancer cells were cultured in RPMI-1640 medium (GIBCO, Grand Island, USA) supplemented with 10% FBS (fetal bovine serum) and streptomycin/penicillin at 37°C with 5% CO2 under fully humidified conditions, while murine MC38 colorectal cancer cells were cultured in DMEM medium (GIBCO, Grand Island, USA) under the same conditions. CD3+ T cells stimulated with aCD3/CD28 were sorted and co-cultured with HCT-116 cells at a ratio of 5:1 in 24-well plates for 2 days. Then 5 mg/mL anti-TIGIT antibodies (BPS Biosciences, USA) or isotype controls were added to the co-culture system. T cells were collected to measure, their activity and the key markers in the metabolic pathways by flow cytometry, RT-PCR and western blot. HCT-116 cells were collected to determine the apoptosis and cell cycle distribution.



Real-Time PCR

Total RNA was isolated using Trizol reagents (Thermo Fisher, Inc., USA) according to the manufacturer’s protocol. cDNA was obtained using a 1μg total RNA reverse transcription kit (Life Technologies, USA). The qPCR reaction was performed using the SYBR Green PCR Master Mix kit (Takara, Japan) through the ABI 7900 PCR system (Applied Biosystems, USA). The data were quantified according to the 2-ΔΔCT method. The mRNA expression levels of cultured cells were normalized to GAPDH, respectively. Primer sequences are as follows:Glut1 (Glucose transporter 1),5’-ACTGCTGGAGCAGCTACCCT-3’ and 5’-GAAGCCTGCAACGGCAATGG-3’;HK1(hexokinase 1), 5’-CTGTTACGTCGGCGCTGCTA-3’ and 5’-AGAGCGCCATTGTCATCGGG-3’;HK2(hexokinase 2), 5’-CTGTTACGTCGGCGCTGCTA-3’ and 5’-AGAGCGCCATTGTCATCGGG-3’; PFK(phosphofructokinase), 5’-TCCGATTTCAGCATCGGGGC-3’ and 5’-CAGGTAGCCACAGTAGCCGC-3’; GAPDH,5’-GCGGGGCTCTCCAGAACAT-3’ and 5’-TCCACCACTGACACGTTGGC-3’.



Western Blot

The total protein was extracted using a mixture of RIPA lysis buffer and protease inhibitor. Proteins were quantitated using a BCA protein assay kit (Pierce, Keygen Biotech, China), then isolated with SDS-PAGE gel and transferred to PVDF membrane (Millipore, Darmstadt, Germany). The membrane was sealed with Tris buffer containing 0.1% Tween-20 and 5% skimmed milk at 4°CC. Rabbit anti-p-Akt (Ser473), Akt (1:1000; CST, Denver, MA, USA), mTOR (S2448) and p-mTOR (1:1000; CST, DANVERS, MA) were incubated with membrane overnight and then treated with HRB-conjugated secondary antibodies (1:10000; CST, Denver, MA, USA). The signal is detected by the Enhanced Chemiluminescence Detection System (Tennon5200, Shanghai, China), following the manufacturer’s instructions.



Xenotransplant Models

MC38 cells (5×106 cells/mouse) were injected subcutaneously into the right flank of B6J mice (n=6, male; 4-week). When the tumor volume reached 100 mm3, 24 tumor-bearing mice were evenly divided into 4 groups. The TIGIT antibody (10917-MM52, Sinobiology, Beijing) and PD-1 antibody (10377-M94, Sinobiology, Beijing) were both administrated in a dose of 10 mg/kg via tail-vein injection three times a week. The tumor volume of mice was measured every 5 days and mice were sacrificed after 30 days with the xenograft tumors harvested for further analysis. All experimental procedures were performed following the NIH Guide for Care and Use of Animals and were approved by the Institutional Animal Care and Use Committee.



Apoptosis Assay and Cell-Cycle Analysis

Cells (1*106) were collected and incubated with the solutions of Annexin V and propidium iodide (PI) according to the apoptosis detection kit (BD Biosciences Pharmingen). For cell-cycle analysis, cells were fixed in 70% ice-cold ethanol at 4°C overnight and then stained in a mixed solution (200 mg/mL PI, 0.1% sodium azide, 0.1% Triton X-100, and 10 mg/mL RNase). The apoptotic cells and cell-cycle distribution were detected by a FACSCalibur flow cytometer.



Statistical Analysis

Three independent experiments were conducted for each treatment, and all data were expressed as mean ± standard deviation. The student’s t-test was only used for difference analysis between two groups, and one-way analysis of variance (ANOVA) was used when three or more groups were compared. P<0.05 was considered statistically significant. SPSS version 22.0 (SPSS, Chicago, IL, USA) software was used for statistical analysis of clinical samples.




Results


Upregulated TIGIT Expression on CD3+ T Cells Correlated With Poor Survival in Patients With Colorectal Carcinoma

TIGIT expression in T cells from colorectal cancer patients was evaluated by flow cytometry in cohort 1. The results suggested that the percentage of CD3+TIGIT+ T cells(32.50 ± 8.74) in peripheral blood of colorectal cancer patients was significantly increased compared with that of HDs (22.28 ± 7.16)(P<0.01). There were also significant differences between the percentage of CD4+TIGIT+ T cells (24.21 ± 7.72) vs. HDs (14.20 ± 3.13) and the percentage of CD8+TIGIT+ T cells(43.57 ± 11.32) vs. HDs (33.09 ± 11.03) in peripheral blood (P<0.01). It was noticed that the percentage of CD3+TIGIT+ T(53.89 ± 14.05), CD4+TIGIT+ T(54.88 ± 18.56) and CD8+TIGIT+ T cells (52.03 ± 7.65) were significantly increased in tumor tissues when compared with peripheral blood samples (Figures 1A, B). The infiltration of CD3+TIGIT+ T cells was further examined in cohort 2 of 90 matched sets of colorectal carcinoma tissues and adjacent normal tissues using tumor tissue microarray analysis. As shown in Figure 1C, double fluorescence staining revealed a higher degree of CD3+TIGIT+ T cell infiltration in colorectal carcinoma tissues than adjacent normal tissues, which was supported by the quantitative analysis (Figure 1D). To assess the prognosis value of TIGIT, the relationship between TIGIT expression and clinic pathological parameters or survival was investigated in 77 evaluable cases. TIGIT expression was notably associated with the pathological stage (P<0.001, Table 1). In addition, both univariate and multivariate survival analyses suggested that TIGIT was an independent adverse prognostic factor for colorectal cancers (P<0.05, Table 1). Simultaneously, we found that a higher CD3+TIGIT+ cells expression level was associated with a poorer prognosis (P< 0.01, Figure 1E).




Figure 1 | Upregulated TIGIT expression in patients with colorectal cancer predicts poor prognosis. (A) Percentage of CD3+TIGIT+ T, CD4+TIGIT+ T and CD8+TIGIT+ T cells in PBMCs of HDs and colorectal cancer patients. (B) Percentage of CD3+TIGIT+T, CD4+TIGIT+ T and CD8+TIGIT+ T cells in PBMCs and tumor tissues of colorectal cancer patients. (C) Double fluorescence staining of colorectal cancer detecting CD3+TIGIT+T cells. Immunofluorescent staining of TIGIT+ cells (in green) and CD3+ cells (in red). The merged picture indicated double-positive cells located in the stroma. The image was shown in original magnification of 200×. (D) The quantitative analysis of CD3+TIGIT+ T cell in tissue microarrays. (E) Kaplan-Meier curve for an independent set of 77 colorectal patients (P < 0.01).




Table 1 | Univariate and multivariate statistics of the prognostic value of clinic pathological parameters and TIGIT expression level for survival in colorectal cancer.





TIGIT Overexpressed CD3+T Cells Exhibited a Defect in Proliferation and Cytokines Production in Human Colorectal Cancer Patients

TIGIT expression is correlated with T cell dysfunction (16, 19, 22). We then investigated whether these TIGIT overexpressed CD3+T cells had altered cell function in colorectal cancer patients. CD3+TIGIT+ or CD3+TIGIT- T cells were sorted from patients’ PBMCs by flow cytometry. The secretion of INF-γ, IL-2, IL-10 and Granzyme B was significantly suppressed in CD3+TIGIT+T cells than in CD3+TIGIT- T cells(Figures 2A, B). In addition, the proliferation rate of CD3+TIGIT+T cells was also reduced (Figures 2C, D). We also analyzed the relation between clinic pathological parameters and the percentage of CD3+TIGIT+PD-1+ T cells or CD3+TIGIT+Tim-3+ T cells in cohort 1 (Table 2). The patients were divided into high and low groups according to the median proportion of CD3+TIGIT+, CD3+TIGIT+PD-1+ or CD3+TIGIT+Tim-3+ T cells. The results revealed that the percentage of CD3+TIGIT+PD-1+ T cells was significantly associated with the node stage (P<0.05). However, such a correlation was not found for CD3+TIGIT+Tim-3+ T cells.




Figure 2 | TIGIT impairs CD3+T cells’ function and leads to a reduced proliferation rate. The frequency of IFN-γ, IL-2, IL-10, and GranzymeB secreting of CD3+T cells was detected by FACS. (A) Typical flow cytometry images in CD3+TIGIT+ T cells and CD3+TIGIT- T cells. (B) Data was shown from three experiments conducted in 6 samples. (C) Cells were stained with CFSE, and proliferation rates were detected by FACS. Representative histograms are shown. (D) Proliferation of CD3+TIGIT+ T cells and CD3+TIGIT- T cells. (*P < 0.05).




Table 2 | Correlations between immune markers expressions and clinic pathologic information.





TIGIT Overexpressed T Cells Had an Impairment in Glucose Uptake and Metabolism in Colorectal Cancer Patients

Glucose uptake and metabolism of T cells play a critical role in maintaining its function activated. Oxidative phosphorylation and glycolysis are crucial for T cells to obtain energy (23).To determine the metabolic activity changes of T cells, we first measured the content of 2-DG6P and found that it was significantly reduced in CD3+TIGIT+T cells (15.53 pmol/ul) compared with CD3+TIGIT- T cells (28.83 pmol/ul, P<0.05, Figure 3A). Then we measured the concentrations of lactate and pyruvate. We found that the lactate concentrations was significantly decreased in CD3+TIGIT+ T cells (1.66 mmol/ul) compared with CD3+TIGIT- T cells (3.52 mmol/ul, P<0.05, Figure 3A). In addition, the pyruvate concentrations was significantly lower in CD3+TIGIT+ T cells (2.18 mmol/ul) than CD3+TIGIT- T cells (5.10 mmol/ul, P<0.05, Figure 3A).




Figure 3 | Glycometabolism of TIGIT+CD3+ T cells is decreased in colorectal cancer patients. TIGIT+CD3+ T cells were sorted from PBMC of colorectal cancer patients. (A) The concentration of 2-DG6P, Lactate and Pyruvate was reduced in TIGIT+CD3+ T cells compared to TIGIT-CD3+ T cells. (B) Glut1, HK1, HK2, and PFK were measured by RT-PCR and mRNA expression was quantified. Glut1, HK1, HK2, and PFK elevated in TIGIT+CD3+ T cells. (C) Representative blots of western blotting were shown. (D) Western blotting analysis was performed to determine the phosphorylation levels of the AKT/mTOR pathway. The results were normalized to GAPDH expression and presented as relative protein expression. *P < 0.05; **P < 0.01.



Glut1 and other key enzymes for initiating the glucose metabolic process were then detected by qPCR. The results showed that Glut1, HK1, HK2, and PFK were significantly lower in CD3+TIGIT+ T cells (Figure 3B). In addition, the AKT/mTOR pathway regulates glycolysis and phosphorylation of AKT and mTOR promotes cell proliferation and activation (20). We found that the phosphorylation level of the Akt/mTOR pathway in CD3+TIGIT+T cells was significantly lower than those in CD3+TIGIT-T cells by western blot (Figures 3C, D). All the differences were statistically significant (P<0.05). Taken together, these findings demonstrated that TIGIT overexpressed T cells had impaired glucose uptake and metabolism in colorectal cancer patients.

Extracellular acidification rate assay was designed to assess the glycolysis function of cells. Glucose was added to determine the glycolysis level under glucose saturation, and oligomycin was added to inhibit mitochondrial respiration to determine the GC. These parameters were used to calculate the GR. The results suggested that CD3+TIGIT+ T and CD3+TIGIT-T cells had different ECAR responses in terms of glycolysis rates, GR and GC. The glycolysis, GR and GC were significantly reduced in CD3+ T cells (P<0.001, Figure 4).




Figure 4 | Measurement of ECAR in TIGIT+ T and TIGIT- T cells. (A) Kinetic ECAR response of TIGIT+ T and TIGIT- T cells. (B–D) Measurement of Glycolysis, Glycolytic Capacity and Glycolytic Reserve. *P < 0.05.





TIGIT Blockade Reversed Impaired TIGIT+ T Cell Metabolism and Induced Apoptosis of Colorectal Cancer Cells

To further explore the role of TIGIT in T cell metabolism, a TIGIT antibody was used to block TIGIT. CD3+TIGIT+T and CD3+TIGIT-T cells were sorted from colorectal cancer patients’ PBMCs. Isotype and TIGIT antibody were added to CD3+TIGIT+T cells or CD3+TIGIT-T respectively as control group and TIGIT Ab group. As shown in Figure 5A, expression of glucose metabolism-associated enzymes (Glut1, HK1, HK2, and PFK) was significantly increased in CD3+TIGIT+ T cells treated with TIGIT antibody. Moreover, phosphorylation levels of Akt and mTOR were both enhanced in CD3+TIGIT+ T cells treated with TIGIT antibody (Figures 5B, C). However, in the CD3+TIGIT-T cells, we didn’t find a significant increase in the expression of Glut1, HK1, HK2 and PFK, and enhanced Akt and mTOR phosphorylation levels (Figure S1 and Figure 5B). Then we isolated CD3+ T cells from PBMCs of colorectal cancer patients and co-cultured them with colorectal cancer cell lines of HCT-116. Isotype and TIGIT antibody were added to the co-culture system as the control group and experiment group. After adding the TIGIT antibody into the co-culture system, the expression levels of Glut1 and HK2 were upregulated than the control group. However, there were no changes in HK1 and PFK(Figure 5D). Simultaneously, increased AKT and mTOR phosphorylation expression in CD3+ T cells was confirmed at the protein level by Western blotting (Figures 5E, F).




Figure 5 | TIGIT blockade restores the glucose metabolic activity of T cells. (A) mRNA expression of Glut1, HK1, HK2, and PFK elevated in TIGIT Ab group compared with the control group in CD3+TIGIT+ T cells. (B) Representative western blots for the control group and TIGIT Ab group in CD3+TIGIT+ T cells and in CD3+TIGIT- T cells. (C) Western blotting analysis of the phosphorylation levels of the AKT/mTOR pathway in the control group and TIGIT Ab group in CD3+TIGIT+ T cells. Then, CD3+ T cells stimulated with aCD3/CD28 were co-cultured with HCT-116 at a ratio of 5:1. In the co-culture system, isotype control and TIGIT Ab were respectively added as the control group and experimental group. (D) mRNA expression of Glut1 and HK2 elevated in the experimental group. (E) Representative blots of the control group and the experimental group were shown. (F) Western blotting analysis of the phosphorylation levels of the AKT/mTOR pathway in the control group and the experimental group. *P < 0.05.



As the above data showed that TIGIT blockade reversed impaired T cell metabolism, we then investigate if TIGIT blockade could affect colorectal cancer cells. As shown in Figures 6A, B, the percentage of apoptotic HCT-116 cells was dramatically increased in the presence of TIGIT antibody (0.25% vs. 12.63%, P<0.05). Furthermore, the percentage of G2-M cells was dramatically decreased by TIGIT blockade (24.31% vs. 11.14%, P<0.05, Figures 6C, D). These results demonstrated that TIGIT blockade inhibited cell proliferation and induced apoptosis in HCT-116 colorectal cancer cells cocultured with CD3+ T cells.




Figure 6 | TIGIT inhibits the proliferation of colorectal cancer cells. In the co-culture system, (A, B) Apoptosis of HCT-116 was detected cell apoptosis by Annexin V assay. (C, D) Flow cytometry was applied to determine cell-cycle distribution. *P < 0.05; ***P < 0.001.



Taken together, these findings indicated that the use of TIGIT antibody could restore the metabolic activity of TIGIT+ T cells and suppress tumor growth in the coculture assay.



Combined Inhibition of TIGIT and PD-1 Signals Synergistically Suppressed Tumor Progression In Vivo

Given the potential interaction between TIGIT and PD-1, we then assessed the antitumor effects of combined inhibition of TIGIT and PD-1 signals using a xenograft B6J mouse tumor model derived from MC38 colon adenocarcinoma cells. Mice were treated with TIGIT antibody, PD-1 antibody, or TIGIT combined with PD-1 antibodies. As shown in Figures 7A–C, while tumor burden (volumes and weight) were significantly reduced after anti-TIGIT or anti-PD-1 treatment, a further tumor inhibition was observed in mice treated with both anti-TIGIT and anti-PD-1. Furthermore, the expression of metabolism-associated genes (Glut1, HK1, HK2, and PFK) was further elevated in the mice that received both anti-TIGIT and anti-PD-1 treatments (Figure 7D). Western blot analysis revealed that phosphorylation of AKT and mTOR in tumor infiltrated TIGIT+ T cells was significantly activated by anti-TIGIT plus anti-PD-1 treatments (Figures 7E, F).




Figure 7 | Impact of TIGIT and/or PD-1 antibody on tumor growth in vivo. (A) Tumors were removed and collected from B6J mice injected with TIGIT and/or PD-1 antibody. (B) The tumor volume was analyzed every 5 days. (C) The tumor weight was measured 30 days after tumor transplantation. (D) RT-PCR was applied to quantify the mRNA levels of Glut1, HK1, HK2, PFK, and GAPDH. (E) Representative blots of each group. (F), Western blotting analysis was performed to determine the expression of phos-AKT, total-AKT, phos-mTOR, total-mTOR. *P < 0.05; **P < 0.01.



Taken together, these results indicated that the combination of TIGIT and PD-1 blockade had a synergistic effect in inhibiting tumor progression compared with TIGIT or PD-1 blockade alone.




Discussion

To date, an increasing amount of studies have been conducted focusing on immune checkpoint targeting tumor microenvironment. One of the mechanisms of cancer immune escape is via the activation of immunosuppressive signaling pathways, among which, the PD-1/PD-L1 pathway and CTLA-4 pathway have been extensively studied (24). The successful application of anti-PD-1 and anti-CTLA-4 antibodies in tumor therapy provides a promising opportunity for tumor immunotherapy. With the deepening research on the immunosuppressive receptors on T cells, many studies have confirmed that the immunosuppressive receptor TIGIT expressed on the cell membranes of T cells and NK cells can bind to the ligand on the tumor-specific target cells to inhibit the function of the immune system (18, 20, 21). In the current study, we found that the percentage of CD3+TIGIT+T cells was significantly increased in the peripheral blood and tumor tissues of patients with colorectal carcinoma. In addition, such TIGIT overexpression was correlated with an unfavorable prognosis and tumor progression. While these TIGIT positive T cells showed immune dysfunction and reduced glycometabolic activity, the treatment with TIGIT antibody could reverse the immune failure of these cells, inhibit tumor progression and induce tumor cell apoptosis.

Many important immune molecules and their receptors are present on the surface of T cells, playing a critical role in the activation, differentiation, and proliferation of T cells. TIGIT is one of the immune checkpoint molecules. We analyzed the relationship between clinical features and TIGIT. In tissue microarrays, the clinic pathological analysis indicated that TIGIT was highly expressed in cancer tissues than adjacent tissues, and it was notably related to the pathological stage. Besides, it was suggested that TIGIT was an independent adverse prognostic factor in both univariate and multivariate analyses. Simultaneously, in blood samples, CD3+T cells co-expressed by TIGIT and PD-1 were associated with the lymph node stage (P<0.05). Additionally, the secretion of active cytokines and proliferation rate of TIGIT+T cells was dramatically reduced. However, in this study, TIGIT caused the increase of immunosuppressive factor IL-10. Almost all lymphocytes can synthesize IL-10, mainly by mononuclear macrophages and T cells. Nearly all mononuclear macrophages are the target cells of IL-10 inhibition. However, there are a wide variety of T cells, and the mechanism of IL-10 involvement is very complex. T cells stimulated and activated ERK1 and ERK2 MAP kinases to secrete IL-10. TIGIT can inhibit the production of IL-2 and INF-γ by T cells. IL-2 reduces IL-10 secretion through signal transduction and inhibition of the transcription factor STAT5. In addition, decreased INF-γ resulted in decreased ERK1 activity, which further inhibited IL-10 secretion. These may be the reasons why TIGIT causes the increase of immunosuppressive factor IL-10. Taken together, we infer that TIGIT may activate the inhibitory signaling pathway, impede the growth of immune cells and induce the T cells dysfunction. TIGIT negatively regulates the human immune function, promotes the proliferation and escape of tumor cells, and accelerates the progression of colorectal cancer.

In the tumor microenvironment, both tumor cells and immune cells can be metabolically reprogrammed to adapt to the microenvironment of low oxygen, acid, and low nutrition (25). Changes in the components of various cells and extracellular matrix in the microenvironment can promote the initiation and development of tumors, and lead to the differential levels of sugars, lipids, amino acids, and other related metabolites, namely metabolic reprogramming (26, 27). Understanding the microenvironment can provide new insights into the pathogenesis and early diagnosis of colorectal cancer, potentially leading to better treatment and prognosis strategies. Glucose is the most required nutrient for tumor cells. It is also a vital energy substance for the activation and function of T cells. Aerobic glycolysis metabolism in tumor-infiltrating T cells is not only necessary for cellular energy but also conducive to the synthesis of intermediates and signal transduction (28). Warburg effect is an abnormal feature of cancer cells and immune cells, that is, in the tumor microenvironment, some cells rely on glycolysis instead of oxidative phosphorylation to achieve energy metabolism under aerobic conditions (29). On the metabolite level, the Warburg effect mainly showed decreased glucose concentration and an increase in lactic acid production. Glut1 is the key to initiate the Warburg effect, and HK1/2 is the key enzyme in glycolysis. In this study, we found abnormal lower glucose metabolism in TIGIT+ T cells. The levels of Glut1 and several key enzymes in glucose metabolism were decreased in TIGIT+ T cells compared with TIGIT- T cells. In addition, the phosphorylation of AKT/mTOR metabolic pathway was downregulated. Fortunately, the TIGIT antibody reversed this phenomenon. These results suggest that TIGIT can cause T cell energy utilization disorder in the tumor microenvironment of patients with colorectal cancer, and induce T cell dysfunction. TIGIT antibody can restore the T cells effectors function and metabolic activity, which may be a potential treatment for colorectal cancer.

In the past decade, immunotherapy has provided the possibility for the clinical treatment of cancers. However, most patients did not benefit from the immunotherapy. It may be that nutrients and metabolites in the tumor microenvironment can regulate the fate of peripheral immune cells (30). The high metabolism of cancer cells leads to the lack of nutrition and the accumulation of metabolites. At the same time, the energy utilization of immune function cells is impaired (31). In the tumor microenvironment, different metabolic patterns and nutrient-sensing mechanisms jointly regulate the response of immune cells to nutrients (32). Moreover, negative immune checkpoint molecules are often used by tumor cells to evade immune surveillance. The metabolic disorder of tumor cells will further affect the expression of cell surface markers, thus interfering with immune surveillance. To perform its necessary functions, immune cells must be metabolically adapted to the changes of the microenvironment. Further understanding of the metabolic reprogramming and the interaction between the metabolism of infiltrating T cells and tumor cells will provide a theoretical basis for the subsequent development of tumor therapy. In our study, we used the co-culture system of T cells and colorectal cancer cells to construct the tumor growth environment in vitro. TIGIT blockage restarted the metabolism pathway and increased the phosphorylation of the Akt/mTOR pathway in CD3+ T cells, resulting in restoring the metabolic function of T cells. Furthermore, TIGIT blockage also increased apoptosis and changed the cell cycle distribution of colorectal cancer cells. These results confirmed that blocking the TIGIT signaling pathway in CD3+ T cells enhanced the Akt/mTOR pathway activity, thereby improving metabolic activity and its anti-tumor effect.

It has been reported that PD-1 blocks the Akt/mTOR signaling pathway (33, 34) and inhibits the glycolysis of CD8+ T cells in gastric cancer (35). These immune checkpoints may affect common signaling pathways in regulating T cell function to achieve synergistic effects. In this study, combined blocking of TIGIT and PD-1 showed further tumor control, decreased reduction of key factors in glucose metabolism, and significantly inhibit Akt/mTOR signaling pathway compared with either single blocking in tumor-bearing mice. Furthermore, combined treatment of TIGIT and PD-1 mAb had achieved good therapeutic effects in other cancers, such as glioblastoma (19), head and neck squamous cell carcinoma (21) and renal cell carcinoma (36). These findings suggest the potential of combined immunotherapy for cancer treatment, which is now receiving increased attention. TIGIT blockade alone or in combination with PD-1 may be a potential strategy for treating colorectal cancer. However, the synergetic mechanism is still unclear. TIGIT could directly bind CD226 in cis, disrupting its homodimerization and binding capacity to CD155 (37). PD-1 induces SHP2-mediated CD226 dephosphorylation, supporting the need for dual PD-1/TIGIT blockade to promote CD226 signaling (38).

In summary, with further research on the immunosuppressive receptors on T cells, an increasing number of results have confirmed that the immunosuppressive receptor TIGIT expressed on the T cell membrane can bind to its ligand on the tumor-specific target cells, inhibit the immune function and promote the escape of tumor cells. Our study illustrates the specific mechanism of TIGIT in immunotherapy of colorectal cancer. Our results suggest that blocking TIGIT and restoring T cell metabolic activity may represent a possible approach to immunotherapy against colorectal cancer.
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Immune checkpoint inhibitors (ICIs) have revolutionized metastatic melanoma treatment, but our knowledge of ICI activity across age groups is insufficient. Patients in different age groups with advanced melanoma were selected based on the ICI approval time in this study. Patients with melanoma were identified in the Surveillance, Epidemiology, and End Result (SEER) database program 2004–2016. The results showed that 4,040 patients had advanced melanoma before the advent of ICI (referred to as the “non-ICI era”), whereas there were 6,188 cases after ICI approval (referred to as the “ICI era”). In all age groups, the cases were dominated by men. The differences between the first (20–59 years) and second (60–74 years) age groups in both eras were significant in terms of surgery performance and holding of insurance policies (p = 0.05). The first and second groups (20–59 and 60–70 years old, respectively) showed no difference in survival (median = 8 months) during the non-ICI era, but the difference was evident in the first, second, and third age groups in the ICI era, with the younger group (20–59 years) having significantly better survival (median = 18, 14, and 10 months, respectively, p = 0.0001). Multivariate analysis of the first group (the youngest) in the ICI era revealed that surgery was significantly associated with an increase in survival among patients compared with those who did not undergo surgery (p < 0.0001). Furthermore, having an insurance policy among all age groups in the ICI era was associated with favorable survival in the first (20–59 years) and second (60–74 years) age groups (p = 0.0001), while there were no survival differences in the older ICI group (>74 years). Although there were differences in survival between the ICI era and the non-ICI era, these results demonstrate that ICI positively affected the survival of younger patients with advanced melanoma (first age group) than it had beneficial effects on older patients. Moreover, having had cancer surgery and holding an insurance policy were positive predictors for patient survival. This study emphasizes that adequate clinical and preclinical studies are important to enhance ICI outcomes across age groups.
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Introduction

The first immune check inhibitor (ICI) was approved for melanoma treatment in 2011 (ipilimumab). Immunotherapy has demonstrated a significant improvement in progression-free and overall survival (OS) compared with other therapeutic approaches across multiple cancers and has revolutionized the therapeutic landscape of melanoma (1, 2). Cytotoxic T-lymphocyte-associated protein-4 (CTLA-4) and programmed death protein-1 (PD-1) have emerged as the standard ICIs, establishing a valuable role in the curative and non-curative settings (3).

Aging is associated with increased immune dysfunction involving notable changes in the innate and adaptive immunity (4). Hematopoiesis is most strongly biased toward myeloid development, whereas lymphopoiesis retracts with age. Various age-related changes common to peripheral T-cell populations include less naive T cells, high numbers of terminally differentiated T cells, and reduced expressions of co-stimulatory molecules. Although recent studies have reported variations in the age-related outcomes in different cancer types (5–7), they are mostly short reports and case series and did not discuss the specific age groups with their clinical traits in a large cohort. In the setting of elderly patients with melanoma, there is an unmet systemic need; the evidence is limited to the correlative analysis between age ranges and treatment response, and no population-based study has been conducted (8).

In this work, we addressed the research gap in the efficacy of ICI patients with melanoma by evaluating the effects of ICI on a large cohort of patients with advanced melanoma and analyzing the association with OS in specific age groups.



Study Cohorts

The ethical statement of permission to access the SEER research data files was obtained by using SEER 18 Regs Custom Data (with additional treatment fields), Nov 2018 Sub (1975–2016 varying). According to the exemption regulations, use of the data released by the SEER database does not require informed patient consent. Patients were identified from SEER 2018 with additional treatment fields through SEER*Stat software (version 8.3.9.1). The SEER program of the National Cancer Institute is responsible for the collection and reporting of cancer incidence and survival data from several populations based on central cancer registries that cover approximately 30% of the US population. The SEER data include patient demographic information, primary tumor site, tumor morphology, stage at diagnosis, the first course of cancer treatment, and vital status.

We collected the SEER data for the cohort of patients from the latest registry with additional treatment fields using the SEER*Stat software (version 8.3.9.1). Following the US Food and Drug Administration approval of ICI use (9), the appropriate codes for advanced melanoma (III and IV) were selected as site recode ICD-3/WHO2008 (melanoma of the skin) according to the 6th AJCC edition (2004–2015) and Derived SEER Cmb Stg Grp (2016 onwards). Furthermore, 2004–2010 was selected and compared with the 2011–2016 period to investigate the effects of this variable on patients with advanced melanoma. All patients were designated based on follow-up (active follow-up). Only those microscopically confirmed cases via histology, exfoliative cytology, immunophenotyping, and nonspecific microscopic methods, active follow-up, and first primary or first only were included. The following variables were evaluated: age groups (20–59 years as the first group, 60–74 years as the second group, and >74 years as the third group); year of diagnosis by contemporary intervals; all months of survival; grade (I–II, III–IV, or other); sex (male or female); available information (2011–2016) on the sites of metastasis (mets) (bone, brain, liver, or lung); primary site labeled (trunk, upper limb, lower limb, or others); race (white, black, or other); radiation therapy (beam radiation or radioisotopes); radioactive implants (yes or no); chemotherapy (yes or no); vital status (dead or alive); laterality (right, left, or others); patient ID; marital status; and holder of an insurance policy or not. Known survival with 24 months as the cutoff value was selected. The detailed criteria for inclusion and exclusion are described in Figure 1.




Figure 1 | Detailed description of the inclusion criteria.



Patients’ baseline demographics were compared using χ2 test depending on the diagnosis of advanced melanoma. The median OS was analyzed using the Kaplan–Meier method via a log-rank test, and the Cox proportional hazard model was used for multivariate analysis in SPSS. Statistical significance was considered at p-values less than 0.05 and a limit of 0.0001.



Results

We extracted 10,228 cases with advanced melanoma, 4,040 of which were recorded before the advent of ICI (non-ICI era) and 6,188 cases had the same disease when ICI was developed (ICI era), with 24 months as the survival cutoff. The cases predominantly consisted of males. Results of the comparison of both eras for the first and second groups revealed that laterality; chemotherapy, radiation therapy, and surgery; and the holding of an insurance policy were significantly different in the first and second age groups (p ≤ 0.05), whereas only radiation therapy and surgery were not in the third age group (p = 0.0001). These characteristics are summarized in Table 1.


Table 1 | Characteristics of advanced melanoma patients.



In the study of age group disparities in OS differences between the non-ICI and the ICI era, it was revealed that there were no significant survival differences in the first and second groups in the non-ICI era (median = 8 months) and that the older group had worse survival [median = 7 months, hazard ratio (HR) = 1.16, CI = 1.07–1.26, p = 0.0001], while the difference between the groups in the ICI era was clearly shown in the first, second, and third age groups (median = 18, 14, and 10 months, respectively, p < 0.0001) (Figure 2). We studied the general OS difference between the non-ICI and ICI eras, with significant positive survival for those in the ICI era (p < 0.0001) (Supplementary File 1). We considered three age groups to classify the patients. Across the age cohorts, we found differences in OS only in the first group in the comparison of patients treated with or without ICI (i.e., in the pre-ICI or the ICI era), with an improvement in the median survival of almost all variables, sex, marital status, surgery use, and insurance, in the ICI era (p < 0.05) (Table 2). By studying differences in OS in the ICI group, we found that being female, married, and having had surgery had beneficial favorable survival (p = 0.05). Whereas having insurance had better survival for the first (20–59 years) and second (60–74 years) groups (p = 0.05), there was no difference in insurance use for the old group (p = 0.7) (Figure 3). In the study of the sites of metastasis and their effects on survival in the age groups of the ICI era, we found that mets sites have worse survival than do non-metastatic cases (Supplementary File 2). In the comparative study of the sites of metastasis in the age groups of the ICI era, a difference was shown and was associated with poor survival in the old group in cases of brain, liver, and lung metastases (p = 0.05). Bone metastasis showed fair association and only significant marginal differences were presented in the first age group (p = 0.046) (Figure 4). In the study of the differences in the mets sites in the ICI group, liver metastasis was associated with shorter median months of survival in the first (20–59 years) and second (60–74 years) age groups (median = 4 vs. 3 months), whereas brain metastasis was associated with worse survival in the older group (>74 years; median = 2 months, p = 0.006) (Figure 5).




Figure 2 | Survival differences in the age groups within each era (non-ICI and ICI). (A, B) Kaplan–Meier (KM) survival difference in the non-ICI and the ICI era (p = 0.0004 and p < 0.0001, respectively). (C, D) Multivariate Cox models for the age groups in the non-ICI era (20–59 years: p = 0.0001; 60–74 years: HR = 1.01, CI = 0.94–1.09, p = 0.614; >74 years : HR = 1.16, CI = 1.07–1.26, p = 0.0001) (C) and the ICI era (20–59 years: p < 0.0001; 60–74 years: HR = 1.37, CI = 1.261.50, p < 0.0001; >74 years: HR = 2.04, CI = 1.85–2.24, p < 0.0001) (D). ICI, immune checkpoint inhibitor.




Table 2 | Survival patterns of the age groups in the non-immunotherapy and the immunotherapy era.






Figure 3 | Kaplan–Meier (KM) results of the age groups in the ICI era for the selected variables: sex, marital status, surgery status, and insurance status.






Figure 4 | Survival pattern of the presence of metastatic sites in each age group of the ICI era. (A) First age group, 20–59 years. (B) Second age group, 60–74 years. (C) Third age group, >74 years.






Figure 5 | Comparative sites of metastasis among the age groups. (A) Bone. (B) Brain. (C) Liver. (D) Lung.



In the univariate analysis, being female, married, having had surgery, and insured patients showed significant positive survival benefits in the three groups of the ICI era. The multivariate analysis of each group revealed that, in the first (20–59 years) and second (60–74 years) age groups in the ICI era, being female, married, insured, and had surgery performed were significantly associated with an increase in survival compared with those who did not undergo surgery (HR = 1.536, CI = 1.258–1.874, p < 0.0001; HR = 2.103, CI = 1.750–2.527, p = 0.0001), whereas only surgery was an independent factor, where having undergone surgery was related with better survival than non-surgery in the older group. The presence of metastatic sites was associated with lower survival in all age groups (p = 0.0001) and increased significant OS difference between mets in the same group with increasing age (Tables 3A–C).


Table 3 A | Univariate and multivariate analysis of factors affecting the survival in non-ICI era and ICI in first age group.







Table 3 B | Univariate and multivariate analysis of factors affecting the survival in non-ICI era and ICI in first age group.







Table 3 C | Univariate and multivariate analysis of factors affecting the survival in non-ICI era and ICI in first age group.







Discussion

Age is an essential prognostic factor in patients with aggressive malignant melanoma, and the prognosis worsens with age (10). Differences in the natural history of melanoma among younger and older patients are speculated to be partly caused by immunosenescence, facilitating the escape of melanoma cells from effective immune surveillance (11). Clinical trials conducted in the last decade have investigated the effects of ICIs on various solid cancer types, including cancers that are difficult to treat, such as melanoma. Results have consistently revealed that ICIs can improve the OS of patients with malignant melanoma, either in combination with other ICI agents (i.e., ipilimumab and nivolumab) or in monotherapy (12, 13). However, systematic investigations on the influence of specific age on the prognosis of patients with melanoma receiving ICIs are largely missing.

In the present population-based study, the effects of ICIs on the different age groups were evaluated, and the differences among these groups in terms of survival were examined. The results revealed that ICIs had excellent survival benefits for younger patients than for elderly patients with melanoma. In the non-ICI era, there was no difference between the first (20-59) and second ( 60-74) age groups, with less favorable survival in the older group ( > 74). These results suggest that the benefits of immunotherapy have been introduced for better survival, but further age disparities have risen. The increase in survival was primarily attributed to the introduction of immunotherapeutic drugs in therapeutic regimens. This improvement was notably lower than that reported in prior studies (14), which designated only 24 months as the cutoff value for survival in the younger age group regardless of their status and other comorbidities. The present results also revealed that most variables demonstrated significant unfavorable OS in the age groups (i.e., first group) in the non-ICI era. Several studies have reported that ICI-based multimodal treatments can remarkably enhance the anticancer activity across different diseases (15). There have been reports on the effects of immunotherapy in older patients. While no difference in the survival among the non-younger groups after introducing ICI has been reported (16), another study has reported that a subgroup of older patients had greater survival than did the younger group (17). In addition to the cohort number and the different locations, these results could be related to the missed and non-included variables almost related to the impact of age. Another reason is that, assuming quality and high-performing healthcare settings, with universal healthcare, can more easily replicate the context of clinical trials (18, 19). However, this is insufficient to capture the full landscape of disparities in elderly care—and maybe oversimplified. Consequently, there are numerous variables that we cannot account for, resulting in the findings of our study.

In our study, the age groups in the ICI era were fairly treated with chemotherapy as its frequency is less than that of chemotherapy non-use. Thus, almost all ICIs were suggested to be administered in patients with melanoma, further supporting the present results of improved benefits in the ICI era compared to the non-ICI era. Selected patients with melanoma may be eligible for treatment with radiotherapy, brain disease control, or other palliative services (20). Our study showed a positive correlation between ICIs plus radiotherapy and OS, thereby supporting the idea of synergistic effects. However, without specific knowledge of the types and districts of delivery, this finding is largely speculative (21). The effect of radiotherapy seemed limited to the non-younger aged population; the results of Cox multivariate analysis confirmed that its effect was insignificant in non-younger patients. The patients in the ICI era who also underwent surgery had significantly better survival outcomes than those in the non-ICI era who did not undergo surgery, indicating that surgery could be a predictive factor for favorable survival in all age subgroups in the ICI era. In general, the combination of local–locoregional approaches to integrate and optimize ICI treatments in patients with melanoma is currently common and can help improve progression-free survival and or proceed beyond progression. This finding holds when the disease progression pattern during ICI treatment regards a few sites, which can be surgically approached or tackled with radiotherapy, resulting in one interpretation of the correlative analysis. Previous studies reported favorable survival when distant melanoma tissues were removed via surgery after checkpoint blockade, especially when they responded to ICI treatment (22, 23). Administration of chemotherapy was highly observed in patients in the non-ICI era, mostly because it was the only treatment modality available. Having an insurance policy played an important role in various treatment regimens, especially in the ICI era. Unlike younger age groups (20-59), the older ICI age groups OS was not related to insurance availability. Recent work has reported that melanoma patients younger than 65 years who were insured in the ICI era had higher OS than those who did not have an insurance policy (24, 25), suggesting an influence on the likelihood of accessing treatment affordably. At the same time, patients with mets had worse survival than did those in the non-mets group, and the difference in OS between the mets sites within each age group clearly increased throughout the ICI era. While brain metastasis was related to poor survival in the older group, the liver mets site was poorly associated with shorter survival in most cases and coincided with the results of a cohort of clinical trials (26).

The present study has several limitations. Firstly, the database we consulted did not expound on specific age groups with melanoma. Secondly, the short median OS was associated with a 24-month follow-up only, comorbidities were not examined, and there was lack of information on the performance status. There was no chance to clarify whether patients had received anti-CTLA4, anti-PD1, or both. Eventually, we could not investigate whether elderly patients had experienced more toxicity from ICIs, impairing the dose exposure and reducing the durable benefit of disease control, and what comorbidities were specifically prominent, including the treatments received and the need for corticosteroids or antibiotics for other diseases.



Conclusion

Our results indicated that age-related disparities might affect the OS outcomes in patients with metastatic melanoma in both the ICI and non-ICI eras. ICIs had clear significant effects on all groups, but significantly improved the OS of patients younger than 59 years. Surgical removal of metastatic melanoma and having an insurance policy were found to be positive predictors for OS in most cases. In addition to the independent predictive factor of surgery, this study highlights the importance of access to government-sponsored insurance programs in overcoming age-based inequalities in healthcare outcomes, especially in the era of ICI.
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etal of solid new lesions; spread of disease; clinical deterioration by treatment with ICls positive rate

Criteria tumours ECOG
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Agent

Target

PD-L1 IHC antibody

Cell types and scoring method

Cut-off definitions in NSCLC

Cut-off definitions in UBC

NA, Not Available.

Atezolizumab (Genetech/Roche)

PD-L1

Ventana SP142
NSCLC-TC/IC

UBC-IC

TC or IC>1%

TC or IC>5%

TC >50% or IC>10%
1C>10%; 1C25%; IC>1%

Nivolumab (BMS)

PD-1
Dako 28-8
NSCLC-TC

TC 21%
TC 25%
TC >10%
NA

Pembrolizumab (Merck)

PD-1

Dako 22C3
NSCLC-TC
UBC-TC/IC
TC =1%-49%
TC >50%

>1% TC or any stromal staining

Durvalumab (AZ)
PD-1

Ventana SP263
NSCLC-TC

TC 225%

NA
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Variables

(ref. vs. test)

Univariable analysis

Multivariable analysis

HR 95% CI P-value HR 95% CI P-value

Age (<60 vs. > 60 yrs) 0.65 0.47-0.90 0.010 0.58 0.35-0.95 0.030
Pathology (Non-SRC vs. SRC) 1.39 0.86-2.26 0.179
BMI (kg/m?) (>18.5 vs. <18.5) 1.99 1.85-2.92 <0.001 1.79 0.98-3.28 0.058
Molecular category MSS/EBV negative Ref. Ref.

MSI-H 0.18 0.08-0.40 <0.001 0.08 0.03-0.28 <0.001

EBV positive 0.45 0.22-0.92 0.029 0.76 0.29-1.99 0.577
PD-L1 (22C3 CPS) (<1% vs. = 1%) 0.51 0.35-0.76 0.001 1.16 0.68-1.99 0.5684
ICB (Nivolumabvs. Pembrolizumab) 0.55 0.40-0.78 0.001 0.98 0.56-1.71 0.942
ICB sequence (After 1t line vs. 2" or more line) 0.79 0.57-1.09 0.153
Metastatic sites (<2 vs. 22) 1.49 1.08-2.17 0.035 1.53 0.87-2.66 0.138
Previous curative surgery (No vs. yes) 0.78 0.55-1.11 0.164
Radiation therapy (No vs. yes) 0.62 0.40-0.96 0.033 0.47 0.24-0.92 0.028
Interval between radiation therapy and ICB (<6 vs. 26 months) 0.81 0.63-1.04 0.092
Baseline albumin (>8.5vs. <3.5 g/dL) 2.16 1.50-3.11 <0.001 1.34 0.95-1.88 0.004
Number of risk factors(sarcopenia & NLR>3) 0 Ref. Ref.

1 1.23 0.83-1.82 0.300 2.02 1.09-3.74 0.026

2 2.39 1.56-3.66 <0.001 6.06 3.04-12.08 <0.001

*The foreparts of parentheses are set as the reference group.
HR, hazard ratio; Cl, confidence interval; SRC, signet ring cell carcinoma; BMI, body mass index; MSS, microsateliite stable; EBV, Epstein-Barr virus; MSI-H, microsatellite instability-high;

PD-L1, programmed death-ligand 1; CPS, combined positive score; ICB, immune-checkpoint blockade; NLR, neutrophil-lymphocyte ratio.
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Variables ORR? (%) p-value DCR®(%) p-value

Entire 16.8 227
Pathology SRC 19.0 0.080 239 0.418
non-SRC 0.0 13.6
Molecular MSI-H 63.2 <0.001 737 <0.001
category EBV (+) 53.8 385
MSS/EBV () 85 14.1
Unknown 0.0 27.3
PD-L1 status  >1% 36.7 <0.001 40.8 0.002
(22C3CPS)  <1% 6.5 16.2
Unknown 114 16.7
RT history No 185 0.058 20.9 0.357
Yes 29.7 29.7
ICB sequence After 1% line 16.2 0.531 225 1.000
chemotherapy
After 2" line or () 22.9
more chemotherapy
ICB Nivolumab 7.4 0.008 1.1 0.002
Pembrolizumab 24.0 31.7
Sarcopenia No 19.6 0.494 30.4 0.020
Yes 14.0 16.1
NLR>3 No 19.6 0.005 26.1 0.027
Yes 3.1 6.2

“Complete response + partial response

“Complete response + partial response + stable disease maintained for =6 months.
ORR, objective response rate; DCR, disease control rate; SRC, signet ring cell carcinoma;
MSS, microsatellite stable; EBV, Epstein-Barr virus; MSI-H, microsatellite instability-high;
PD-L1, programmed death-ligand 1; CPS, combined positive score; RT, radiation
therapy;: ICB, immune-checkpoint blockade; NLR, neutrophil-lymphocyte ratio.





OPS/images/fimmu.2021.701668/table1.jpg
Age, year
Sex Male
BMI, kg/m?
Underweight (<18.5)
SMI, cm?/m?
Pathology Adenoca, MD
Adenoca, PD
Signet ring cell
Neuroendocrine
Molecular category MSI-H
EBV (+)
MSS/EBV ()
Unknown
PD-L1 status (22C3 CPS) >1%
<1%
Unknown
Number of metastatic sites
Peritoneal carcinomatosis
Distant organ metastasis
Previous curative surgery
Previous radiation therapy
Total dose
Fractional dose
Immune-checkpoint blockade Nivolumab

Pembrolizumab

White blood cell count (x 10*/uL)
ANC (x 10%/uL)
ALC (x 10%/uL)
NLR

NLR=3
Albumin (g/dL)

Albumin<3.5 g/dL

Total (N=185)

59 [51-69]
120 (64.9)
21.2[18.9-23.2]
40 (21.6)
41.8(36.0-47.4]
57 (30.8)
108 (65.7)
22 (11.9)
3(16)

19 (10.9)

13 (7.0)
142 (76.8)
159
49 (26.5)

46 (24.9)

90 (48.6)
213
127 (68.6)
115 (62.2)
62 (33.5)

37 (20.0)
35.0 [25.0-36.0]
3.0(3.0- 4.0]
81(43.8)
104 (56.2)
6.26 [4.86-8.80]
3.92 [2.72-6.92)
1.48 [1.09-1.91]
26[1.7- 45]
81 (43.8)
383342
51 (27.6)

Sarcopenia (+) (N=93)

62 [55-70]
85 (91.4)
20.6 [18.2-22.0]
25 (26.9)
40.7 [34.6-44.3]
33(35.5)

50 (53.8)
907
1(1.1)

6 (6.5)
8(86)

75 80.6)
443
24 (25.8)

24 (25.8)

45 (48.4)
2(1-3
70 (75.3)

52 (55.9)

30 (32.3)

18 (19.4)
36.0 [30.0-36.0]
3.0[30-30]
48 (51.6)

45 (48.4)
7.40 [5.32-9.57)
4.68 [3.45-6.58]
1.48 [1.09-1.91]
33[20- 49]
49 (52.7)
3.8[3.3-4.1]
26 (28.0)

Sarcopenia (-) (N=92)

57 [47-67)
35(38.0)
22,0 [19.8-24.8]
15 (16.3)
44.8(37.7-53.3]
25 (27.2)

45 (48.9)
2(1-3
57 (62.0)
63 (68.5)
32 (34.8)

19 (20.7)
30.0 [22.0-36.0]
35[3.0-7.5]
33(35.9)

59 (64.1)
5.54 [4.46-7.50]
3.12[2.46-5.12]
1.52 [1.08-1.93]
23[1.4-38]
32(34.8)
38[3.4-42]
25 (27.2)

P-value

0.027
<0.001
<0.001

0.117
<0.001

0.591

0.209

0.756

0.467
0.073
0.107
0.835
0971
0.330
0.061
0.044

0.001
0.001
0.925
0.003
0.021
0.329
1.000

Values are presented as the number of patients (%) or medians [interquartile range] BMI, body mass index; SMI, skeletal muscle index; Adenoca, adenocarcinoma; MD, moderately
differentiated; PD, poorly differentiated; MSS, microsatelite stable; EBV, Epstein-Barr virus; MSI-H, microsatellite instability-high; PD-L1, programmed death-ligand 1; CPS, combined
positive score; ANC, absolute neutrophil count; ALC, absolute lymphocyte count; NLR, neutrophil-lymphocyte ratio.
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Variables Progression free survival Overall survival

Hazard ratio osic 3 Hazard ratio 95%IC P
Age > medan 05 046-189 080 o8 038181 0634
Sex (nele) 138 051-348 0561 118 041-343 0762
PS < 80% 187 087402 0098 264 113-6.18 0025
Homoglotn < owor it of nomal 227 1.06- 486 0034 262 1114604 0021
Calcum > vpper it of normal 099 038263 0990 185 063-543 0265
Pt > uppor it of oanal 108 039-271 0947 139 047-400 054
Neutrophi > upper it ofpormal 141 027-739 0683 163 0861558 0061
MOC risk subgroup

Favorablo 100 100

Intarmediate 354 1161079 0026 574 130-2533 0021

Poor 298 089- 1001 0077 692 1443327 0016
SBTNZAT igh 228 068-480 0091 148 068-325 0326
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Patient characteristics Healthy donor characteristics

Case ID Gender Age Types of cancer Stage at diagnosis Case ID Gender Age
1 female 61 Triple-negative breast cancer \Y 1 female 51
2 female 48 Triple-negative breast cancer W% 2 female 40
3 female 63 Triple-negative breast cancer v 3 female 66
4 female 58 Triple-negative breast cancer \% 4 female 65
5 female 46 Triple-negative breast cancer \% 5 female 55
6 female 64 Triple-negative breast cancer \% 6 female 52
7 female 67 Triple-negative breast cancer \% T female 48
8 female 54 Triple-negative breast cancer il 8 female 68
9 female 59 Triple-negative breast cancer 1} 9 female 57
10 female 38 Triple-negative breast cancer \Y 10 female 68
1 female 44 Triple-negative breast cancer \Y T female 32
12 female 57 Triple-negative breast cancer W% 12 female 77
13 female 55 Triple-negative breast cancer \Y 13 female 56
14 female 63 Triple-negative breast cancer [} 14 female 55
15 female 65 Triple-negative breast cancer v 15 female 63
16 female 67 Triple-negative breast cancer v 16 female 67
17 female 70 Triple-negative breast cancer \% 17 female 69
18 female 66 Triple-negative breast cancer \% 18 female 55
19 female 54 Triple-negative breast cancer v 19 female 51
20 female 68 Triple-negative breast cancer \% 20 female 49
21 female 55 Triple-negative breast cancer 1} 21 female 55
22 female 47 Triple-negative breast cancer 1l 22 female 75
23 female 33 Triple-negative breast cancer i 23 female 43
24 femnale 67 Triple-negative breast cancer v 24 female 37
25 female 82 Triple-negative breast cancer W% 25 female 39
26 female 65 Triple-negative breast cancer v 26 female 78
27 female 54 Triple-negative breast cancer \% 27 female 65
28 female 39 Triple-negative breast cancer \% 28 female 63
29 female 47 Triple-negative breast cancer \% 29 female 59

30 female 66 Triple-negative breast cancer 1} 30 female 68
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Sensor proteins Adaptor - Caspase Activated Cleaved proteins Cytokine Cell death
caspases release

Canonical NLRP family adaptor protein ASC - caspase-1 GSDMD, pro-IL-1B, pro-IL-  IL-1B, pyroptosis; apoptosis;
inflammasomes AlM2 caspase-1 18 IL-18

IFI16

RIG-I

NAIP-NLRC4 caspase-1
Non-canonical NLRP family caspase-11 caspase-1, 11 GSDMD, pro-IL-1¢, pro-IL-  IL-1¢t, pyroptosis; apoptosis;
Inflammasomes ZBP1 dependent - NLRP3  caspase-8, 6 1B, pro-IL-18 IL-1B, necroptosis

Inhibition of TAK1 or lkappaB  caspase-8 IL-18

kinase (IKK) TAK1 dependent - caspase-8

caspase-8
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Case Tumor Variation Variation Proliferation Activation Activation Killing immune Follow up(4/12/2020; 6/24/2021)
NO. progression of CA125 of CTC ratio of of DCin of effect function
assessment  (U/ml) lymphocyte 6B11- lymphocyte  (10:1;  in vivo
(RECISTv culture OCIK in6B11- 25:1;
1.1) oCIK 50:1)
1 PD Increase  Increase  46.92 increase increase 14.32% CA125 continued to rise beyond the detection
324.3 0 CD86+ CD3+, 26.56% range, and intestinal obstruction occurred. Try of
958.2 17 CD80+ CD3+CD8+  39.22% oral etoposide and other chemotherapy regiments
2347 10 CD83+ CD3+CD56+ showed no obvious effect. Try of intestinal
HLA-DR+ obstruction surgery failed, attempts of abdominal
surgery failed (frozen abdominal cavity), and the
patient died on March 6, 2019(about 5 months after
the last 6B11-OCIK treatment)
2 PD Increase  decrease  102.07 increase increase 28.08% After treatment, the patient were sensitive to
2476 46 CD86+ CD3+, 49.51% chemotherapy(cisplatin + gemcitabine +
506.1 4 CD80+ CD3+CD4+  65.33% Bevacizumab *3, Oxaliplatin + gemcitabine +
994 3 CD83+ CD3+CD8+ Bevacizumab *3),the CA125 decreased to normal,
HLA-DR+  CD3+CD56+ and the lesions were reduced, then under
Bevacizumab maintenance therapy.CA125
continued to increase and the lesion reappeared a
few months later. CA125 growth slowed with
maintenance treatment of Olaparib, but increased
again after discontinuation of treatment. In 2020,
the patients were treated with lenvatinib +
Capecitabine for 4-5 months, and the growth of
CA125 was moderate, the lesion was slightly
smaller, but the hand-foot syndrome was obvious
and the pulmonary fluid was fluid. CA125 and
lesions continued to increase after drug withdrawal.
Then maintenance therapy with lenvatinib +
Niraparib. Due to multi-line drug resistance, large
side effect, Lung metastasis and compression of
heart failure, the patient died in12/15/2020(nearly
two year after the last 6B11-OCIK treatment.).
3 SD Decrease decrease  117.95 increase increase 59.12% increase: Satisfactory tumor cell reduction was performed on
380.4 70 CD86+ CD3+ 82.08% CD3 9/16/2019; The patient was sensitive to
2921 19 CD80+ CD3+CD8+ 94.26% +CD4+ chemotherapy (albumin paclitaxel 400+ carboplatin
2835 17 CD83+ CD3+CD56+ CD3 600*4), CA125 decreased (49.94). (2/14/2020) IAP
HLA-DR+ +CD8+ (D1-2, oxalate platinum 180mg D1, liposomal

doxorubicin 40mg D2). Due to the development of
drug resistance and the discovery of tumor foci in
iliac artery, targeted drug maintenance therapy:
Olaparib *2; Lenvatinib + Olaparib *3, CA125 28.85
(11/6/2020). The patient is in good condition with
few side effects. Physical examination found
mediastinal lymphatic metastasis in the chest and
tumor foci in iliac artery larger (4/2021). Target drug
was stopped and gemcitabine + Lenvatinib was
used. First course of CA125 decreased (170-) She
is currently undergoing the second course of
treatment. (survive)

RECIST, Response Evaluation Criteria in Solid Tumors; PD, progressive disease; SD, stable disease.
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Case CT image of patients before 6B11-OCIK CT image of patients after 6B11-OCIK treatment Tumor
NO. treatment progression assessment
(RECIST v 1.1)

1 Low-density nodules at the posterior margin ~ Metastatic tumor progression (PD) was considered because nodules at the PD
of segment S6 of the liver and muitiple posterior margin of segment S6 of the liver were fused and enlarged, and some
intrahepatic nodules were considered as intrahepatic nodules were slightly enlarged.
metastatic tumors. Implantation metastasis of multiple nodular peritoneum thickening were thicker
Multiple nodular peritoneum thickening than before.
suggested implantation metastasis. Multiple enlarged lymph nodes in abdominal pelvic cavity and retroperitoneal,

Lymph nodes were found in abdominal pelvic - considering lymphatic metastasis, increased in number and became larger.
cavity and bilateral iliac, among which Multiple abdominal and pelvic effusions and left pleural effusion were found.

multiple enlarged nodes were found near the
right iliac vessels, and lymphatic metastasis
was considered.

2 Multiple small lymph nodes were found in (PET-CT) Multiple FDG metabolism enhancement lesions were found throughout PD
pelvic cavity and retroperitoneum; splenic the body, and tumor recurrence and metastasis were considered. The lesions
tubercle*; Left adrenal gland with poor involved the right adrenal gland, liver capsule, spleen capsule, peritoneum and
shape* intestinal surface, and multiple lymph nodes at heart diaphragm angle, left costal

phrenic angle, mesenteric, abdominal aorta and iliac vascular periphery.

3 Multiple enlarged lymph nodes were found Multiple enlarged lymph nodes were found near the abdominal aorta and left iac ~ SD
near the abdominal aorta and left iliac vessels. Metastatic tumors were considered, but there was no significant change

vessels. Metastatic tumors were considered  compared with before treatment.

*Suspected.
RECIST, Response Evaluation Criteria in Solid Tumors; PD, progressive disease; SD, stable disease.
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Patient Adverse Event DLT Severity SAE Relationship Measure 1 Measure 2 Outcome

001 transient chest pain(2-3S) NO 1 NO 4 2 1 1
abdominal distension NO 1 NO 3 2 1 1
weakness NO 1 NO 4 2 1 3
abdominal distension worsened NO 2 NO 4 6 1 3
waist up worsened NO 2 NO 4 6 1 3
pelvic pain worsened NO 2 NO 4 6 1 3
abdominal burning sensation NO 2 NO 4 6 1 3
nausea NO 1 NO 4 6 2 3
vomiting NO 1 NO 4 6 2 3
weak NO 2 NO 2 2 1 o
002 herpes simplex NO 1 NO 4 2 2 1
lymphocytopenia NO 1 NO 3 2 1 il
elevated urine bacteria NO 1 NO 4 2 1 1
weakness NO 1 NO 2 2 1 1
elevated urine bacteria NO 1 NO 4 2 1 1
elevated urinary leukocyte NO 1 NO 4 2 1 1
fever NO 1 NO 3 2 1 1
abdominal pain NO 1 NO 4 6 1 2|
003 noninfectious diarrhea NO 1 NO 4 2 2 1

(DLT and SAE were not observed).

DLT, dose limiting toxicity.

Severity: 1=Grade 1; 2=Grade 2; 3=Grade 3; 4=Grade 4; 5=Grade 5.
SAE, severe adverse event.

Relationship, the relationship with research drugs. 1=yes; 2=may be 2; 3=may not be; 4=sure not be; 5= unable to determine.

Measure 1: Measures taken with respect to experimental drugs. 1=dose increase; 2= same dose; 3=dose decrease; 4=suspended medication; 5= termination of medication; 6=
inapplicability; 7=unknown.

Measure 2: Measures taken with respect to patients. 1=none; 2=drug combination; 3=therapy combination; 4=quit the test; 5=others.

Outcome: 1=recovery/cure; 2=recovery/cure with sequelae; overing/improvin:
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Case Age Operation Pathological = Chemotherapy regimens *serum CA125 before CT image of patients before 6B11-OCIK 6B11-
NO. date diagnosis after operation 6B11-OCIK treatment treatment OCIK
(U/mi) treatment
(D1, D6,
D11, D25,
D39)

1 44 1/5/2016 High-grade 2/2016-6/2017: 3-step Before initial operation:  Low-density nodules at the posterior margin of 8/16/2018
serous chemotherapy: liposome 815 segment S6 of the liver and multiple intrahepatic ~ 8/22/2018
carcinoma stage paclitaxel + loplatin *7; 8/16/2016:322 nodules were considered as metastatic tumors.  8/29/2018
nc Cyclophosphamide + 8/21/2017:117 Multiple nodular peritoneum thickening 9/17/2018

etoposide *6; 10/30/2017:566 suggested implantation metastasis. Lymph 9/30/2018
Cyclophosphamide + 3/8/2018:122 nodes were found in abdominal pelvic cavity
carboplatin *2. and bilateral iliac, among which muttiple
6/2017: Recurred with enlarged were found near the right iliac vessels,
drug-resistant 8/2017-10/ and lymphatic metastasis was considered.
2017: Carboplatin +

paclitaxel *4

11/2017-3/2018:

gemcitabine + bevacizumab

(28 days therapy in weeks

1, 8, 15

5/2018: albumin paclitaxel +

bevacizumab weekly

therapy *3

2 55 2/23/2018  High-grade 2/2018-7/2018: paclitaxel Before initial Multiple small lymph nodes were found in pelvic ~ 11/28/2018
serous liposome (240mg) + operation:5000+ cavity and retroperitoneum; Splenic tubercle®; 12/3/2018
carcinoma stage  carboplatin(500mg) *5; 9/25/2018:34.52 Left adrenal gland with poor shape* 12/7/2018
nc paclitaxel (210mg) + 10/24/2018:91.61 12/28/2018

carboplatin (500mg). 11/17/2018:161.2 1/9/2019

3 52 9/24/2014  Stage lIIB of 10/2014-5/2015: Paclitaxel ~ Before initial Multiple enlarged lymph nodes were found near ~ 6/17/2019

11/29/2016  high-grade + carboplatin *8; operation:338.2 the abdominal aorta and left iliac vessels. 6/21/2019
4/24/2018  serous 12/2016-5/2017:TC*3, taxol  3/2/2018:127.6 Metastatic tumors were considered 6/26/2019
adenocarcinoma (240mg) +eloxatin (200mg) ~ 3/29/2018:239.4 7/8/2019

*1, IAP*2; 5/14/2018:308.5 7/18/2019

*Normal serum CA125 level was <35 UU/ml.

5/2018-12/2018:paclitaxel
Liposome(150-210mg)*10+
Arsenious acid and sodium
chloride injection (10mg) (7-
10 daily a month*8 months);
12/2018: fluorouracil(1.45g)
*3; Doxorubicin *1(60mg)
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DDR targeting agents

abemaciclib

palbociclib

trilaciclib
Dinacidib

Combined immune checkpoint inhibitors

nivolumab
pembrolizumab
pembrolizumab

pembrolizumab
nivolumab
pembrolizumab
Avelumab (+Fulvestrant)
Avelumab (+Tamoxifen)
atezolizumab
Pembrolizumab

Trial registration number

NCT03655444
NCT02079636
NCT02779751

NCT03997448
NCT03781960
NCT02778685
NCT03147287
NCT03573648
NCT03041311
NCT01676753
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HNSCC
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breast cancer
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Liver cancer
Breast cancer
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Breast cancer

=N NN

Enroliment
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100

34
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CDK, cyclin-dependent kinase; DDR, DNA damage repair; NSCLC, non-small cell lung cancer; SCLC, small cell lung cancer; HNSCC, head and neck squamous cell carcinoma; GEA,
gastro-esophageal adenocarcinoma.
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DDR-targeting agents Combined immune-checkpoint inhibitors Trial registration number

Disease

Phase

Enroliment cases
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durvalumab
durvalumab
durvalumab
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Pembrolizumab
Atezolizumab
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Pembrolizumab
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durvalumab
rucaparib Nivolumab
Nivolumab
Nivolumab
Nivolumab
Nivolumab
niraparib Atezolizumab
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Atezolizumab
Nivolumab/
ipilimumab
Pembrolizumab
veliparib Nivolumab
Nivolumab
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NCT03801369
NCT03167619
NCT03544125
NCT03594396
NCT03737643
NCT03699449
NCT03740165
NCT02953457
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NCT03923270
NCT03976323
NCT03976362
NCT02849496
NCT03810105
NCT02861573
NCT03834519
NCT03534492

NCT03459846
NCT02546661
NCT03741426
NCT03579784
NCT03784014
NCT02882308
NCT03772561
NCT03851614
NCT03842228
NCT02734004
(MEDIOLA)
NCT03991832
NCT03522246
NCT03958045
NCT03639935
NCT03572478
NCT03824704
NCT03695380
NCT03598270
NCT02657889
(KEYNOTE162/TOPACIO)
NCT03869190
NCT03404960

NCT03307785
NCT03061188
NCT02944396
NCT02660034

Breast cancer

Ovarian cancer

Ovarian/tubal or peritoneal cancer
Ovarian/breast/
lung/prostate/
colon/rectum cancer
sCLC

Non-squamous NSCLC
Squamous NSCLC
NSCLC

Prostate cancer
Prostate cancer
Prostate cancer
Urothelial/

bladder cancer
Urothelial cancer
Bladder cancer

Renal cancer

Gastric cancer

Soft tissue carcinoma
HNSCC

Solid tumor

Ovarian cancer

sCLC

Cholangiocarci-noma
Prostate/endometrial cancer
Solid tumor

Ovarian cancer
Ovarian/tubal/peritoneal cancer
Ovarian cancer/Breast cancer

Urothelial cancer
Pancreatic cancer

Cancer

Solid tumor/Lymphoma
NSCLC

Solid tumor
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12
12

28
60
8
25
1056
68
1086
39
384

54
792
735

72
32
400
780
29

150
156
60
40
960
41
40
90
102
427

78
1012
36
35
60
139
70
414
121

305
84

168
50
129
230

PARP, Poly (ADP-ribose) polymerase; DDR, DNA damage repair; NSCLC, non-small cell lung cancer; SCLC, small cell lung cancer; HNSCC, head and neck squamous cell carcinoma.
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All patients
Sex

Age

Disease

ECOG

HPV-status

Smoking habit

Subgroups

Female

Male

Not reported
<65 years
=65 years
Metastatic
Recurrent only
Not reported
0

21

Not reported
Positive
Negative
Not reported
Never
Former
Current

Not reported

N tot. (%)

3001 (100%)
426 (14%)
2214 (74%)
361 (12%)
2011 (67%)
990 (33%)
1246 (42%)
774 (26%)
981 (33%)
947 (32%)
2051 (68%)
3(0%)
492 (16%)
1523 (51%)
986 (33%)
586 (20%)
1598 (53%)
452 (15%)
365 (12%)

Anti-PD-1

2016 (100%)
266 (13%)
1389 (69%)
361 (18%)
1326 (66%)
690 (34%)
807 (40%)

340 (17%)

)
)

1350 (67%)
3(0%)
370 (18%)
1285 (64%)
361 (18%)
378 (19%)
1019 (50%)
254 (13%)
365 (18%)

Anti-PD-L1

985 (100%)
160 (16%)
825 (84%)

0(0%)

685 (70%)

00 (30%)

439 (45%)

434 (449%)
112 (11%)

284 (29%)
701 (71%)

0(0%)

122 (12%)

238 (24%)

625 (64%)

208 (21%)

579 (59%)
198 (20%)

0 (0%)
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Tumor response. Al patients (n = 56)

Compete response (CR) 1

Partal response (PR) 2
Stabie disease (SD) 34
Progressive dseas (PD) 11(190%)
ORR (CR + PR) 22.4%
OCR (CR + PR + SD) 810%

CR, Compiete response; PR Partal response; SD, Stable disease; PD, Progressie
disease: ORR, Objective resoonse rate; DR, Disease control rate.
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Characteristics CD3'TIGIT*Mean 53.90 P CD3'TIGIT*PD-1* Mean 21.33 P CD3*TIGIT*Tim-3" Mean 17.88 P

Range21.40-73.80 Range7.21-46.00 Range 5.94-34.50
low high low high low high

Gender 0.643 0.643 0.395
Male 7 10 10 7 7 10
Female 3 4 4 3 4 3

Age(years) 0.582 0.418 0.375
<60 4 5 6 3 6 4
>60 6 9 8 7 5 9

Size(cm) 0.473 0.185 0.353
<5 4 7 8 3 6 5
>5 6 7 6 7 5 8

T stage 0.527 0.473 0.647
1-3 5 8 7 6 6 7
4 5 6 7 4 5 6

N stage 0.643 0.010* 0.605
1-3 7 10 7 10 8 9
>4 3 4 7 0 3 4

Vascular invasion 0.494 0171 0.122
yes 7 " 9 9 6 "
no 3 3 5 1 5

msI 0.670 0.670 0.283
MSI-H 1 1 1 1 0 2
MSI-I 9 13 13 9 " 11

*P < 0.05, Statistically significant.
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Parameters

Gender
Male
Female
Age(years)
<60
>60
Size(cm)
<5
>5
T stage
T14T2
T3+T4
Lymph node metastasis
Negative
Positive
TNM stage
1+l
VvV
Pathological stage
1+l
1}
TIGIT expression

low

N=38

23
15

16
22

21
17

3
35

23
15

23
15

37
1
38

high

N =239

26
13

16
24

24
15

8
31

18
21

18
21

26
13
39

0.314

0.106

0.312

2.503

1.597

1.597

32.195

0.575

0.744

0.576

0.114

0.206

0.206

0.000*

Univariate Multivariate
P 95% CI P 95% CI
0.735 0.605-2.040 0.862 0.5638-2.100
0.033" 1.057-3.883 0.197 0.787-3.185
0.876 0.5675-1.914 0.764 0.677-2.117
0.489 0.546-3.543 0.449 0.546-3.921
0.009* 1.220-4.079 0.036* 1.046-3.911
0.009* 1.220-4.079 0.036* 1.046-3.911
0.000* 2.510-9.836 0.027* 1.110-5.820
0.001* 1.545-5.522 0.030* 1.081-4.803

Results of univariate and multivariate analyses using the log-rank test and the Cox proportional hazards model. In the univariate analyses, age, lymph node metastasis, TNM stage,
pathological stage, and TIGIT expression were significantly associated with poor survival (P<0.05). In the muttivariate analyses, lymph node metastasis, TNM stage, pathological stage, and
TIGIT expression (P<0.05). Cl, confidence interval. *P < 0.05, Statistically significant.
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Compound Binding affinity RMSD

1 Nilotinib -12.8 0
2 Ponatinib -12.2 0
3 Imatinib -11.8 0
4 Ibrutinib -11.6 0
5 Acalabrutinib -11.3 0
6 Duvelisib -1 0
7 Epirubicin -10.4 0
8 Doxorubicin -10.3 0
9 Idarubicin -10.3 0
10 Enasidenib -10.3 0

RMSD, Root-mean-square deviation.

The binding energies and RMSDs of these compounds are given in this table. Among
these compounds, doxorubicin was with the lowest binding energy and RMSD, which is
the first common compound in the treatment of AML in this table.
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Characteristics Univariable analysis Multivariable analysis
HR 95%ClI p value HR 95%ClI p value

Age

<65 or >65 1.278 0.931-1.741 0.13
Gender

Female or male 0.837 0.613-1.143 0.262
Smoking history

Yes or No 0.964 0.619-1.502 0.872
TNM stage

Early stage or advanced stage 2.226 1.693-3.111 0 1.116 0.644-1.935 0.696
T stage

1,2,8,0r4 1.565 1.287-1.902 0 1.356 1.095-1.679 0.005
N stage

0,1,2,0r8 1.61 1.347-1.924 0 1.405 1.062-1.857 0.017
EGFR mutation

Yes or no 1.311 0.86-1.997 0.208
KRAS mutation

Yes or no 1.068 0.736-1.55 0.728
TP53 mutation

Yes or no 1.175 0.86-1.606 0.31
STK11 mutation

Yes or No 0.926 0.585-1.468 0.745
Risk score

High or low 1.872 1.5627-2.296 <0.0001 1.724 1.407-2.114 <0.0001
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Cancer type Patient cohort Therapeutic ~ Objective response rate Complete response Ref.

agents (responders/total n) rate(responders/total n)
Metastatic melanoma (meta-analysis TIL 43% (141/332) 15% (49/332)
of 7 studies) (110)
Metastatic melanoma Bulky tumor, multiple prior therapies, Lifileucel 36.4% (24/66) 3% (2/66)
progression on ICB (111)
Cervical cancer TIL + 25% (20/80) 5% (4/80) (129)
Anti-PD-L1 HPV+: 20/68
HPV-: 0/12
Cervical cancer HPV+ HPV-specific 28% (5/18) 11% (2/18)
TIL (130)
Cervical cancer Advanced cancer with at least one LN-145 44% (12/27) 4% (1/27)
prior therapy (112)
NSCLC Progression after nivolumab alone TIL and Not specified 10% (2/20)

nivolumab (113)
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Age
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Male
Female
Smoking
Yes
No
NA
Stage
land Il
lland IV
NA
Status
Alive
Death

TCGA cohort
N =464

64.93 + 0.4732

210 (45.3%)
254 (54.7%)

386 (83.2%)
66 (14.2%)
12 (2.6%)

358 (77.2%)
98 (21.1%)
8(1.7%)

288 (62.1%)
176 (37.9%)

GSE13213
N =117

60.68 + 0.94

60 (51.3%)
57 (48.7%)

61 (52.1%)
56 (47.9%)
0

92 (78.6%)
25 (21.4%)
0

68 (58.1%)
49 (41.9%)

GSE30219
N =285

61.49 + 1.007

66 (77.6%)
19 (22.4%)

/

84 (94.4%)
1(5.6%)
0

40 (47.1%)
45 (52.9%)

GSE31210
N =226

59.58 + 0.4924

105 (46.5%)
121 (53.5%)

111 (49.1%)
115 (50.9%)
0

226 (100%)
0
0

191 (84.5%)
35 (15.5%)

GSE72094
N =420

69.25 + 0.4537

188 (44.8%)
232 (55.2%)

320 (76.2%)
31 (7.4%)
69 (16.4%)

334 (79.5%)
80 (19.1%)
6 (1.4%)

298 (71%)
122 (29%)
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HR

DFS

95% Cl

P value

HR

os

95% Cl

P value

A

Sex
Male
Female

Age (years)

<70

>70

Histology
Adenocarcinoma
Others

Surgery
Wedge/Lobectomy
Pneumonectomy

AdJuvant Treatment
No
Yes

TNM Stage
-
|

CcD8
<300/mm?
>300/mm?

B

Sex
Male
Female

Age (years)
<70
>70

Histology
Adenocarcinoma
Others

Surgery
Wedge/Lobectomy
Pneumonectomy

AdJuvant Treatment
No
Yes

TNM Stage
-V
|

CcD8
<950/mm?
>950/mm?

0.62

1.20

0.95

0.36

1.04

0.28

0.48

0.91

0.54

1.01

1.02

0.60

0.28

0.28

0.38-1.02

0.74-1.97

0.55-1.66

0.11-1.20

0.54-1.20

0.16-0.49

0.30-0.77

0.38-2.21

0.22-1.30

0.51-2.00

0.34-3.10

0.19-1.87

0.11-0.72

0.12-0.65

0.06

0.45
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Patients TCR repertoire Sample of detected Results Range of patient Cutoff of data in Geneplus database

75% 50% 25%

Case 1 Shannon index Blood 7.47 >75% 7.44 6.42 5.37
Clonality Tissue 0.53 >75% 0.23 0.15 0.11

Case 2 Shannon index Blood 65 >50% 7.44 6.42 5.37

Clonality Tissue 0.67 >75% 0.23 0.15 0.11
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Patients  Date of Age at Clinical Stage  Metastases IHC

diagnosis  diagnosis ~ diagnosis

Case 1 2015-05 45 Breast N/A N/A
cancer
2018-08 45 Breast v Ovarian
cancer and brain
Case 2 2018-04 42 Breast v Bbone
cancer

ER(+),
PR(),
HER2
2+

ER(+),
PR(+),
HER2
(14, K-
67(35%)

ER(+),
PR(+),
HER2 (),
Ki-
67(5%)

TiLs Luminal
subtype

NA Luminal
B

Negative Luminal
B8

Intratumoral: 1% Luminal
CD3+; 1% A
CD8+

Stromal:1%

CD3+; 1%

CD8+

Treatment
initiation
time

2015-09

2015-09

2018-04

2018-04

2018-07

2018-06

2018-07

Treatment

Modified
radical
mastectomy

TAC! +
tamoxiten
Cytoreductive
surgery

NG +

human
endostatin
Letrozole +
pembrolizumab
TAC? +
radiotherapy

Tamoxifen
+
pembrolizumab

Duration
of
treatment

N/A

30 months

N/A

2 months

21 months

2 months

21 months

N/A, not applicable; TiLs, tumor-infiltrating lymphocytes; ' TAC: docetaxel, doxorubicin, cyclophosphamide; 2TAC: doxorubicin liposomes, taxol liposomes, cyclophosphamide; NG,

navelbine, gemcitabine.
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Parameters. (60-74 years) Non-ICl era (60-74 years) 1C1 era

Univariate HR (C) P value  Multivariate HR (C) P value  Univariate HR (CI) P value Multvariate HR (CI) P-value
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Parameters. (20-59 years) Non-iCl era (2059 years) (Cl era

Univariate HR (C) P value  Multivariate HR (C) P value ~ Univariate HR (CI) P value Multvariate HR (CI) P-value
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Parameters Median (months) Log rank Median (months) Log rank Median (months) Log rank

Non-ICl era: ICl era: Non-ICI era: ICl era: Non-ICl era: ICl era:

20-59 years 20-59 years 60-74 years 60-74 years >74 years >74 years
Sex
Male 8.00 16.00 0.000 7.00 13.00 0.000 7.00 9.00 0.000
Female 9.00 21.00 0.000 8.00 16.00 0.000 7.00 11.00 0.000
Race
White 8.00 18.00 0.000 7.00 14.00 0.000 7.00 10.00 0.000
Black 12.00 14.00 0.059 12.00 13.00 0177 10.00 11.00 0.429
Others 11.00 20.00 0.000 12.00 16.00 0.042 12.00 11.00 0.991
Marital status
Yes 9.00 20.00 0.000 8.00 15.00 0.000 8.00 10.00 0.000
Others 7.00 15.00 0.000 7.00 12.00 0.000 6.00 9.00 0.000
Laterality
Right 12.00 21.00 0.000 12.00 18.00 0.000 11.00 13.00 0.000
Left 12.00 21.00 0.000 11.00 18.00 0.000 12.00 13.00 0.000
Others 6.00 10.00 0.000 5.00 8.00 0.000 4.00 5.00 0.000
Primary site
Trunk 10.00 21.00 0.000 10.00 16.00 0.000 9.00 11.00 0.001
Upper site 13.00 21.00 0.000 11.00 18.00 0.000 12.00 14.00 0.001
Lower site 12.00 22.00 0.000 12.00 19.00 0.000 12.00 16.00 0.001
Others 6.00 11.00 0.000 5.00 10.00 0.000 4.00 7.00 0.000
Surgery
Performed 13.00 21.00 0.000 12.00 19.00 0.000 11.00 15.00 0.000
Others 5.00 8.00 0.000 4.00 6.00 0.000 3.00 4.00 0.000
Radiation status
Yes 6.00 10.00 0.000 5.00 7.00 0.000 5.00 6.00 0.015
No 10.00 21.00 0.000 9.00 17.00 0.000 8.00 11.00 0.000
Chemotherapy
Yes 8.00 11.00 0.000 8.00 9.00 0.000 7.00 8.00 0.486
No 9.00 20.00 0.000 7.00 16.00 0.000 7.00 10.00 0.000
Insurance
Yes 9.00 18.00 0.000 8.00 14.00 0.000 8.00 10.00 0.000
No 7.00 14.00 0.000 6.00 9.00 0.025 5.00 9.00 0.052

ICI, immune checkpoint inhibitor.





OPS/images/fimmu.2021.684879/fimmu-12-684879-g003.jpg
S

i —






OPS/images/fimmu.2021.609728/table1.jpg
Parameters 20-59 years p-value 60-74 years p-value >74 years p-value
Non-ICI era: ICl era: Non-ICI era: ICl era: Non-ICl era: ICl era:
n=1714 (17%) n = 2,576 (25%) n=1,266 (12%) n = 2,287 (22%) n=1,060 (11%) n =1,325 (13%)
Sex
Male 1,198 (69.6) 1,621 (62.9) 0.0001 899 (71.0) 1,621 (70.9) 0.0001 662 (62.5) 837 (63.2) 0.733
Female 521 (30.4) 955 (37.1) 367 (29.0) 666 (29.1) 398 (37.5) 488 (36.8)
Race
White 1,649 (96.5) 2,468 (96.2) 0.689 1,207 (95.3) 2,191 (96.4) 0.219 1,014 (95.8) 1,269 (96.5) 0.609
Black 27 (1.6) 40 (1.6) 28 (2.2) 33 (1.5) 21 (2.0) 20 (1.5)
Others 32(1.9 58 (2.3) 31(2.4) 50 (2.2) 24 (2.3 26 (2.0)
Marital status
Yes 906 (52.9) 1,343 (52.1) 0.662 779 (61.5) 1,342 (58.7) 0.101 531 (50.1) 688 (51.9) 0.387
Others 808 (47.1) 1,233 (47.9) 487 (38.5) 945 (41.3) 529 (49.9) 637 (48.1)
Laterality
Right 395 (23.0) 823 (31.9) 0.0001 264 (20.9) 636 (27.8 0.0001 264 (24.9) 343 (25.9) 0.030
Left 443 (25.8) 786 (30.5) 269 (21.2) 650 (28.4) 236 (22.3) 348 (26.3)
Others 876 (51.1) 967 (37.5) 733 (57.9) 1,001 (43.8) 560 (52.8) 634 (47.8)
Primary site labeled
Trunk 446 (26) 695 (27) 0.0001 236 (18.6) 566 (24.7) 0.0001 204 (15.4) 168 (15.8) 0.948
Upper site 175 (10.2) 316 (12.3) 123 (9.7) 299 (13.1) 183 (13.8) 138 (13)
Lower site 217 (12.7) 494 (19.2) 150 (11.8) 321 (14) 204 (15.4) 164 (15.5)
Others 876 (51.1) 1,071 (41.6) 757 (59.8) 1,101 (48.1) 734 (55.4) 590 (55.7)
Surgery status
Performed 913 (53.6) 1,683 (65.4) 0.0001 621 (49.2) 1,374 (60.3) 0.0001 549 (52.3) 726 (54.9) 0.214
Others 791 (46.4) 891 (34.6) 641 (50.8) 906 (39.7) 501 (47.7) 597 (45.1)
Radiation status
Yes 598 (35.3) 609 (23.8) 0.0001 407 (32.4) 551 (24.3) 0.0001 231 (21.9) 252 (19.2) 0.112
No 1,098 (64.7) 1,946 (76.2) 851 (67.6) 1,721 (75.7) 824 (78.1) 1,063 (80.8)
Chemotherapy
Yes 596 (34.8) 513 (19.9) 0.0001 382 (30.2) 363 (15.9) 0.0001 141 (13.3) 135 (10.2) 0.020
No 1,118 (65.2) 2,083 (80.1) 884 (69.8) 1,924 (84.1) 919 (86.7) 1,190 (89.8)
Metastasis site
Bone
Yes 265 (10.5) 273 (12.3) 134 (10.5)
No 2,251 (89.5) 1,943 (87.7) 1,147 (89.5)
Brain
Yes 444 (17.6) 434 (19.4) 210 (16.4)
No 2,077 (82.4) 1,804 (80.6) 1,070 (83.6)
Liver
Yes 292 (11.6) 314 (14.1) 175 (13.6)
No 2225 (88.4) 1,905 (85.9) 1,109 (86.4)
Lung
Yes 477 (19) 541 (24.3) 360 (28.0)
No 2,035 (81) 1,684 (75.7) 928 (72)
Insurance
Yes 845 (49.30) 2,347 (91.1) 0.0001 725 (57.27) 2,164 (94.6) 0.0001 596 (56.23) 1,266 (95.5) 0.0001
Others 154 (8.98) 229 (8.9) 46 (3.63) 123 (5.4) 31(2.92) 59 (4.5)
Missed 715 (41.72) 00 495 (39.1) 00 433 (40.85) 0(0)

ICI, immune checkpoint inhibitor.
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SEER Database : Meatstatic melanoma (2004-2016) with 24 survival months and

selection criteria; Total n = 10228

Selection criteria:

*Microscopically confirmed cases:
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and nonspecific microscopic methods.
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Immunohistochemistry (PD-L1) ~ Immunohistochemistry (PD-L2)
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NRAS
Wild-type
Mutant

BRAF
Wild-type
Mutant

ECOG PS
[}

1

Primary site
Acral
Mucosal

Stage
llic
[\

LDH level
Normal
Elevated

PFS

HR

Ref

1.912

Ref
0.722

Ref
1.530

Ref
0.989

Ref
0.987

Ref
1.992

95% CI

1.017-3.592

0.331-1.577

1.003-2.335

0.641-1.525

0.552-1.765

1.321-3.005

P value

0.044

0.414

0.048

0.959

0.964

0.001

os

HR 95% CI P value
Ref

2210 1.105-4.420 0.025
Ref

0.907 0.414-1.990 0.808
Ref

1.934 1.191-3.141 0.008
Ref

1.106 0.699-1.751 0.666
Ref

0.853 0.432-1.683 0.646
Ref

2.234 1.430-3.488 <0.001

PFS, progression-free survival; OS, overall survival; HR, hazard ratio; 95% Cl, 95% confidence interval; Ref, reference; ECOG PS, Eastern Cooperative Oncology Group performance score.

P values < 0.05 were in bold.
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Hotspot Q61R Q61K Qé1L Q61H G12D G12C

N (%) 17(52%) 8(24%) 3(9%) 1(8%) 3(9%) 1(3%)
PR 1 0 0 0 1 0
sD 8 2 1 0 0 1

PD 8 6 2 1 2 0
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NRAS Mutant N=33 NRAS Wild-type N=173 P

(%) (%) value
Cutaneous* N=21 N=71
ORR 2(9.5) 17(23.9) 0.223
DCR 10(47.6) 47(66.2) 0.123
Noncutaneous N=12 N=102
ORR 0(0) 14(13.7) 0.356
DCR 4(33.3) 52(51.0) 0.247
Acral N=9 N=66
ORR 0(0) 8(12.1) 0.585
DCR 4(44.4) 36(54.5) 0.726
Mucosal N=3 N=36
ORR 0(0) 6(16.7) 1.000
DCR 0(0) 16(44.4) 0.255

*Melanoma of unknown primary site included. Subgroups with no responses were in bold.
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Characteristics

Cutaneous N=92

Noncutaneous N=114

NRAS Mutant N=21 NRAS Wild-type N=71 P value NRAS Mutant N=12 NRAS Wild-type N=102 P value
Sex 0.948 0.758
Female 12 (57.1) 40 (56.3) 8(66.7) 59 (57.8)
Male 9 (42.9) 31 (43.7) 4(33.3) 43 (42.2)
Age, years 0.164 1.000
<65 16 (76.2) 63 (88.7) 10 (83.9) 86 (84.3)
>=65 5(23.8) 8(11.3) 2(16.7) 16 (15.7)
ECOG PS 0.685 0.365
[ 12 (57.1) 37 (62.1) 3(25.0) 41(40.2)
1 9 (42.9) 34 (47.9) 9 (75.0) 61 (59.8)
Stage 0.377 0.356
lilc 3(14.3) 5(7.0) 0(0) 4(13.7)
v 18 (85.7) 66 (93.0) 12 (100) 88 (86.3)
LDH level 0.161 0.209
Normal 18 (85.7) 50 (70.4) 5(41.7) 65 (63.7)
Elevated 3(14.3) 21 (29.6) 7 (8. 37 (36.3)
Prior therapy 0.127 0.384
Naive 7(33.3) 12 (16.9) 3(25.0) 14 (13.7)
Treated 14 (66.7) 59 (83.1) 9 (75.0) 88 (86.3)
BRAF mutation 0 24 (33.8) 0.002 0 9838 0.594
KIT mutation 0 342 1.000 183 9(8.8) 1.000

ECOG PS, Eastern Cooperative Oncology Group performance score; LDH, lactic dehydrogenase. P values < 0.05 were in bold.
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