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Editorial on the Research Topic 


Immunotherapy and small molecule inhibitors as combinational cancer therapeutics


Cancer is a multidimensional chronic disease, with various factors contributing to its progression. The immune system plays a crucial role in identifying and eliminating tumor cells. However, aggressive cancers and advanced stages can pose challenges in treatment due to poor cancer cell targeting. To overcome this, research focus has shifted to developing novel small molecules which can further enhance immune system function, increasing the efficacy of cancer immunotherapies, and offering promising therapeutic options for different cancer types.

Cancer immunotherapy based on checkpoint inhibitors, aims to restore the normal defense of the body, to counter cancer cells. Programmed cell death protein 1/programmed death–ligand 1 (PD1/PDL1) check point inhibitors are already in clinical use. There are ongoing efforts to identify several other checkpoints that tumor cells exploit to mask and restrict the immune response. One of these checkpoints reviewed in this Research Topic is the CD200/CD200R pathway (Choe et al.). Authors introduced and reviewed the mechanism of CD200 checkpoint inhibition by tumor cells. Targeting of CD200/CD200R pathway would lead to antitumor activity within its environment. In another paper, evidence is provided to support the use of the drug Afatinib as a combination therapy in hepatocellular carcinoma along with PD1 inhibitors (Yu et al.). Another case report demonstrated the beneficial use of PD1 inhibitor along with two other drugs in a patient with BRAF and NRAS mutations (Gui et al.).

Cancer metabolism has been explored as a precision based therapeutic target. In this Research Topic, the role of Afatinib has been explained in terms of its link in D-Glutamine and D-Glutamic acid metabolism. Separately, another study took up the task to delineate the role of ENO1 in pancreatic cancer (PC) (Song et al.). The α-enolase (ENO1) is one of the key enzymes in the glycolytic pathway used by cancer cells for energy generation (Warburg effect). Overexpression of this gene has been associated with increased tumorigenesis in PC. The indispensable role of ENO1 in PC was proved by employing the knockout strategy. Thus, it can serve as a potential drug target to shut off glycolysis in cancer cells. However, the plasticity of cancer cells remains a concern and must be addressed when employing such approaches.

Abnormal glutamine metabolism has also been identified as a key factor in bladder cancer progression. The necessity to assess the prognosis and therapeutic efficacy of bladder cancer treatments based on an analysis of glutamine metabolism related genes is vital. The Cancer Genome Atlas was used to identify glutamine metabolism-related genes as prognostic markers, and established a novel Glutamine Metabolism Immunity Index (GMII) based on univariate and multivariate COX regression analyses. Candidate small-molecule drugs targeting the GMII core target proteins were identified based on molecular docking analysis. The GMII consisting of eight independent prognostic genes was established using molecular docking analysis as an excellent discriminating tool for predicting the survival of patients with bladder cancer. These results showed 12 potential small-molecule drugs that could bind to three of the GMII core target proteins (Xu et al.).

Cyclooxygenases-2 (COX-2) and Prostaglandin E2 (PGE2), which are important in chronic inflammatory diseases, can increase tumor incidence and promote tumor growth and metastasis. The COX-2-PGE2 pathway promotes tumor immune evasion by regulating myeloid-derived suppressor cells, lymphocytes (CD8+ T cells, CD4+ T cells and natural killer cells), and antigen presenting cells (macrophages and dendritic cells). Based on conventional treatment, the addition of COX-2 inhibitors or EP antagonists may boost immunotherapy response in anti-tumor immune escape scenarios (Jin et al.).

Drug repurposing is one of the ideas that is underexplored in cancer therapy. With the availability of computational infrastructure and artificial intelligence based algorithms, it has never been so feasible to test various drugs and their combinations in different types and stages of cancer. The key to personalized medicine also lies in our ability to identify the right target in the right patient. The most challenging aspect of the targeted delivery of anti-cancer agents is achieving selective recognition of cancer cells. Recently, homotypic binding and specific protein-receptor interactions have emerged as the preferred method for delivering anti-cancer drugs. To effectively use cancer cell membrane encapsulated nanoparticles (CCMEN) as a delivery strategy, accurately predicting their selective targeting efficiency is of utmost importance. Eleven high-priority glioblastoma cell surface antigens were selected for probabilistic modeling based on relevance, expression levels availability, and crystal structure information from literature and databases. A new term, Breakeven point (BEP), was introduced as a characteristic of typical cancer cell membrane encapsulated delivery agents. The model’s predictions closely matched the experimentally observed values within a range of ±7% for both experimental test culture types. The probabilistic model efficiently predicts the directional preference of nanoparticle-coated cancer cell membranes (GCC membrane) for glioblastoma. It can be easily adapted for other cancer types involving CCMEN as delivery agents for potential immunotherapy, offering greater specificity in future cancer treatment development (Khan et al.).

Tumors with limited immune cell infiltration and immune activity may be due to restricting anti-CD40 agonistic antibody (αCD40) immune activation by releasing certain tumor antigens. Dendritic cells (DC) can be activated through αCD40 and stimulate antigen presentation, concomitantly activating cytotoxic CD8 cells. Authors found that activation of β-2 adrenergic receptor (β2AR) initiates the signaling of CD40 in DCs through direct inhibition of IkBa phosphorylation and indirect upregulating of phosphorylated-cAMP response element binding protein (pCREB). The alteration in the CD40 pathways was observed when a pan β-Blocker ‘propranolol’, was introduced, causing better tumor regression, enhanced influx of effector T cells, as well as decreasing the number of regulatory T cells as compared to monotherapy (Singh et al.).

Several studies focused on novel cancer immunotherapies to boost anti-tumor immunity, including adoptive cell-based therapies. Various immune cells and molecules are targeted to enhance tumor-specific T cell responses. Precision and personalized therapeutic approaches are a promising route for further innovation in immuno-oncology needed for treatment of aggressive cancers. Combinational therapies show promise, but extensive pre-clinical evaluation and testing is vital before clinical development and adoption.
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Introduction

The existence of many phase III randomized controlled trials (RCTs) of first-line treatment for unresectable hepatocellular carcinoma (HCC) puzzle doctors and patients in choosing the most effective treatment strategies. We aimed to assess the efficacy, safety, and cost-effectiveness of immunotherapy or targeted therapy as the first-line strategy for unresectable HCC.



Methods

The included clinical trials were retrieved from PubMed, Embase, the Cochrane library, and Web of Science databases, in which immunotherapy or targeted therapy was regarded as the first-line treatment for unresectable HCC, published in English between January 1, 2010, and September 20, 2022. We conducted a network meta-analysis (NMA) and cost-effectiveness analysis (CEA) from the Chinese payer’s perspective. Overall survival (OS), progression-free survival (PFS), the ranks of different treatments using P-score, and adverse events (AEs) were evaluated by NMA. Total costs, life-years (LYs), quality-adjusted life-years (QALYs), and incremental cost-benefit ratio (ICER) were estimated from 15-year Markov models developed by CEA.



Results

We identified 2,825 records, including 11,796 patients, from 15 RCTs. The NMA revealed that sintilimab plus a bevacizumab biosimilar (HR, 0.57; 95% CI, 0.43 to 0.75; P = 0.96) and camrelizumab plus rivoceranib (HR, 0.56; 95% CI, 0.41 to 0.66; P = 0.94) could lead to great improvements in OS and PFS compared with sorafenib-related survival. The CEA indicated that tislelizumab increased by 0.220 QALYs (0.312 LYs) and decreased by $1,938 compared with sorafenib, which yielded ICERs of -$8,809/QALY (-$2,612/LY). Sensitivity analysis showed that the model was stable.



Conclusion

Sintilimab plus a bevacizumab biosimilar and camrelizumab plus rivoceranib significantly prolonged OS and PFS, respectively. Further considering the pharmacoeconomics factors, tislelizumab is the most cost-effective first-line treatment strategy for unresectable HCC in China.





Keywords: unresectable hepatocellular carcinoma, immunotherapy, targeted therapy, network meta-analysis, cost-effectiveness analysis



1 Introduction

Primary liver cancer, including hepatocellular carcinoma (HCC), intrahepatic cholangiocarcinoma and other rare types, was the sixth most commonly diagnosed cancer and the third leading cause of cancer death globally in 2020. Approximately 906,000 new cases of liver cancer were reported globally, out of which 830,000 had a fatal outcome (1). Based on previous data, it is estimated that primary liver cancer will be the fourth most commonly diagnosed cancer and the third leading cause of cancer death in 2022 in China, with 431,383 new cases and 302,327 deaths (2). Although there is a wide variety of treatment methods for primary liver cancer, their efficacy is still unsatisfactory due to the difficulty in early diagnosis, as most patients are diagnosed at the advanced stage of the illness. Currently, some therapeutic approaches include surgery, transarterial chemoembolization, hepatic arterial infusion chemotherapy, radiotherapy, targeted therapy, and immunotherapy (3). However, their efficacy of them is not so desirable. Therefore, it is necessary to recommend the most effective treatment for clinicians and patients to choose.

For patients struggling with unresectable HCC, cancer treatment strategies like targeted therapy and immunotherapy are proven to be effective. In the past decade, numerous immunotherapy drugs and targeted therapy drugs have been gradually tried to apply to the first-line treatment of unresectable HCC, such as brivanib, sunitinib, linifanib, sorafenib, sorafenib plus doxorubicin, sorafenib plus erlotinib, lenvatinib, nivolumab, donafenib, and atezolizumab plus bevacizumab (4–12). Currently, the first-line recommended drugs include sorafenib, lenvatinib, atezolizumab plus bevacizumab, durvalumab, and nivolumab (13). Some regimens have been reported in clinical trials for first-line treatment, like sintilimab plus a bevacizumab biosimilar, cabozantinib plus atezolizumab, tislelizumab, and camrelizumab, durvalumab, pembrolizumab plus lenvatinib (14–19). Additionally, some researchers conducted a comparison of the efficacy of several of them. Liu W et al. found that sintilimab plus a bevacizumab biosimilar was the most effective treatment (20). In addition, another paper demonstrated that atezolizumab plus bevacizumab and sintilimab plus a bevacizumab biosimilar were comparable in efficacy (21). These studies have also become data references for clinical medication.

Following the European Society of Medical Oncology (ESMO) congress, the latest progress of first-line treatment regimens for HCC was updated in 2022, some of which have yielded breakthrough achievements. In the RATIONALE-301 trial, tislelizumab, compared with sorafenib, showed a non-inferiority efficacy in prolonging median overall survival (mOS) [15.9 vs 13.1 months; Hazard ratio (HR), 0.85; 95% confidence interval (CI), 0.712 to 1.019; P = 0.0398] (16). In the SHR-1210-III-310 trial, camrelizumab plus rivoceranib significantly prolonged mOS (22.1 vs 15.2 months; R, 0.62; 95% CI, 0.49 to 0.80; P < 0.0001) and mPFS (5.6 vs 3.7 months; HR, 0.52; 95% CI, 0.41 to 0.65; P < 0.0001) compared with sorafenib (17). In addition, lenvatinib plus pembrolizumab prolonged mOS (21.2 vs 19.0 months; HR, 0.840; 95% CI, 0.708 to 0.997; P = 0.0227) and mPFS (8.2 vs 8.1 months; HR, 0.834; 95% CI, 0.712 to 0.978) compared with lenvatinib alone but did not reach the significance threshold in the LEAP-002 study (19).

Considering that the previous research did not include these regimens comprehensively to compare efficacy indirectly, we conducted this network meta-analysis. However, due to the high morbidity and mortality of primary liver cancer in the Chinese population and most patients diagnosed as an advanced stage at the initial visit, the country and society are facing a huge burden of medical and health care. What’s more, a growing number of novel drugs with expensive cost showed satisfactory efficacy. Therefore, we also performed a cost-effectiveness analysis to evaluate which regimen can balance clinical benefits and medical cost better from Chinese payers’ perspectives.



2 Methods


2.1 Network meta-analysis

We performed this work according to the PRISMA statement, including a PRISMA NMA checklist (Supplementary Table 1).


2.1.1 Study selection and assessment of bias risks

We searched PubMed, Embase, the Cochrane library, and Web of Science for English-language publications from January 1, 2010, to September 20, 2022, with the search terms “nivolumab”, “pembrolizumab”, “atezolizumab”, “camrelizumab”, “durvalumab”, “tislelizumab”, “PD-1”, “PD-L1”, “immunotherapy”, “sorafenib”, “sunitinib”, “linifanib”, “lenvatinib”, “donafenib”, “bevacizumab”, “targeted therapy”, “molecular targeted therapy”, “unresectable hepatocellular carcinoma”, and “clinical trial” (Supplementary Table 2). We also retrieved abstracts from the conferences of the European Society of Medical Oncology (ESMO) and the American Society of Clinical Oncology (ASCO). The chosen literature for the conduction of this study should abide by the following inclusion criteria: (1) phase III RCTs for unresectable hepatocellular carcinoma; (2) included immunotherapy or targeted therapy treatment arm instead of locoregional therapy as the first-line treatment; (3) the endpoint included OS and PFS. The exclusion criteria are as follows: (1) a number of patients in the experimental group <10; (2) detailed reports of adverse effects were not available; (3) not published in English. Two independent reviewers (K.L. and Y.W.Z.) screened these studies to exclude repeated articles and those articles not meet the inclusion criteria and extracted relevant data. In the case of disagreement between the two reviewers, we invited a third independent reviewer (H.Z.) for evaluation. We selected the most updated report when there are several reports from the same clinical trial. When we find potentially included abstracts, we first determine whether they meet the inclusion criteria based on their content. In addition, we will contact researchers or the marketing department of the corresponding medical company to obtain detailed data to make the final decision. The bias risk assessment for these clinical trials was performed according to the Cochrane Collaboration guideline (22).



2.1.2 Statistical analysis

The HRs and its 95% CI for OS and PFS of various treatment schemes were obtained using the R software (version 4.1.1, available: http://www.rproject.org) along with the package of “netmeta”. Since there is little data to evaluate the heterogeneity between clinical trials, we established a fixed-effect model. In addition, we compared indirectly the safety of different regimens and calculated the odds ratio (OR) and its 95% CI of all grade adverse events (AEs) and ≥ 3-grade AEs. Finally, we used P-score to rank the efficacy and safety of each regimen.




2.2 Cost-effectiveness analysis

We performed this work according to the Consolidated Health Economic Evaluation Reporting Standards (CHEERS) checklist (Supplementary Table 3), while this analysis did not involve human subjects or animal study.


2.1.1 Patients and treatments

The patients have received the first-line treatment of various regimens. In the case of progressed disease (PD) or intolerable AEs, patients received regorafenib recommended by the National Comprehensive Cancer Network (NCCN®) guidelines and the Chinese Society of Clinical Oncology (CSCO) guidelines as subsequent therapy (13, 23, 24). On the other hand, the remaining patients received the best supportive care (BSC) until death, and those who reached death received terminal care. The specific use of different drugs is detailed in Supplementary Table 4. According to these RCTs and the published articles, we assumed that patients were 65 kg in weight, and 164 cm in height with a body surface area of 1.72 m2 (25, 26) (Table 1).


Table 1 | Model Parameters: Clinical and Cost data.





2.2.2 Model structure

To evaluate the cost-effectiveness of the different first-line regimens of patients with unresectable HCC, we constructed a Markov model with a length of 6 weeks and three health states (PFS, progressive disease (PD), and death) (Supplementary Figure 1) using TreeAge Pro 2020 (TreeAge Software, Williamstown, MA, https://www.treeage.com) and the the time horizon was 15 years. The costs and effects were discounted at a rate of 3% per year (34). The outputs we measured included the total cost, life-years (LYs), quality-adjusted LYs (QALYs), and incremental cost-effectiveness ratios (ICERs). The willingness-to-pay (WTP) was $37,653 per QALY in China (25).



2.2.3 Utility estimates

We collected data from the OS and PFS curves from included RCTs using GetData Graph Digitizer (version 2.26; http://www.getdata-graph-digitizer.com/index.php), whereas the Weibull distribution was chosen as the best-fitting parameter model. This selection was made among well-known models such as log-logistic, Gompertz, Weibull, exponential, and log-normal distribution according to Akaike’s information criterion (AIC) and Bayesian information criterion (BIC) (Supplementary Figure 2 and Table 5) (36). As for sorafenib, we reconstructed the survival curves according to the survival data reported by each clinical trial. We got two parameters, shape (γ) and scale (λ), using R software (25). We used previously published utilities of 0.76 and 0.68 as the mean health utility value for the PFS and the PD state, respectively (27). We also consider the disutility values of grade 3/4 AEs in our analysis (28).



2.2.4 Cost inputs

Direct medical costs were taken solely into account from the Chinese payers’ perspective, including costs of drugs, AEs management (grade 3 or higher AEs with an incidence rate higher than 5%) (27, 29–34), BSC, terminal care, follow-up, and monitoring (30, 35). The drug price and part of the cost of AEs management are from Xiangya Hospital of Central South University. The remaining costs were derived from previously published literature (Table 1). All costs are exchanged into US dollars at the rate of $1 = ¥6.8917.



2.2.5 Sensitivity analyses

We performed one-way sensitivity analysis and probabilistic sensitivity analysis to evaluate the uncertainty of the model results. One-way sensitivity analysis was conducted within a variance of 20% from their baseline values according to varied values of a certain parameter. We also performed a probabilistic sensitivity analysis to assess the probability of effectiveness of the treatment regimens through 10000 Monte Carlo repetitions.





3 Results


3.1 Network meta-analysis

The current NMA was conducted upon 15 phase III RCTs in which 2,825 records were screened and 11,796 patients were enrolled (Supplementary Figure 3). The model diagram of the NMA is shown in Supplementary Figure 4. These trials involved regimens brivanib (N = 577), donafenib (N = 328), durvalumab (N = 389), lenvatinib (N = 877), linifanib (N = 514), nivolumab (N = 371), sunitinib (N = 530), tislelizumab (N = 342), atezolizumab plus bevacizumab (N = 336), cabozantinib plus atezolizumab (N = 432), camrelizumab plus rivoceranib (N = 272), durvalumab plus tremelimumab (N = 393), pembrolizumab plus lenvatinib (N = 395), sintilimab plus a bevacizumab biosimilar (N = 381), sorafenib plus doxorubicin (N = 180), sorafenib plus erlotinib (N = 358), and sorafenib (N = 4,925) (Supplementary Table 6). The risk of bias is shown in Supplementary Table 7. From the indirect comparisons of the NMA, sintilimab plus a bevacizumab biosimilar (HR, 0.57; 95% CI, 0.43 to 0.75 or 1.75; 1.33 to 2.32; P-score = 0.96) and camrelizumab plus rivoceranib (HR, 0.56; 95% CI, 0.41 to 0.66 or 1.92; 1.53 to 2.42; P-score = 0.94) could lead to great improvements in OS and PFS compared with the sorafenib-related survival (Figures 1 and 2). The HRs for OS and PFS of active treatment compared with the sorafenib treatment are shown in Figures 1 and 2. The forest plot revealed that tislelizumab had a lower likelihood of all-grade (OR, 0.14; 95% CI, 0.07 to 0.25; P-score = 0.05) and grade 3 or higher AEs (0.25; 0.18 to 0.35; P-score = 0.05) than those of sorafenib, respectively (Supplementary Figure 5).




Figure 1 | Network meta-analysis for overall survival.






Figure 2 | Network meta-analysis for progression-free survival.





3.2 Cost-effectiveness analysis


3.2.1 Base-case analysis

A Markov model was composed of 11,403 participants with a 15-year time horizon, in which the durvalumab plus tremelimumab group was excluded. The total costs and QALYs (LYs) of brivanib, sunitinib, linifanib, sorafenib plus doxorubicin, sorafenib plus erlotinib, lenvatinib, cabozantinib plus atezolizumab, durvalumab, tislelizumab, nivolumab, donafenib, pembrolizumab plus lenvatinib, camrelizumab plus rivoceranib, atezolizumab plus bevacizumab, sintilimab plus a bevacizumab biosimilar, and sorafenib were $64,723 and 0.374 (0.524), $26,922 and 0.945 (1.379), $59,860 and 1.379 (1.681), $38,052 and 1.186 (1.717), $35,787 and 1.297 (1.888), $28,080 and 1.367 (1.942), $56,396 and 1.410 (1.994), $33,972 and 1.498 (2.128), $26,808 and 1.509 (2.149), $32,703 and 1.515 (2.148), $31,063 and 1.535 (2.180), $44,731 and 1.594 (2.260), $40,307 and 1.795 (2.603), $73,457 and 1.870 (2.646), $56,259 and 2.076 (2.950), and $28,746 and 1.289 (1.837), which yielded ICERs of -$39,319 (-$27,401), $5,302 ($3,983), -$250,919 (-$199,449), -$83,838 (-$77,550), $138,059 ($880,125), -$3,680 (-$6,343), $228,512 ($176,115), $25,005 ($17,959), -$8,809 (-$2,612), $17,509 ($12,724), $9,419 ($6,755), $52,410 ($37,790), $22,848 ($15,093), $76,955 ($55,267), and $34,959 ($24,675) per QALY (LY) gained than sorafenib, respectively (Table 2). Our results demonstrate that tislelizumab or lenvatinib versus sorafenib as first-line systematic treatment were dominant. Further pairwise comparative analysis, treatment with tislelizumab produced an additional 0.142 QALYs (0.207 LYs) and a cost reduction of $1,272 compared with lenvatinib, resulting in an ICER of -$8,958/QALY (-6,145/LY). A comparison of ICER’s pairwise treatment strategies is shown in Supplementary Table 8. In summary, tislelizumab was cost-effective as the first-line strategy for unresectable HCC in China.


Table 2 | Baseline results.





3.2.2 Sensitivity analysis

The results of one-way sensitivity showed that HRs of OS of the tislelizumab versus sorafenib when comparing tislelizumab and sorafenib, followed by the cost of sorafenib, regorafenib, and tislelizumab. When comparing lenvatinib and sorafenib, HRs of OS of the lenvatinib versus sorafenib, followed by the costs of lenvatinib, sorafenib and regorafenib (Figure 3). In the probabilistic sensitivity analysis, the acceptability curve showed that for different WTP values, the most cost-effective solutions are also different (Figure 4). For example, tislelizumab is a better choice when it is less than the WTP threshold of $37,653/QALY in China. When the WTP value is between $37,653/QALY and $80,000/QALY, camrelizumab plus rivoceranib is the better choice. When WTP is greater than $80,000/QALY, sintilimab plus a bevacizumab biosimilar is a better choice (Figure 4). The scatter plot showed that the probability of tislelizumab, lenvatinib, donafenib, nivolumab, camrelizumab plus rivoceranib, durvalumab, sintilimab plus a bevacizumab biosimilar, pembrolizumab plus lenvatinib, sorafenib plus erlotinib, sunitinib, atezolizumab plus bevacizumab, brivanib, linifanib, sorafenib plus doxorubicin, cabozantinib plus atezolizumab therapies being cost-effective were 96.7%, 86.3%, 84.5%, 82.4%, 75.4%, 73.6%, 60.0%, 24.0%, 0.3%, 1.6%, 0.9%, 0%, 0%, 0%, and 0% compared with sorafenib at a WTP threshold of $37,653/QALY, respectively (Supplementary Figure 6).




Figure 3 | The one-way sensitivity analyses of lenvatinib vs sorafenib (A), tislelizumab vs. sorafenib (B). PFS, progression-free survival; PD, disease progressed; AEs, adverse events.






Figure 4 | The cost-effectiveness acceptability curves.







4 Discussion

At present, the morbidity and mortality of primary liver cancer, especially HCC, are very high in the world, and most patients are in the advanced stage. Among all regions of the world, the highest incidence of HCC has been observed in Asia, and China has recorded many cases (37). Furthermore, Chinese patients with unresectable HCC face substantial financial pressure due to medical expenses. From 2012 to 2014, the expenditures of an HCC patient were ¥55,529 ($8,057) in 13 Chinese provinces on average, which included ¥4,592 ($666) of non-medical and the rest ¥50,937 ($7,391) of medical expenditures (38). Due to the poor prognosis and medical care burden of unresectable HCC, numerous clinical trials are conducted to explore an effective treatment option (16, 17, 19, 37). For the moment, there are a large quantity of novel drugs for unresectable HCC to choose, such as brivanib, sunitinib, linifanib, sorafenib plus doxorubicin, sorafenib plus erlotinib, lenvatinib, cabozantinib plus atezolizumab, durvalumab, tislelizumab, nivolumab, donafenib, pembrolizumab plus lenvatinib, camrelizumab plus rivoceranib, atezolizumab plus bevacizumab, sintilimab plus a bevacizumab biosimilar, and sorafenib. Although these therapeutic strategies are effective for treating unresectable HCC, the high cost of these drugs places a heavy burden on social health resources and patients. In addition, there is a lack of head-to-head clinical trials of 16 treatment strategies to show which one is better, and fewer studies to consider its overall cost-effectiveness. Therefore, we performed the first well-rounded network meta-analysis and cost-effectiveness analysis of first-line systemic regiments for unresectable HCC to facilitate treatment strategies for patients and clinicians.

Additionally, there is a lack of head-to-head clinical trials to determine which one was the best choice. Even more, only a few studies discussed the overall cost-effectiveness of each strategy separately. Therefore, this was the first well-rounded NMA and cost-effectiveness analysis evaluating the first-line systematic regimens for unresectable HCC to facilitate treatment strategies for both patients and clinicians.

The last ten years have shown that many novel drugs have been approved to treat irresectable liver cancer. Sorafenib was the first approved molecularly-targeted drug and was regarded as a standard in improving the prognosis of patients struggling with unresectable HCC. In this study, we also uniformly selected sorafenib as a control. However, our findings differed slightly from those of published research (21). Network meta-analysis results revealed that sintilimab plus a bevacizumab biosimilar showed the best effectiveness in prolonging OS, followed by camrelizumab plus rivoceranib and atezolizumab plus bevacizumab. On the other hand, camrelizumab plus rivoceranib ranked the first in prolonging PFS, followed by pembrolizumab plus lenvatinib and sintilimab plus a bevacizumab biosimilar. The anti-angiogenesis effect of immunotherapy combined with targeted therapy is obvious, which highlights the characteristics and advantages of immunotherapy, and gradually changes the existing clinical standard and treatment mode of unresectable HCC. However, all grade and grade 3 or higher AEs in camrelizumab plus rivoceranib group is much higher than other groups. The grade 3 or higher AEs in camrelizumab plus rivoceranib group included hypertension, hepatic insufficiency, palmar-plantar erythro-dysesthesia, and so on, most of which are related to TKI (17). Meanwhile, all grade and grade 3 or higher AEs in the immunotherapy alone group are much lower than other group, such as durvalumab, tislelizumab, and nivolumab. The latter indicated the possibility of immunotherapy being a new trend in curing patients with unresectable HCC. In conclusion, NMA provides strong evidence for the efficacy of immunotherapy in combination with targeted therapy as the first-line treatment for unresectable HCC. Our estimates of survival suggest that the efficacy of immunotherapy plus targeted therapy is better than others. Although immunotherapy remains the most favorable safety, the increased efficacy of combination therapy comes at the cost of a high risk of toxicity, which often results in permanent discontinuation. Therefore, doctors and patients need to consider both efficacy and safety when selecting treatment options according to the patient’s condition in clinical practice.

It is a cost-based innovative treatment strategy that we need to take into consideration in China, an economic powerhouse. The baseline results of the cost-effectiveness analysis indicated that tislelizumab and lenvatinib increased by 0.220 and 0.078 QALYs and decreased by $1,938 and $666 compared with sorafenib, respectively. What’s more, tislelizumab increased by 0.142 QALYs and decreased by $1,272 compared with lenvatinib. The treatment of and sintilimab plus a bevacizumab biosimilar, atezolizumab plus bevacizumab, and camrelizumab plus rivoceranib are related to better efficacy in all first-line strategy, producing 2.076, 1.870, and 1.795 QALYs respectively, which are accordance with the results of NMA. However, considering the medical expenditure of all treatment strategies, tislelizumab is the dominant cost-effective strategies as the first-line treatment for unresectable HCC. The main reasons were: first, considering the affordability of Chinese patients, the price of tislelizumab negotiated with the government is the lowest among all first-line treatment. Second, the costs of dealing with AEs were the least due to the low incidence of grade 3 or higher AEs. Third, patients receiving BSC, who are intolerant to standard treatment strategies for unresectable HCC, accounted for a relatively small percentage.

Our cost-effectiveness analysis is sensitive to the relative efficacy of the first-line treatment for unresectable HCC. The analysis suggested that the economic outcome of lenvatinib became more favorable in patients with lower HR of OS compared with sorafenib and worse in patients with higher HR. However, regardless of whether the HR of OS was higher or lower in tislelizumab group compared with sorafenib, the economic outcome was favorable. This finding is similar to previously published researches, in which the HR of OS is the most influential factor (28, 30, 39–42). Changes in WTP values also affect economic outcomes. Tislelizumab was the most cost-effective treatment option at a WTP threshold of $37,653 per QALY, whereas camrelizumab plus rivoceranib was a preferable option at a WTP threshold of $37,653 to $80,000 per QALY and sintilimab plus a bevacizumab biosimilar was an affordable option at a WTP threshold of higher than $80,000 per QALY. Due to China’s vast territory and abundant resources, GDP per capita varies greatly. We also calculated WTP values for different regions of China. For example, The WTP values of Beijing, Shanghai, Jiangsu, Guangdong, Hubei, Neimenggu, Anhui, Hunan, Jiangxi, Guizhou, Guangxi, Heilongjiang and Gansu were $80,053/QALY, $75,656/QALY, $59,768/QALY, $42,964/QALY, $37,698/QALY, $37,132/QALY, $30,646/QALY, $30,167/QALY, $28,513/QALY, $22,114/QALY, $21,740/QALY, $20,329/QALY and $17,804/QALY, respectively (43). Surprisingly, tislelizumab is the best strategy of choice in underdeveloped and relatively developed regions of China. In most developed regions, camrelizumab plus rivoceranib is regarded as the best choice. Only in Beijing, sintilimab plus a bevacizumab biosimilar is an optional choice. Therefore, the different economic factors of different regions should be taken into account when approving novel medicines for clinical use. Currently, the drugs used in the first-line treatment of liver cancer have certain clinical benefits and may be used on a large scale, but their economic toxicity still exists. Economic toxicity can bankrupt patients with high treatment costs, cause cancer patients to stop treatment, and even lead to poor patient outcomes in China (34). In the CSCO guidelines version 2022, sorafenib, lenvatinib, donafenib, sintilimab plus a bevacizumab biosimilar, and camrelizumab plus rivoceranib are recommended first-line strategies, with a wide range of costs (23). Thus, our results can be used to find a reasonable balance between the price of new drugs and their clinical efficacy, inform national regulatory agencies when making healthcare decisions, and make a significant contribution to adequately address economic toxicity.

There are some limitations in our study. Firstly, when using the network meta-analysis method to compare first-line treatment regimens indirectly, we assumed that the included studies did not differ in patient characteristics and summarized the chemotherapy groups, and selected a fixed-effect model. However, it is a difference that we cannot eliminate. For instance, the ORIENT-32 trial recruited participants from the Chinese population and the IMbrave150 trial and LEAP-002 trial recruited globally. Secondly, considering that there were multiple survival curves of sorafenib, we pooled and reconstructed the survival curves according to the original survival data of the sorafenib group in each clinical trial. Thirdly, we inferred the long-term survival benefit in terms of the short-term survival data of each experiment, which will change with the change of long-term follow-up. This is an inevitable limitation in our model. Therefore, it is necessary to verify and evaluate the concordance of these health outcomes in a model with real-world data. In addition, we only considered the occurrence of more than 5% of grade 3 or higher adverse events, which may underestimate the cost of adverse events. Nevertheless, the cost and disutility of AEs were not the significant factors influencing the results



5 Conclusion

Briefly, sintilimab plus a bevacizumab biosimilar and camrelizumab plus rivoceranib showed the best efficacy in prolonging OS and PFS compared with sorafenib, respectively. What’s more, we found that tislelizumab is the most cost-effective first-line treatment strategy for unresectable HCC in China at the WTP of $37,653 QALY. In economically developed areas of China, camrelizumab plus rivoceranib is also a recommended cost-effective treatment strategy. The results could help clinicians select the most appropriate drugs for their patients and set reimbursement policies.
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Immune checkpoint molecules function to inhibit and regulate immune response pathways to prevent hyperactive immune activity from damaging healthy tissues. In cancer patients, targeting these key molecules may serve as a valuable therapeutic mechanism to bolster immune function and restore the body’s natural defenses against tumors. CD200, an immune checkpoint molecule, is a surface glycoprotein that is widely but not ubiquitously expressed throughout the body. By interacting with its inhibitory receptor CD200R, CD200 suppresses immune cell activity within the tumor microenvironment, creating conditions that foster tumor growth. Targeting the CD200/CD200R pathway, either through the use of monoclonal antibodies or peptide inhibitors, has shown to be effective in boosting anti-tumor immune activity. This review will explore CD200 and the protein’s expression and role within the tumor microenvironment, blood endothelial cells, and lymph nodes. This paper will also discuss the advantages and challenges of current strategies used to target CD200 and briefly summarize relevant preclinical/clinical studies investigating the immunotherapeutic efficacy of CD200/CD200R blockade.
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1 Introduction

The development and growth of a tumor are influenced by multiple factors in its surroundings, such as the activation of pro-metastatic pathways (1), the angiogenesis of tumor-nourishing blood vessels (2), and the presence of tumor-related inflammation (3), including the activity of tumor-specific T cells (4). The induction of these pro-tumorigenic events is modulated by specific cells known as tumor-associated myeloid cells (TAMCs) (5). Members of TAMCs include myeloid-derived suppressor cells (MDSCs), tumor-associated macrophages (TAMs) (6), and dendritic cells (DCs) (7). MDSCs, which are immature myeloid cells that are highly numbered in various tumors, are capable of downregulating anti-tumor immune activity via the release of different chemicals and factors (8). They include reactive oxygen species (ROS), nitric oxide (NO) synthase, arginase 1, and anti-inflammatory cytokines (8). Targeting the pathways that involve these select groups of cells may be valuable for exploring potential immunotherapy against cancers (7). One major player in the regulation of TAMCs and subsequently the growth of a tumor is CD200 (6), an immunomodulatory protein that binds to the CD200R receptor and downregulates immune cell activity (9).

Alternatively known as OX2, CD200 is a 41-47 kDa, highly conserved glycoprotein (10) that is widely expressed on a variety of cell types, including follicular DCs, B cells, T cells, thymocytes, endothelial cells, placental epithelial cells, kidney cells, and neuronal cells (11). By interacting with its inhibitory receptor CD200R, CD200 modulates immune cell activity by inhibiting proinflammatory cytokine secretion, enhancing anti-inflammatory cytokine secretion (12), and promoting both regulatory T cell (Treg) induction (13) and MDSC production (14). Likewise, the CD200/CD200R interaction suppresses the activities of both natural killer (NK) cells (15) and basophils (16). More specifically regarding NK cells, evidence from some cancer studies strongly suggests that CD200 activity directly suppresses the cytotoxic mechanisms of NK cells and their ability to produce interferon-gamma (IFN-γ) (15). Other cancer studies demonstrate the additional ability of the CD200/CD200R pathway to promote the apoptosis of NK cells (17).

The broad expression of CD200 is advantageous, as the body can regulate the protein’s levels accordingly and regionally manage immune activity and inflammation in specific areas (18). Although the effects of CD200/CD200R may decrease inflammation, it can also, unfortunately, suppress the body’s natural ability to combat tumors (19, 20),. This has been supported by previous studies which have discovered that high levels of CD200 were expressed on an array of cancer cells, including but not limited to various leukemias (21), malignant melanoma (22), and several neuroendocrine cancers (23). Furthermore, the gene encoding the CD200 protein has been acquired by various viruses, including the Kaposi’s sarcoma-associated herpesvirus (KSHV) (24) and rat cytomegalovirus (RCMV) (25), which allows these pathogens to favorably suppress their hosts’ antiviral immune mechanisms. Exploring the evolutionary advantage of viral CD200 orthologs, the expression and role of CD200 in different biological settings, and previous studies investigating CD200-averse immunotherapy may help us better understand CD200/CD200R’s candidacy as a safe and suitable target for cancer therapy.



2 CD200 and CD200R

Human CD200 is a transmembrane glycoprotein composed of 278 amino acids that is encoded by a gene on chromosome 3 (17) (26). CD200 belongs to the immunoglobulin superfamily (IgSF) of proteins (27). IgSF proteins distinctively possess at least one immunoglobulin (Ig)-like domain that is structurally composed of two antiparallel β-sheets held together by a disulfide bone (28). CD200 possesses two extracellular Ig-like domains, one transmembrane domain (18), and a 19-amino acid cytoplasmic region (29). This short intracellular “tail” does not contain any relevant motifs involved in signaling pathways (29).

Linked to the CD200 gene is the gene for CD200R, which is composed of 348 amino acids (26). CD200R is also an IgSF protein and possesses two extracellular Ig-like domains (18, 29). However, unlike CD200, CD200R has phosphorylatable tyrosine motifs present in its 67-amino acid cytoplasmic region, reflecting the receptor’s ability to participate in intracellular signaling (30). The last residue of the three tyrosine residues in this cytoplasmic region is part of an NPxY motif (31). In contrast with CD200’s broad expression, CD200R’s expression is limited to the surfaces of myeloid cells, including DCs, macrophages, and mast cells (32), as well as specific lymphoid cells (B cells and select T cells) (33). CD200R is especially highly expressed on the surfaces of neutrophils, macrophages (32), and basophils (16).

CD200 binds to CD200R with an equilibrium dissociation constant (KD) of approximately 0.5 μM at 37°C (32). This binding is facilitated by the proteins’ similar structures, resembling interactions that are involved in immunological synapses (18). Both being IgSF proteins, CD200 and CD200R interact through their shared NH2-terminal Ig-like domains (18, 27). Once CD200 binds, the third tyrosine residue associated with the NPxY motif within CD200R’s cytoplasmic tail becomes phosphorylated (31, 34). This results in the subsequent phosphorylation of tyrosine kinase 1 (DOK-1) and tyrosine kinase 2 (DOK-2), which are adaptor proteins (34). P hosphorylation of DOK-1 and DOK-2 leads to the binding of SHIP to DOK-1 and the recruitment of RasGAP, which negatively regulates the MAPK/ERK signaling pathway (34). A visual representation of the intracellular events that lead to RasGAP recruitment have been depicted in Figure 1. These events ultimately result in the inhibition of proinflammatory cytokine release and immune cell activation, such as the suppression of mast cell degranulation (34).




Figure 1 | The broadly expressed CD200 glycoprotein predominantly interacts with its CD200R receptor and downregulates both the function and activation of immune cells via the inhibition of RAS signaling.




2.1 Soluble CD200

In addition to the form expressed on cellular surfaces, there are soluble forms of CD200 (known as sCD200) that are present in serum. A previous study investigating chronic lymphocytic leukemia (CLL) found that upregulated sCD200, and not the surface-expressed form of the immune checkpoint molecule, was correlated with worse tumor prognosis in patients with CLL (35). In addition, the engraftment of CLL cells from patients to immunocompromised mice was more successful in animals that had also received sCD200 plasma transfusions (35). In response to this study’s findings on sCD200, a separate group of researchers investigating glioblastoma multiforme (GBM) analyzed patients’ tumor sera and compared sCD200 levels among different types of brain tumors (14). They found that patients with GBM had significantly higher levels of sCD200 in sera compared to patients with ependymoma (14). Moreover, increased sCD200 levels were correlated with poor tumor prognoses in patients with GBM, ependymoma, and medulloblastoma. Additionally, investigators found that sCD200 was significantly associated with the expansion of MDSCs in patients with GBM (14). They suspected that sCD200 originating from tumors in the brain are able to travel to cervical lymph nodes via the cerebral spinal fluid and further suppress immune activity (14). The findings from both the CLL and GBM studies suggest that a soluble form of CD200 may further enhance immunosuppression and the development of select cancers.



2.2 CD200RL

Furthermore, CD200R is classified as a “paired receptor,” which means that the inhibiting receptor is associated with at least one other activating receptor (32, 36). It is thought that activating receptors arose from inhibiting receptors due to a gene duplication event (37). The activating sibling receptor for CD200R is known as CD200RL (for “CD200R-like”) (32). Humans only possess one form of CD200RL (known as CD200R1L), while mice can possess up to four different forms of the receptor (known as mCD200RLa, -b, -c, and -d) (32, 37). Despite sharing considerable sequence homology with CD200R (32), CD200R1L receptors do not bind to CD200 (38). Moreover, unlike in CD200R, the cytoplasmic regions present in CD200R1L are shorter and do not contain any signaling motifs (37). Rather, the transmembrane portions of activating receptors have charged amino acid residues that interact with adaptor proteins to deliver activating signals via YxxM or tyrosine-based activation motifs (37). Some studies suggest that CD200R1L may be linked to an increased risk for parasitic infections and skin conditions, including atopic dermatitis as well as psoriasis (37). Unfortunately, compared to CD200R, there are fewer studies exploring CD200RL and the receptor’s exact signaling mechanism and significance are not completely understood.

However, a study published in 2021 may represent a step forward in uncovering some of this information. Flow cytometry, Western blot, and qPCR analyses found that CD200R1L is expressed on human neutrophils in peripheral blood (37). Monoclonal antibody crosslinking of CD200R1L resulted in both significant production of ROS and interleukin-8 (IL-8), a chemotactic cytokine for neutrophils (37). These findings indicate that the activating receptors may serve a functional role on the surfaces of primary neutrophils in humans (37). Furthermore, sequence phylogeny suggests that the gene duplication event generating CD200RL likely occurred independently and multiple times among distantly related species and that the receptor has been conserved throughout evolution, indicating its biological importance in immunoregulation (37). Likewise, the faster mutation rate associated with the activating receptor relative to the inhibiting receptor led investigators to speculate that pathogenic pressure may have played a critical role in driving these mutations (37). This observation is consistent with CD200R1L-induced ROS production and the activating receptor’s anti-pathogenic role among neutrophils (37). Additionally, this data supports the “counterbalance theory” of paired receptors, which states that activating receptors may have evolved in hosts in response to pathogens that bind to inhibiting receptors (39). These activating receptors would thus serve a protective role by essentially “counterbalancing” the immunosuppressive signals triggered by pathogens capable of binding to inhibiting receptors (39).



2.3 Viral CD200 orthologs

Given CD200/CD200R’s ability to suppress immune activity, it is not surprising that the CD200-encoding gene has been acquired by a number of viruses, including the Shope (rabbit) fibroma virus (40), Yaba monkey tumor virus (41), human herpesvirus-6 (42), human herpesvirus-7 (16), and human herpesvirus-8 (43). From an evolutionary perspective, the acquisition of the gene for CD200 by many of these viruses is considered to have taken place independently among the various viral families according to their unique mechanisms of pathogenesis (24).

KSHV, also known as human herpesvirus-8, is a member of the Gammaherpesviridae subfamily (24) and the virus is necessary for the development of Kaposi sarcoma (KS) (44), a cancerous inflammatory cytokine disease (45) that is spread primarily via saliva (46). Unfortunately, in most cases, the cancer is not immediately detectable in the body as it develops after a period of latency following viral infection (47). KS commonly develops in HIV patients, suggesting that KS tumorigenesis may be enhanced under conditions of immunosuppression (48).

The KSHV ortholog of CD200, known as viral OX2 (vOX2), is a 55 kDa protein that is encoded by the virus’s K14 open reading frame (43). RNA analysis has shown that transcription of the viral gene is activated during KSHV’s replicative state, which is the lytic cycle (24). The vOX2 protein is found on the surfaces of cells infected with KSHV (43), which can range from B cells and DCs to epithelial cells and endothelial cells (48). The gene for vOX2 has approximately 40% sequence similarity with the human gene for CD200 (24). Although this level of sequence similarity is relatively low, vOX2 surprisingly shares key residues with CD200 in its binding site for CD200R (18). The viral ortholog also interacts with CD200R with a nearly identical binding affinity as that of CD200/CD200R (24). Through its binding to CD200R, vOX2 can effectively target host immune cells and inhibit anti-viral activity directed against the pathogen (49). For example, by binding to host CD200R, vOX2 can downregulate the activities of T cells (49), macrophages (24), neutrophils (50), and basophils (16). More specifically, vOX2 has been found to decrease the synthesis of the proinflammatory cytokines tumor necrosis factor-alpha (TNF-α) and IFN-γ from macrophages and T cells, respectively (49). The viral protein has also been shown to decrease the mobilization of CD107a (49), a marker for NK cell activity (49, 51).

Likewise, the CD200 ortholog for RCMV is known as the e127 protein and it binds to rat CD200R with a nearly identical affinity as the host ligand, despite only sharing 56% amino acid sequence similarity (25). Like vOX2, e127 has been shown to be expressed on the surfaces of infected cells (25). However, compared to viral orthologs, researchers suspect that the suppressive effects of e127 on host immune activity are more muted (25). Although both vOX2 and e127 successfully bind to host CD200R, the viral orthologs are not able to bind to respective CD200RL receptors (52). With the “counterbalance theory” in mind, researchers speculate that over time viruses capable of binding both inhibiting and activating host receptors eventually evolved to lose the ability to bind to activating receptors, which served as an evolutionary advantage for the pathogens (52).

Interestingly, one virus that is thought to have evolved further to ultimately lose its ability to interact with CD200R is the myxoma virus (MV). MV belongs to the Chordopoxvirinae subfamily and the virus’s natural hosts are rabbits (53). One study demonstrated that the lack of expression of the virus’s M141R protein in infected rabbits was associated with significant increases in the number of activated macrophages and NO production (53). These findings combined with analysis of sequence homology led investigators to strongly suspect that the M141R protein is an ortholog of CD200 (53). However, in another study, although M141 expression was also linked to downregulated immune activity and suppressed NO production, these effects could not be specifically attributed to mechanisms involving CD200R (54). Furthermore, compared to herpesvirus orthologs, it was found that the genetic and structural differences between poxvirus orthologs and their host CD200 proteins were more substantial (54). For example, poxvirus orthologs generally share lower sequence similarity with host CD200 compared to herpesvirus orthologs (54). Poxvirus orthologs also possess only one Ig-like domain rather than two (54). Overall, investigators concluded that M141 does not bind host CD200R and that the viral protein most likely exerts its immunosuppressive effects through a different signaling pathway (54). As a result, they also suggested that the CD200-similar sequences present in poxviruses most likely were acquired non-independently and thus evolved further among other poxvirus family members possessing such sequences (54).



2.4 CD200’s expression and role in the tumor microenvironment

High levels of CD200 have been found to be expressed on various types of human cancer cells, including hairy cell leukemia (55), acute myeloid leukemia (56), malignant melanoma (22), CLL (21), multiple myeloma (21), testicular cancer (21), renal carcinoma (21), colon carcinoma (21), and GBM (57). Moreover, CD200 overexpression is correlated with poor prognosis among some of these cancers, suggesting that high levels of CD200 may facilitate tumorigenesis (21, 58–60). This observation can be explained by CD200’s primarily inhibitory role in the tumor microenvironment (TME) and the mechanisms through which the protein suppresses immune cell function and activation. In addition to tumor cells within the TME (21), CD200 is also predominantly found on T cells (30) and the endothelial cells lining tumor-nourishing blood vessels (61). In the TME, the soluble forms of CD200 are also present and can interact with CD200Rs (62), which are primarily found on TAMCs (including TAMs, TADCs, and MDSCs) (63). The binding of CD200 to CD200R results in increased induction of CD4+CD25+Foxp3+ Tregs, which act to negatively regulate immune responses (13). In addition to decreasing the activities of basophils (16) and NK cells (15), CD200/CD200R inhibits the release of TNF-α from activated macrophages expressing CD200R, suppressing the further activation of other macrophages (24). In macrophages, CD200/CD200R also upregulates the production of transforming growth factor-beta (TGF-β), an anti-inflammatory cytokine (64). The CD200/CD200R axis also decreases the release of interleukin-2 (IL-2) and IFN-γ, which are Th1-type proinflammatory cytokines, and increases the release of interleukin-10 (IL-10) and interleukin-4 (IL-4), which are Th2-type anti-inflammatory cytokines (12). Furthermore, this pathway increases the production of MDSCs (14). A visual representation of some of the various effects of CD200/CD200R on immune cell activity within the TME has been depicted in Figure 2. Therefore, the interactions between CD200 and CD200R in the TME negatively modulate levels of immune activity, ultimately fostering an environment that favors tumor development, growth, and spread (30).




Figure 2 | The upregulation of CD200 on various human cancer cells has an immunosuppressive effect on immune cells within the tumor microenvironment, creating conditions that favor tumor development, growth, and spread.



One group of investigators examined the interaction between CD200 and MDSCs within the TME of pancreatic ductal adenocarcinoma (PDAC) (8). The researchers chose to study PDAC because the immunosuppression associated with the disease oftentimes makes the cancer resistant to immunotherapy (8). Immunofluorescence staining revealed that CD200 was highly expressed on tumor epithelial cells and on stromal cells within the PDAC TME (8). In addition, RNA from PDAC stromal cells was characterized as having significantly upregulated levels of CD200 compared to control RNA from normal pancreatic fibroblasts (8). Moreover, the researchers investigated CD200 expression on MDSCs in both cancer patients and healthy patients. Not only was there a higher number of MDSCs in cancer patients than in healthy patients but also a larger percentage of MDSCs expressing CD200R (8). The researchers wanted to further investigate the processes through which CD200 is able to regulate the population of MDSCs. Using single-cell RNA sequencing, they were able to isolate genes and downstream pathways, including those involved in interferon and cytokine signaling, that were highly upregulated in MDSCs expressing CD200R (8). Given these findings, the researchers suspected that by stimulating the expansion of the MDSC population, CD200 upregulation in the TME of PDAC potentially allows tumor cells to resist immunotherapy (8).

Another group of investigators examined the interactions between CD200 and NK cells within the TME of basal cell carcinoma (BCC) (17). They attributed the absence of NK cells in the BCC TME to sCD200, which is released from tumor cells via ectodomain shedding (17). The investigators demonstrated that CD200 downregulates NK cells’ anti-tumor activity by suppressing their activation, degranulation, and release of both cytokines and chemokines (17). More specifically, upon binding to CD200R on NK cells, sCD200 inhibits the MAPK/ERK pathway, suppressing tumor cell killing via the inhibition of IFN-γ release and promoting NK cell apoptosis via upregulated production of pro-apoptotic genes, including Fas, Fas ligand, and FADD (17). To demonstrate that CD200/CD200R negatively interferes with the MAPK/ERK pathway, the investigators cultured NK cells in the presence of CD200 (17). They observed a 4-fold decrease in both phosphorylated ERK 1 and ERK 2 in NK cells expressing CD200R but not in NK cells lacking CD200R (17). Furthermore, the researchers cultured mice neuronal cells expressing CD200R with human CD200 (17). They observed a decrease in phosphorylated ERK 1 and ERK 2 relative to overall ERK levels (17). To determine the mechanism through which CD200 promotes the apoptosis of NK cells, the investigators obtained NK cells from isolates of human peripheral blood mononuclear cells and introduced them to human CD200 (17). In the NK cells expressing CD200R, there was upregulated expression of Fas, Fas ligand, and FADD but not in the NK cells lacking CD200R (17). Overall, through these findings and those of additional experiments, this study effectively demonstrated that CD200 in the BCC TME suppresses NK cells’ cytotoxic activity and induces NK cell apoptosis, which foster immunosuppressed conditions favoring tumor development (17).



2.5 CD200’s expression and role in blood endothelial cells

The variable expression of CD200 in blood endothelial cells may further reveal the protein’s specific role in the vascular endothelium. Endothelial cells that line different blood vessels vary in their function and response to stress, including inflammation (65, 66). This is reflected by the cells’ variable expression of molecules like CD200, which has been found in blood vessels located in the lung (65), spleen (65), kidney (11), and fallopian tube (67). In a study involving rats, immunohistochemistry staining revealed that CD200 was strongly expressed on endothelial cells lining arterioles, the majority of veins (including venules), and some types of capillaries (65). However, expression was low in endothelial cells lining large arteries and the central veins located in the liver (65). The investigators speculated that varying levels of CD200 in different vessels may be attributed to environmental factors, including the force of blood flow and stimulatory factors released by cells from surrounding tissues (65, 68).

In the same study, the investigators also found that an anti-CD200 antibody disturbed the adhesion of T cells to human endothelial cells in vitro, suggesting that the interactions between CD200 and CD200R may facilitate the attachment of immune cells to the vessel endothelium (65). These findings suggest that variable factors like inflammatory stress may influence blood endothelial expression of CD200, which allows endothelial cells to successfully adhere to immune cells and deliver anti-inflammatory signals (65).

Furthermore, CD200 expression in blood endothelial cells may highlight how the protein’s presence can be strategically induced by certain metastasizing cancers. A study that investigated CD200 and CD200R expression in the TME of human squamous cell carcinoma (SCC) found that high levels of CD200 were expressed on endothelial cells lining the cancer’s vasculature (61). Additionally, it was found that the supernatant derived from the SCC tumor effectively induced the expression of CD200 on human dermal blood endothelial cells in vitro (61). The endothelial cells lining the vessels that surround and nourish tumors play a key role in enabling tumor metastasis, because the tumor cells must first pass through the endothelium before they are able to reach the circulatory system (69). Likewise, these endothelial cells are also important in the combating of tumors, because immune cells must first successfully pass through the endothelium of tumor vessels before they can access the tumor (61). Given this data, the investigators believe that the SCC tumor cells may favorably suppress immune activity in local blood endothelial cells by upregulating CD200 expression in these endothelial cells, facilitating the tumor’s entry into the circulatory system and, therefore, metastasis (61).



2.6 CD200’s expression and role in lymphatics

Lymphatic expression of CD200 also exhibits a degree of regional specificity. More specifically, CD200’s expression pattern among lymph node lymphatic endothelial cells (LECs) during inflammation may further highlight the protein’s specific immunomodulatory role within the lymphatic system (70). In addition to regulating the entrance and exit of immune cells from lymph nodes, lymph node LECs also facilitate the various interactions that transpire among different immune cells (70, 71). The organization of lymph node LECs further increase the lymph node’s efficiency in coordinating these interactions (70). For instance, within the lymph node subcapsular sinus (SCS), the space between the lymph node cortex and capsule, the LECs lining the sinus are further organized into ceiling and floor LECs (71). The SCS ceiling is the outward-facing wall of the sinus that is closest to the cortex, while the SCS floor is the inward-facing wall of the sinus that is closest to the parenchyma of the lymph node (71). These regional types of LECs uniquely respond to inflammation, which is further supported by their heterogeneous expression of molecules (70). In one murine study, inflammation that was similar to psoriasis was induced in mice ears by applying a cream containing imiquimod (70), a topical medicine used to treat genital warts and some skin cancers (72). Using single-cell RNA sequencing, investigators found that during skin inflammation, CD200 expression increased in SCS floor LECs of auricular lymph nodes (70). In normal skin, CD200 expression in LECs lining both the SCS ceiling and floor was variable (70). SCS resident macrophages and DCs, which are found in the floor endothelium (71), can be considered as the lymph node’s first layer of immune defense encountered by the incoming afferent lymph (73). Therefore, investigators speculated that CD200 upregulation in SCS floor LECs during inflammation may represent the body’s attempt to resolve inflammation at this protective frontline (70).




3 Targeting CD200/CD200R as immunotherapy

Considering CD200/CD200R’s ability to downregulate immune activity and suppress the body’s anti-tumor defenses, this cellular interaction has sparked researchers’ interest as being a key target for immunotherapy. Two currently explored mechanisms used to block the CD200/CD200R pathway include anti-CD200 monoclonal antibodies (51) and peptide CD200 inhibitors (57).


3.1 Anti-CD200 monoclonal antibody

Like CD200, other key immune checkpoint molecules that suppress immune cell function include cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), programmed cell death protein 1 (PD-1), and T cell immunoglobulin-3 (Tim-3) (74). Monoclonal antibodies against these regulatory proteins have been developed, and their safety and efficacy as novel immunotherapy have been or are currently being investigated in clinical trials (74, 75). Some of these therapeutic monoclonal antibodies, including ipilimumab (anti-CTLA-4) and nivolumab (anti-PD-1), have already been approved by the FDA (76). Likewise, a monoclonal antibody that targets CD200 and prevents the ligand from binding to CD200R may effectively block the protein’s immunosuppressive signaling and restore the body’s protective defenses against tumor growth (51).

One study found that introduction of a human anti-CD200 monoclonal antibody was able to successfully enhance immune responses against acute myeloid leukemia (AML) (51). It was previously found that AML individuals with high levels of CD200 expression had reduced NK cell (15) and T cell activities (77), suggesting that CD200 overexpression had inhibited immune responses directed against AML cells (78). Based on these observations, the investigators developed a fully human anti-CD200 monoclonal antibody (designated “TTI-CD200”) to see if targeting CD200 could block the inhibitory signals transmitted to immune cells (51). When K562 human leukemia cells expressing high levels of CD200 (high-CD200) were exposed to regular NK cells in vitro, CD107a levels decreased in comparison to K562 cells expressing low levels of CD200 (low-CD200), confirming that the suppression of NK cell activity was CD200-related (51). However, TTI-CD200 introduction successfully restored NK cell activity to similar levels observed in low-CD200 K562 cells (51). Additionally, when high-CD200 K562 cells were cultured with TTI-CD200, the secretion of IFN-γ from NK cells increased (51). Investigators further took high-CD200 and low-CD200 AML blast cells from patients and cultured them with autologous lymphocytes (51). They exposed these cells to either TTI-CD200 or an isotope (control) (51). Compared to high-CD200 blast cells treated with the isotope, high-CD200 blast cells treated with the antibody exhibited increased levels of CD107a (51). On the other hand, low-CD200 blast cells did not show an increase in CD107a, regardless of receiving either the antibody or isotope treatment (51). Taken together, these findings demonstrate that the anti-CD200 monoclonal antibody effectively enhanced the previously diminished immune activity against myeloid leukemia cells in vitro.

In a Phase I clinical trial (NCT00648739) sponsored by Alexion Pharmaceuticals, a group of investigators tested the efficacy, safety, pharmacodynamics, and pharmacokinetics of samalizumab, a recombinant humanized anti-CD200 monoclonal antibody, in treating tumors associated with CLL and multiple myeloma (MM) (79). In the study, 26 patients (23 with CLL and 3 with MM) were each assigned one of seven different doses of samalizumab ranging from 50 to 600 mg/m2, which they planned to receive intravenously every 28 days (79). Only 21 of the 26 total patients ultimately received more than one treatment of samalizumab and were assessed at the end of the study (79). There was an observed dose-related reduction in the expression of CD200 on CLL cells following treatment (79). This decrease in expression was found to be longer-lasting in patients who received higher doses (300–500 mg/m2) of samalizumab compared to those who received lower doses (50–200 mg/m2) (79). Similarly, in both MM and CLL patients, there was a dose-related reduction in the presence of CD4+ T cells expressing CD200 but not in other T cell types (79). The tumor burden or the total amount of tumor present in the body was decreased in 14 CLL patients, which represented 64% of the total CLL patients who were assessed (79). However, in all MM patients, their disease had progressed over the course of the study (79). The maximum tolerated dose was not determined and the severity of any reported adverse events related to samalizumab treatment was only mild to moderate (79). Although the clinical trial was discontinued by Alexion Pharmaceuticals due to administrative reasons, the preliminary findings from the study demonstrate the relative safety of samalizumab and its potential to reduce the tumor load associated with CLL (79).



3.2 Peptide CD200 inhibitor

Compared to therapeutic monoclonal antibodies, using peptide inhibitors as immunotherapy has more advantages. Peptides are associated with lower toxicity (80), higher stability, and greater efficiency (81). They can better infiltrate cancerous tissues due to their smaller size (82) and they have high target precision, which means there is less risk for potential side effects (80). Additionally, peptides can be easily synthesized (80), altered (81), and are less expensive to produce compared to antibodies, making them a more favorable approach to cancer therapy (82).

Developing a peptide ligand that can effectively bind to CD200’s activating receptors may potentially block the inhibitory signals delivered by CD200/CD200R. It was previously found that tumor vascular endothelial cells in GBM had upregulated levels of CD200 expression (83). Through CD200 sequence analysis, investigators identified metalloprotease cleavage sites that, when cleaved, release peptides containing sequences compatible with CD200RL-binding (83). They were able to develop a peptide ligand (known as CD200AR-L) that could successfully bind to activating receptors, despite not fully understanding the exact mechanism of the synthetic ligand (83). However, one study may have identified the signaling pathway activated by CD200AR-L. Through in vitro studies, it was found that CD200AR-L stimulated immune activity by activating the DAP10 and DAP12 signaling pathways, which were transcriptionally upregulated in murine cells exposed to the peptide ligand (84). Additionally, investigators demonstrated in vivo that CD200AR-L downregulates the expression of CD200R1 in wild-type mice but not in mice lacking DAP10, which was found to be specifically involved in tumor growth regulation (84). Through stimulating these signaling pathways, the binding of CD200AR-L to activating receptors has been shown to increase cytokine secretion and boost anti-tumor defenses via the activation of antigen-presenting cells (APCs) (84). Overall, by interacting with activating receptors, CD200AR-L is able to block CD200’s inhibitory signaling by stimulating both DAP10/12 and downregulating expression of CD200R1 (84).

A study investigating high-grade glioma in mice found that administering CD200AR-L in addition to tumor-derived vaccines improved the animals’ immune response, which was originally diminished due to CD200 expression on cancer cells (57).

Both CD200R KO mice and wild-type mice received tumor-derived vaccines that contained either CD200AR-L or saline (control) (57). The two groups of mice that received vaccines containing CD200AR-L were found to have statistically significant increases in anti-tumor immune activity compared to those that received vaccines containing saline (57). Additionally, there was a significant increase in immune activity in wild-type mice that received the functional peptide ligand compared to those that received the ligand with its peptide sequence scrambled (57).  The same group of investigators wanted to further assess CD200AR-L (20) and its effects in a study involving dogs diagnosed with spontaneous high-grade glioma (85). They found that, after tumor resection surgery, intradermal administration of canine CD200AR-L before tumor-lysate vaccination lengthened the dogs’ lifespans compared to the historical control group of dogs that only received the vaccine (median survival times = 12.9 months vs. 6.83 months) (85). This significant increase in post-surgery survival time for dogs receiving CD200AR-L was attributed to reduced CD200 expression on T cells and APCs and, therefore, their increased activities within the glioma TME (85).

Given the successful outcomes of both the murine and canine preclinical studies, the investigators developed humanized variations of CD200AR-L (designated “hCD200AR-L”) and tested their effects on human CD14+ cells (20). They ultimately chose to move forward with the hP1A8 peptide variant in a clinical trial (20). The hP1A8 form was able to effectively bind to immuno-activating receptors on CD14+ cells and upregulate immune activity by stimulating the activity of antigen-specific T cells, the maturation of DCs, and the production of proinflammatory cytokines (20). Furthermore, hP1A8 was associated with reduced CD200R expression, and it was also the analog of the most successful peptide tested in the prior murine study (20). In an ongoing Phase I clinical trial (NCT04642937) sponsored by OX2 Therapeutics, hP1A8’s therapeutic efficacy and appropriate dosage range are currently being studied (86). The peptide is being tested in conjunction with imiquimod and the GBM6-AD vaccine to treat GBM in 24 adult patients (86). The estimated date of study completion is November 2023 (86).



3.3 Risks and challenges of targeting CD200/CD200R

Despite efforts to investigate whether CD200-averse immunotherapy can be effectively applied to human patients, we must be mindful of existing limitations of the previously discussed CD200-targeting mechanisms. For instance, therapeutic peptides can have relatively short half-lives, low bioavailability, and the potential to be digested by enzymes present in the body (80). But, more importantly, there are other greater health risks that need to be acknowledged when considering CD200/CD200R blockade.

Because CD200 is expressed widely in the human body, targeting CD200/CD200R may have unintended consequences that can be especially harmful. For instance, targeting an immunomodulatory protein can impact the body’s ability to regulate inflammation during and following various infections and injuries. One study demonstrated that mice lacking CD200 expression had greater activity of lung macrophages and were thus more susceptible to prolonged influenza infection and eventual death (87). However, when the mice were treated with a CD200R agonist, they did not develop inflammatory lung disease (87). Another murine study demonstrated that blocking CD200R expression in animals was associated with higher risk of infection following ischemic stroke, greater movement of white blood cells into the brain, and increased mortality (88). This study demonstrated that blocking CD200 from binding to its inhibiting receptor interferes with the body’s ability to resolve inflammation stimulated by ischemic cerebral injury (88). Likewise, CD200 expression regulates levels of inflammation associated with various autoimmune diseases (19). The beneficial effects of CD200 were demonstrated in prior animal studies which found that the CD200/CD200R pathway lowered levels of inflammation and disease susceptibility in different autoimmune disease models, including those of arthritis and multiple sclerosis (89). Thus, it is possible that targeting the CD200/CD200R axis may lead to unintended hyperactive autoimmunity, which can significantly increase inflammation and damage otherwise healthy tissues (89). Furthermore, CD200 has shown to play a key role in the setting of transplants. CD200 expression is associated with a reduced likelihood of transplant rejection in mice (90). One study found that skin grafts from donor mice lacking either CD200 or CD200R1 had faster rates of graft rejection than those from control donor mice (91). Therefore, targeting CD200 may not be a viable option for patients receiving transplants.




4 Conclusion and future considerations

With all things considered, targeting CD200/CD200R has the potential to therapeutically bolster anti-tumor activity within the TME, surrounding blood vessels, and lymph nodes. However, further research and clinical studies are warranted to validate and reinforce CD200’s safety, efficacy, and accessibility as a target for immunotherapy. Not only are there limitations to current strategies used to target CD200, but there are overall health risks and potentially serious consequences that can arise from targeting an immunoregulatory protein that is broadly expressed. More specifically, blocking the CD200/CD200R pathway may result in hyperactive inflammation that could exacerbate the symptoms of cancer patients receiving immunotherapy. Furthermore, CD200-targeted immunotherapy may have varying success among patients depending on the type of cancer and their stage of disease progression, as demonstrated by the preliminary results of the samalizumab clinical trial (79). Additionally, it is worthwhile investigating the efficacy of CD200-targeted immunotherapy in conjunction with other forms of immunotherapy and cancer treatments. Simultaneously blocking other immune checkpoint molecules, such as CTLA-4, PD-1, and Tim-3, in addition to CD200 may synergistically boost anti-tumor activity. On the other hand, the effects of CD200-targeted immunotherapy may not be as successful if other immunosuppressive treatments, such as radiation or chemotherapy, are simultaneously administered. Nevertheless, given the current knowledge on CD200/CD200R, with further research, CD200-averse treatment shows promising potential to become the next FDA-approved immunotherapeutic drug.
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Cyclooxygenases-2 (COX-2) and Prostaglandin E2 (PGE2), which are important in chronic inflammatory diseases, can increase tumor incidence and promote tumor growth and metastasis. PGE2 binds to various prostaglandin E receptors to activate specific downstream signaling pathways such as PKA pathway, β-catenin pathway, NF-κB pathway and PI3K/AKT pathway, all of which play important roles in biological and pathological behavior. Nonsteroidal anti-inflammatory drugs (NSAIDs), which play as COX-2 inhibitors, and EP antagonists are important in anti-tumor immune evasion. The COX-2-PGE2 pathway promotes tumor immune evasion by regulating myeloid-derived suppressor cells, lymphocytes (CD8+ T cells, CD4+ T cells and natural killer cells), and antigen presenting cells (macrophages and dendritic cells). Based on conventional treatment, the addition of COX-2 inhibitors or EP antagonists may enhance immunotherapy response in anti-tumor immune escape. However, there are still a lot of challenges in cancer immunotherapy. In this review, we focus on how the COX-2-PGE2 pathway affects tumor-associated immune cells.
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Introduction

Cyclooxygenases-2 (COX-2) and Prostaglandin E2 (PGE2) are important inflammatory factors, associated with survival, invasion, growth and immune escape of cancer cells. One of the “hallmarks” of cancer is chronic inflammatory disease, which often promotes tumorigenesis and tumor progression (1). For example, inflammatory bowel disease patients had a higher lifetime risk of colon cancer linked to colitis at a younger age than the general population, demonstrating that cancer is easily caused by chronic inflammation (2). Tumor-associated inflammation involves complex interactions between epithelial and mesenchymal cells and in some cases can lead to epigenetic alterations. More broadly, however, chronic inflammation can lead to the production of growth factors that support the development of emerging tumors and cause them to behave as “unhealable wounds” (3). Chronic inflammation can also promote tumor development by facilitating tumor immune escape and establishing an immunosuppressive microenvironment, both of which are cancer-related characteristics. Tumor immune escape occurs through a variety of immunosuppressive mechanisms, such as dysfunctional antigen-presenting cells (APCs), tumor cell resistance to immune attack, decreased cytotoxicity of CD8+ T cells and natural killer (NK) cells, induction of immunosuppressive cells such as myeloid-derived suppressor cells (MDSCs), transition of T helper (Th) cells from Th1 to Th2 and Th17, transition of macrophages from M1 to M2 (4).

Numerous studies have shown the importance of nonsteroidal anti-inflammatory drugs (NSAIDs) and EP receptor antagonists in reducing tumor incidence, metastasis and mortality. NSAIDs cause tumor regression and suppress tumor growth by inhibiting the COX-2-PGE2 signaling pathway in several ways: 1. activation of tumor epithelial cells; 2. inhibition of tumor epithelial cell survival and tumor immune surveillance; 3. establishment of tumor-supporting microenvironment; 4. alteration of DNA methylation mechanisms (2). However, the molecular mechanisms underlying the anti-tumor effects of NSAIDs and EP receptor antagonists have not yet been fully understood. More clinical trials and studies are required to explore this further.

In this review, we emphasize our current understanding of COX-2 and PGE2 regulation of tumor immunity. In addition, we are looking into how the COX-2-PGE2 pathway affects tumor-associated immune cells. Given the significance of this pathway in tumor immune escape, we will discuss how to target each component of this pathway as potential strategy for overcoming tumor immune escape while avoiding some serious adverse effects associated with the use of NSAIDs or COX-2 inhibitors.



Cyclooxygenase

Cyclooxygenases (COX) include COX-1 and COX-2, also known as prostaglandin G/H synthase-1 and -2, are membrane-bound enzymes that are mainly found on the nuclear membrane and luminal side of the endoplasmic reticulum (5). COX-1 is structurally expressed in many healthy tissues and provides steady-state levels of prostaglandins to perform “housekeeping functions”. In contrast, COX-2 is an inducible isoform produced by prostaglandin-like substances that is typically absent or expressed at low levels in normal organs and tissues, but is overexpressed in many tumor and inflammatory tissues (6). In addition to inducing inflammation, COX-2 can also promote cell survival and proliferation. Therefore, COX-2 may be associated with tumorigenesis and development. Indeed, COX-2 has been found to be highly expressed in different tumors, including breast cancer (7), the melanoma (8), and colorectal cancer (2). Its levels are associated with the development, aggressiveness and prognosis of many tumor entities. Regular use of NSAIDs dramatically decreased the incidence of sporadic colorectal cancer as well as breast, lung, and prostate cancers, according to a new analysis that searched all epidemiological studies (case-control and cohort studies) conducted since 1980 (9). According to one study, genetically removing COX enzymes from mouse melanoma (BRAFV600E or NrasG12D), colorectal cancer (CT26) or breast cancer (4T1) cell lines resulted in dramatic tumor eradication (10). When metastases were assessed 2 weeks after surgical resection of the primary breast cancer tumor, fibroblast-targeted Ptgs2-deficient mice (Ptgs2DFb) were found to develop fewer metastases than WT mice (11). Patients with gastric cancer who have low staging and higher levels of COX-2 expression are at greater risk of dying from the disease. In addition, COX-2 has been identified as an independent prognostic factor for gastric cancer (12). According to the findings mentioned above, COX-2 is thought to be crucial for tumor growth.



COX-2-PGE2 signaling in tumor cells

COX enzymes convert arachidonic acid to the endogenous peroxidation intermediate PGH2, which is modified by prostaglandin synthase to produce five structurally related prostaglandins, including prostaglandin D2, prostaglandin E2, prostaglandin I2, prostaglandin F2α, and thromboxane A2. The two essential enzymes that catalyze the initial and concluding phases of this synthetic pathway are COX-2 and prostaglandin E2 synthase (PGES), including microsomal PGES (mPGES) and cytosolic PGES. In addition, PGE2 is converted to its inactive form, 15-keto-PGE2 (PGEM), which is then further metabolized to a stable terminal metabolite by the enzyme 15-hydroxyprostaglandin dehydrogenase (15-PGDH). High levels of PGEM increase the risk of gastric and colorectal cancers (13, 14), implying that PGEM may be a biomolecular marker for cancer risk prediction. Prostaglandins control cellular processes by attaching to G protein-coupled receptors on the cell surface. These cell surface receptors are named EP (EP1, EP2, EP3, EP4), DP (DP1, DP2), FP, IP, and TP. PGE2 transmits signals by binding to four receptors, EP1 through EP4 (15) (Figure 1). The expression of each EP receptor and the strength of each EP signal determine the PGE2 signal’s final output. Each EP interacts with its unique G protein to activate particular downstream signaling pathways such as PKA pathway, β-catenin pathway, NF-κB pathway and PI3K/AKT pathway, which have various functions in biological and pathological behavior. Activated EP1 can upregulate the level of intracellular calcium ion concentrations; EP2 and EP4 receptors are associated with cAMP stimulation and PKA signaling through sequential activation of Gas and adenylyl cyclase; EP3 is responsible for downregulating cAMP levels and lead to different cellular responses through different G proteins (16, 17).




Figure 1 | Arachidonic acid is metabolized to PGH2 by COX-1 and COX-2. NSAIDs can inhibit COX-1 and COX-2. PGH2 is metabolized to thromboxane A2(TXA2)by TBXAS1, PGI2 by PTGIS, PGE2 by PGES, PGF2α by PGES, PGD2 by PTGDS, respectively. PGE2 can be metabolized to PGEM by 15-PDGH. TXA2 binds to TP, PGI2 binds to IP, PGE2 binds to EP, PGF2α binds to FP and PGD2 binds to DP.



The most abundant prostaglandin, PGE2, is frequently linked to a poor prognosis in a number of human cancers, including colon, head and neck, lung, and breast cancers (6, 17, 18). In immunologically active hosts, the formation of tumors by mutant BRAFV600E mouse melanoma cells requires the synthesis of prostaglandin E2, which inhibits immunity and fosters tumor inflammation (10). It has been shown that mPGES1 expression increased in human melanoma, and that elevated expression of this protein are linked to reduced patient survival (19). The mPGES-1 gene deletion significantly reduced the risk of developing colon cancer and resulted in reduced multiplicity of distal colon tumors as well as tumor load in mice treated with azoxymethane (AOM) (20). In addition, in ApcMin/+ and AOM mice models, elevated endogenous PGE2, caused by 15-PGDH gene deletion, encouraged the development of colon cancer (21). Taken together, PGE2 is essential in the growth of cancers (Figure 2).




Figure 2 | PGE2 binds to different EPs to activate downstream signaling pathways. Activated EP1 can upregulate the level of intracellular calcium ion concentrations. EP2 and EP4 can upregulate cAMP levels to activate different pathways which can promote tumor growth. EP3 is responsible for downregulating cAMP levels.



In addition, numerous evidence has shown that the COX-2-PGE2 pathway promotes tumor development. It has been shown that PGE2 promotes sporadic or colitis-associated colon carcinogenesis via EP1 and EP2 receptor in colon cancer cell lines (22). According to research, numerous tumors are linked to EP1 receptor. For example, selective EP1 antagonist (ONO-8713) can significantly reduce the number of tumor cells in mouse with UVB-induced acute skin inflammation (23). PGE2 upregulates anti-apoptosis protein expression in hepatocellular carcinoma cells via EP1 receptors (24). While EP3 receptors were downregulated, EP1, EP2 and EP4 receptors were all highly increased in COX-2-driven mammary cancers. Downregulation of EP3 receptors suggests a possible protective role against mammary tumors. EP2 and EP4 receptor levels were reduced in the mammary glands of anti-inflammatory pain-treated mice, while EP1 and EP3 levels were not altered (25). According to Fujino et al, EP3 receptors could boost vascular endothelial growth factor receptor-1 signaling and encourage tumor cell metastasis (26). Therefore, it may be debatable how EP3 contributes to carcinogenesis, and more research is required. The role of the EP4 receptor in tumors appears to be more clearly defined than that of other EP receptors. EP4 is a high-affinity EP receptor, and it is considered to be a pro-cancer mediator in many different types of malignancies due to its high expression. In colorectal cancer, deletion of EP4 can attenuates the abnormal AOM-induced crypt (27, 28), and therefore EP4 receptor can be used for prostate cancer immunotherapy. For example, YY001, an antagonist of the EP4 receptor, inhibits prostate cancer growth by modulating the tumor microenvironment (TME), leading to significant tumor regression, long-term survival and long-lasting immune memory (29). Besides, in mouse model, EP4 knockdown suppressed metastasis of oral cancer cells in the lung (30). Collectively, these findings imply a critical function for the PGE2/EP4 signaling pathway in tumor development.



COX-2-PGE2 Pathway in Tumor Immunology

The COX-2-PGE2 pathway induces tumor immune evasion by regulating myeloid-derived suppressor cells (MDSCs), lymphocytes (CD8+ T cells, CD4+ T cells and natural killer cells), and antigen presenting cells (APCs). Understanding the mechanisms of the COX-2-PGE2 pathway may provide a solid foundation for developing new methods to overcome tumor immune escape (Figure 3).




Figure 3 | The main effects of COX-2-PGE2 pathway on tumors. COX-2-PGE2 pathway can promote proliferation, inflammation, metastasis, cell survival and immune evasion of tumors.




Myeloid-derived suppressor cells

Granulocyte/polymorphonuclear stem cells and monocyte MDSCs, which come from the granulocyte or monocyte myeloid lineage, respectively, are the two main kinds of MDSCs found in both humans and animals. However, unlike mice, a tiny group of myeloid precursor cells known as “early MDSCs” have been found in humans. These cells have a potent immunosuppressive function and consist mainly of myeloid progenitor cells and precursor cells, accounting for less than 5% of the total number of MDSCs (31). MDSCs mediate immunosuppression by producing arginase and inducible nitric oxide synthase, and TGF-β, IL-10 and COX-2. These substances directly or indirectly enhance Treg activity (32), inhibit cytotoxic activity of NK cells (33), and promote the polarization of macrophages toward M2-like phenotype. They synergistically impair the tumoricidal properties of effector CD8+ T cells, leading to tumor cell evasion of host antitumor immunity (34). MDSCs are significantly linked to a poor clinical course of cancer (35). In mice and patients, the clinical cancer stage and the amount of metastatic tumors are favorably linked with the blood levels of MDSCs (36) (Figure 4).




Figure 4 | PGE2 promotes the transition of T helper cells from TH1 to TH2 and the shift of macrophages from M1 to M2. PGE2 induces the development of Treg cells, TH17 cells and MDSCs while inhibiting Dendritic cells, NK cells. MDSCs secrete TGF-β, IL-10, arginase, INOS, COX-2 to promote the shift of macrophages from M1 to M2 while inhibiting the functions of cytotoxic lymphocytes (CTL) and NK cells. NK cells can secrete CCL5 and XCL1 chemokines to recruit DCs.



The EP4 antagonist YY001 promotes the proliferation and anti-cancer activities of T lymphocytes while inhibiting myeloid-derived suppressor cells’ development, maturation, and immune-suppressive actions. Additionally, it alters the chemokine profile of tumor cells in vitro and in vivo, which decreases the amounts of MDSCs and T cells in the TME (29). In vitro experiments, PGE2 participated in MDSC-mediated immunosuppression by inducing arginase I expression through EP4 and inhibiting effector T cell activity (37). One study found that treatment of colorectal cancer mice with aspirin or EP antagonists significantly protected mice from tumor formation and reduced aggregation of MDSCs and expression of COX-2/Arg-1 (38). Thus, PGE2 inhibits MDSCs by blocking EP4 receptors, thereby promoting tumor immune evasion. The number of Gr1(+) CD11b(+) immature myeloid suppressor cells was considerably decreased by the celecoxib during the chemoprevention of 1,2-dimethylhydrazine diHCL- (1,2-DMH-) induced colon cancers in Swiss mice (39). The COX-2 pathway promotes glioma formation by directly supporting the phylogeny of MDSCs and their accumulation in TME, where MDSCs limit CTL infiltration (40). Taken together, the COX-2-PGE2 signaling pathway promotes tumor immune evasion by inducing the accumulation of MDSCs cells, which in turn promotes tumor growth and development. However, the regulatory role of COX-2-PGE2 pathway on MDSCs in vivo has not been fully investigated.



Macrophages

Microglia, Kupffer cells, and Langerhans cells in the brain, liver, and epidermis are examples of tissue-specific macrophages. Macrophages possess the ability to remove apoptotic cells, cellular debris and pathogens (41). Similar to the Th1 and Th2 dichotomy, the distinction between M1 and M2 phenotypes supports the idea of macrophage phenotypic heterogeneity. When exposed to lipopolysaccharide and interferon-c, macrophages develop the M1 phenotype and exhibit anticancer properties. Macrophages become polarized to the M2 phenotype in response to Th2 cytokines which promote cell proliferation and tumor formation (42, 43). TAMs have an M2-like phenotype in the majority of cancers (44), which facilitates tumor-associated angiogenesis, promotes tumor cell invasion and migration, and inhibits immune surveillance to promote tumor metastasis (45). Clinical studies have shown that macrophages promote tumorigenesis. In a meta-analysis, more than 80% of studies indicated a link between high macrophage density and poor patient prognosis (46). In primary tumors, TAMs have been shown to inhibit CD8+ T cell recruitment and anti-tumor immunity (47).

Previous studies have pointed out that the COX-2-PGE2 signaling pathway contributes significantly to the polarization of M1 to M2 and tumor immune escape. The majority of the COX-2 seen in both human and mouse intestinal cancers is known to come from TAMs. Celecoxib, a selective COX-2 inhibitor, shifted the TAM phenotype from M2 to M1 in a colorectal cancer animal model in accordance to the decrease in the number of polyps in ApcMin/1 mice (48). While inhibiting the growth of immune-stimulated M1 macrophages, PGE2-binding EP4 promoted development of immune-suppressed M2 macrophages and MDSCs (49). Eruslanov et al. found that in the mouse colon cancer cell line CT26, overexpression of 15-PGDH shifted TAMs from M2-directed TAM to M1-directed macrophages (50). In the GC transgenic model, overexpression of COX-2 and mPGES-1 led to TAM recruitment in gastric tumors (51). These findings collectively imply that COX-2 and PGE2 stimulate tumor development via M2 TAMs. EP1 and EP3 receptors also play an important role in tumor growth. Targeting EP1 receptor can decrease F4/80 (+) macrophage infiltration and inhibit colon cancer growth (52). EP3 signaling in DCs induces a switch of macrophages from pro-inflammatory to pro-reparative phenotype (53).



NK Cells

As a part of innate immunity, NK cells play an important role in tumor immune surveillance and viral infection resistances. In addition to immediately identifying and eliminating tumor cells, NK cells secrete cytokines that promote CTL activation and growth. However, the functional response of NK cells is compromised in tumors (54). In all cancer types, patient survival was substantially correlated with high expression of NK marker genes (55). In cancerous environment, NK cells dysfunction is integral and inevitable, leading to not only the proliferation of tumor cells but also the formation of distant metastases (56). The abundance of peritumoral NK cells is also associated with high pathological complete response rates in neoadjuvant chemotherapy for large and locally advanced breast cancers (57). In the course of infection with chronic lymphocytic choriomeningitis virus, intrinsic NK cell signaling can inhibit the expansion of CD8+ T cells, thereby promoting tumor immune evasion (58).

The COX-2-PGE2 pathway can enhance tumor immune evasion. PGE2 has been reported to inhibit cytotoxic effects and cytokine generation of NK cells in breast cancer as well as thyroid cancer through the EP4 signaling pathway (59, 60). In mouse tumors, NK cell-derived chemokines CCL5 and XCL1 promote the accumulation of dendritic cells (DCs). PGE2-producing tumors inhibit NK cell function, chemokine production, and DCs chemokine receptor expression to promote tumor immune escape (55). Breast tumor cells have been shown to express fewer MHC class I molecules when EP4 signaling is inhibited, which enhances the NK cells’ capacity to fight the tumor (61).



Dendritic cells

DCs have a unique function in the induction and regulation of innate and acquired immune responses. To direct T cell responses, DCs in the TME collect, prepare, and present tumor-associated antigens on MHC molecules as well as supply co-stimulatory and soluble components (62). In humans, reduced DC numbers and activity affect the prognosis of colorectal cancer patients (63). When patients were stratified based on cDC1-related gene expression, higher cDC1 signaling in tumors was found to be positively correlated with survival (55). However, eight studies have come to the conflicting conclusion that tumor-associated DCs can be a predictor of progressive prognosis in colorectal cancer (64).

PGE2 plays an important role in the control of DCs behaviors include differentiating, producing cytokines, polarizing TH cells, migrating, and maturing (65). In addition, it has been found that inhibiting EP2 and EP4 receptors increases both MHC molecule expression and antigen uptake by lung dendritic cells (11). Tumor-derived prostaglandin analogs inhibited both the aggregation and activation of CD103+ DCs within the tumor, including their capacity to produce IL-12, as well as the expression of type I immune-related markers (10). Secretion of PGE2 may inhibit the capacity of DCs to activate CD8+ T lymphocytes, thus promoting T cell exclusion from TME (41). Human DC surface HLA class II antigen expression levels are downregulated by IL-6 through the functions of COX-2, lysosomal protease, and arginase (66). Furthermore, an in vitro study demonstrated that NSAIDs prevent DCs from presenting MHC-restricted antigens (67). Taken together, the COX-2-PGE2 signaling pathway promotes tumor immune evasion by inhibiting DC cells.



CD4+ T helper Cells

APCs activate naive CD4+ T cells, which then initiate differentiation into various effector T cells during inflammatory and immunological responses to infections and cancer (68). Th1 cells, in general, control more aggressive responses by encouraging cytotoxic immune responses, whereas Th2 cells control less tissue-damaging immune responses (69, 70). As a result of resident tissue cells being stimulated to release chemokines by Th17-associated cytokines, neutrophils and macrophages are drawn to the sites of inflammation. In turn, the recruited cells generate more cytokines and protein hydrolases, exacerbating the immunological reaction (71, 72). TGF-β suppresses TH2-mediated cancer immunity. In a mouse model of breast cancer, induction of TGF-β receptor II gene deletion in CD4+ T cells inhibited tumor growth (73). Higher levels of circulating CD4+ T lymphocytes were linked to smaller tumor sizes in GC patients (74). Th17 cells were found in greater numbers in the peripheral blood and tumor tissue of patients with oral squamous cell carcinoma (66). In conclusion, the formation and progression of tumors are highly correlated with CD4+ T cell activity.

COX-2 deficiency delays mammary carcinogenesis by enhancing type 1 immune responses in breast cancers (75). At high doses, PGE2 induces a shift from a Th1-dominant to a Th2-dominant immune response by downregulating Th1-induced activation of the IL-12 pathway (68). Additionally, PGE2 stimulates IL-23 production and prevents DCs from releasing IL-12 and IL-27, which increases the pathogenic inflammatory Th17 phenotype (76). Although the majority of published studies indicate that PGE2 boosts Th2-type responses, evidence shows that COX-2 has an inhibitory effect on Th2 immune responses. In contrast to Th1-mediated lung inflammation, Jaffar et al. demonstrated that specific inhibition of COX-2 in vivo decreases PGE2 production and causes a considerable rise in Th2-mediated lung inflammation (77). Some studies have shown that PGE2 can promote Th1 differentiation through the EP1 receptor (78). Thus, the results are contradictory and more research is required.



CD8+ cytotoxic T cells

CD8+ cytotoxic T cells, the primary killer cells of pathogens and tumor cells, are essential for the destruction of intracellular infections and malignant cells, and may provide long-term immune protection (79, 80). Exercise alters the metabolism of CD8+ T cells, thereby enhancing their antitumor efficacy (81). In colorectal cancer, low tumor stage, negative nodal stage, longer overall survival, and an inflammatory immune phenotype were all substantially correlated with the density and proportion of proliferating CD8+ cytotoxic T cells (82). These results suggest that CD8+ T cells are capable of suppressing tumor growth.

In ErbB2 transgenic mice, COX-2 (MEC) KO breast cancer tumors contained more CD8+ cytotoxic immune cells (CTL) (7). Some studies found that the amount of CD8+ T cells and the percentage of functional CD8+ T cells were considerably decreased in PTGS2 overexpression tumors (83). These findings suggest that activation of the COX2 enzymes can reduce tumor-infiltrating CD8+ T cells. In addition, effector CD8+ T cells in tumors are inhibited from killing tumors by tumor-producing, PGE2-activated immunosuppressive cells in TME via EP4 receptors (84). During chronic lymphocytic choroidal meningitis virus infection, EP2 and EP4 are upregulated on virus-specific CTL inhibiting CTL survival and function (85). Increased secretion of PGE2 by breast cancer cells also recruits Treg cells into the primary tumor, thereby increasing apoptosis of CD8+ T cells and bone metastasis of cancer cells (86). PGE2 directly inhibits cytotoxic T cell activity and induces regulatory T cell function in vitro through upregulation of CD94 and NKG2A complexes (87). However, more evidence is needed to demonstrate whether the COX-2-PGE2 pathway promotes tumor immune evasion by suppressing CD8+ T cells.




Potential strategies for cancer therapy

Immunotherapy has grown in popularity as a cancer treatment option in recent years. Given the importance of the COX-2-PGE2 pathway in carcinogenesis and progression, there is a clear opportunity for therapeutic intervention. NSAIDs are a class of drugs that primarily suppress COX enzyme activity, which also lowers prostaglandins production. The use of NSAIDs to inhibit tumor growth has been considered. Combination therapy with NSAIDs and anti-PD-1 monoclonal antibody induces tumor eradication faster than anti-PD-1 alone (10). In addition, an in vivo investigation revealed that NSAIDs improved anti-tumor responses and reversed the imbalance between Th1 and Th2 in the metastatic spread of colorectal cancer (88). Some studies have demonstrated that NSAIDs can reduce cancer-associated mortalities and lower cancer incidence (89). For this reason, the FDA has approved celecoxib, a selective COX-2 inhibitor, for the treatment of population with familial adenomatous polyposis who wish to avoid developing colorectal polyps. In experimental animals, specific COX-2 inhibitors can prevent the development of mammary tumors (90). However, due to the risk of adverse cardiovascular events, celecoxib, along with other NSAIDs (except from aspirin), should not be used for an extended period of time, particularly in patients with a history of atherosclerotic heart disease (91). Excessive bleeding is the most serious side effect of aspirin, and both the risk and mortality rate increase with age (92). One way to prevent these negative consequences is to target only downstream PGE2 signaling. Cell surface inhibitory receptors (such as PD-1) are centrally involved in T cell exhaustion (93). And PGE2 could be one of the inducers of PD-L1 expression (94). We suppose that COX2-PGE2 pathway may result in T cell exhaustion by inducing PD-L1 expression. Emerging data from multiple solid tumor mouse models indicates that EP4 antagonists and PD1/PD-L1 blockade are effective in inhibiting primary tumor growth (49, 95, 96). Therefore, it may be a new potential strategy to combine EP antagonists with PD1/PD-L1 blockade in treating T cell exhaustion. In addition, combination immunotherapy with chimeric antigen receptor T (CAR-T) cells and checkpoint blockade is thought to be the next immunotherapy frontier (97). For instance, combination PD-L1 blockade and CD19 CAR-T cell therapy resulted in better outcomes in patients with heavily B-ALL (98). PGE2 signaling can activate protein kinase A, and then inhibits T-cell receptor activation, which inhibits the antitumor effect of CAR-T cell therapy (99). Thus, we conclude that targeting EP receptors (such as EP2 and EP4) could represent a novel strategy for improving the efficacy of adoptive immunotherapy. Some clinical trials are ongoing to evaluate the efficacy of these inhibitors. A phase I trial showed that EP4 antagonist (E7046) was safe in patients with advanced malignancies (ClinicalTrials.gov, Number NCT02540291). 1 clinical trial is recruiting patients to evaluate whether a dual EP2/EP4 antagonist (TPST-1495) suppresses tumor growth (ClinicalTrials.gov, Number NCT04344795). Although there is abundant EP receptor expression in fibroblasts and inflammatory cells, the role of the COX-2-PGE2 signaling pathway in TME is not fully understood, and more studies are needed to demonstrate this.



Summary

In this review, we discuss the role of the COX-2-PGE2 pathway in tumor immune evasion regulation. The idea that efficient therapeutic approaches should involve eliminating tumor cells and suppressing tumor immune evasion is being supported by a growing body of evidence, such as the use of checkpoint inhibitors to target immunosuppressive cells and reactivate immunosuppressive effector T cells. The COX-2-PGE2 signaling pathway may assist tumors in evading immune systems by inducing tumor-associated immune cells aggregation, impaired APC activity, a switch from Th1 to Th2 and Th17 immune responses or by suppressing CD8+ cytotoxic T cell and NK cell functions to promote tumor immune escape. In conclusion, the COX-2-PGE2 pathway not only is an effective target for tumor eradication, but it also suppresses tumor immune escape. Therefore, the addition of cyclooxygenase-2 inhibitors or EP antagonists to standard treatment may enhance the response of immunotherapy in anti-tumor immune escape.
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Extranodal NK/T-cell lymphoma (ENKTCL) is the most common subtype of T/NK-cell lymphoma in Asia and Latin America, but very rare in North American and Europe. Patient survival has improved significantly over the past two decades. However, standard treatment has not yet been established, although dozens of prospective trials have been conducted. To help understand how the treatment of ENKTCL has evolved in the past and what trends lie ahead, we have comprehensively reviewed the treatment of this aggressive malignancy, with a particular focus on neglected or unanswered issues, such as the optimal staging method, the best partner of asparaginase (Asp), the individualized administration of Asp, the preferred sequence of CT and RT and so on. Overall, the 5-year overall survival (OS) of patients with Ann Arbor stage I/II disease increased from < 50% in the early 20th century to > 80% in recent years, and the median OS of patients with Ann Arbor stage III/IV disease increased from < 1 year to more than 3 years. The improvement in patient survival is largely attributable to advances in radiation technology and the introduction of Asp and anti-PD-1/PD-L1 immunotherapy into practice. Radiotherapy is essential for patients with early-stage disease, while Asp-based chemotherapy (CT) and PD-1/PD-L1 inhibitors significantly improved the prognosis of patients with advanced-stage disease. ENKTCL management is trending toward simpler regimens, less toxicity, and higher efficacy. Novel drugs, such as manufactured T cells, monoclonal antibodies, and small molecule inhibitors, are being intensively investigated. Based on the fact that ENKTCL is highly resistant to cytotoxic drugs except Asp, and aggressive CT leads to higher toxicity rather than better outcomes, we recommend it is unnecessary to expend additional resources to compare different combinations of Asp with cytotoxic agents. Instead, more efforts should be made to optimize the use of Asp and immunotherapy to maximize efficacy and minimize toxicity, explore ways to overcome resistance to Asp and immunotherapy, identify novel treatment targets, and define subpopulations who may benefit more from specific treatments.
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1 Introduction

Extranodal NK/T-cell lymphoma (ENKTCL) is a unique hematological malignant entity characterized by universal extranodal involvement and invariable Epstein-Barr virus (EBV) infection. The disease has a distinctive ethnic and geographic distribution. It is more common in East Asia and Latin America, but remarkably rare in other regions. ENKTCL is the most common T/NK-cell lymphoma subtype in Asia and Latin America. According to the latest data reported by the International Cooperative Non-Hodgkin T-cell Lymphoma Prospective Registry study (ICT study), ENKTCL accounted for 28.6% of T/NK-cell lymphomas in Asia during 2016-2019 (1). Relatively, the frequency is as high as 40-50% in Mexico (2, 3) and 8% in Europe and the United States (4).

ENKTCL most commonly originates from the mucosa of nasal cavity and adjacent structures, namely the upper aerodigestive tract (UAT) including the nasopharynx, oropharynx, oral cavity, and hypopharynx, resulting in destructive facial lesions. Other organs and tissues, such as skin, bones, digestive tract, lungs, liver, and reproductive organs, may also be involved in a small number of newly diagnosed cases and a large number of relapsed/refractory (R/R) cases. At presentation, most cases (70-90%) have UAT involvement and Ann Arbor stage I/II disease (1, 5–7).

Survival of patients with ENKTCL has improved significantly over the past two decades, and there is a consensus that for early-stage disease, radiotherapy (RT) is essential; for advanced-stage disease, Asp-based chemotherapy (CT) is superior to Asp-absent CT. Despite better patient outcomes and dozens of prospective studies, standard treatment has not been established. The reason is that most of these clinical trials had small sample sizes and focused on the efficacy evaluation of Asp in combination with different CT regimens. Further, many important questions remain unanswered, such as what is the best way to stage the disease? How to select patients with early-stage disease who do not require CT? How to optimize the efficacy of Asp-based CT? Which drug works best in combination with Asp? What is the optimal order for RT and CT? How many courses of CT are required for patients with early-stage disease? How to identify patients more likely to benefit from personalized treatment?

To help understand how treatments for ENKTCL have evolved in the past and where they may go in the future, and to help conduct well-designed clinical trials to accelerate the establishment of standard care, we comprehensively reviewed progress in the treatment of this disease over the past two decades. In particular, we mainly focused on several neglected or unanswered issues in the treatment of ENKTCL, including the optimal staging method, the best partner of Asp, the individualized administration of Asp, the preferred sequence of CT and RT and so on. The pathologic and genetic features of this disease have recently been well reviewed by others (8–10). When analyzing the outcomes of patients treated with different approaches or modalities, we visualized the data using figures, as most data are from retrospective studies with small cohorts and heterogenous treatments, which are difficult to compare directly.



2 Milestones in ENKTCL recognition and treatment

The condition of progressive necrotizing granuloma of the nasal cavity was first described in 1897, causing rapid invasion of the nose and face (midline) (11, 12). The disease was named in early literature as “malignant granuloma of nose”, “progressive lethal granulomatous ulceration of the nose”, “lethal midline granuloma”, and “granuloma gangraenescens” based on clinical characteristics (13), or “polymorphic reticulosis” and “angiocentric lymphoma” based on pathological characteristics (14). In 1982, it was recognized as a type of T-cell lymphoma (15). The association of this disease with EBV was first reported in 1985 (16). In 1987, The disease was identified as originating from NK cells (17). The revised European-American Lymphoma (REAL) classification, published in 1994, first presented this disease as a distinct subtype of malignant lymphoma called “angiocentric lymphoma” (18). A workshop in the same year comparing T-cell lymphoma in Asian and Western countries concluded that nasal T-/NK cell lymphoma, also called angiocentric lymphoma, is a distinct clinicopathologic entity. The workshop proposed nasal T-/NK cell lymphoma for midline facial lesions and nasal-type T-/NK cell lymphoma for tumors in other anatomic sites (19). The 2001 WHO classification named this entity as “extranodal NK/T-cell lymphoma, nasal type” (20) and later, in the 5th edition of the WHO classification of haematolymphoid tumors in 2022, “extranodal NK/T-cell lymphoma, nasal type” was renamed “extranodal NK/T-cell lymphoma”.

Before the 1920s, surgery, antibiotics, and steroids had been used to treat ENKTCL, but all had failed. Durable responses were not observed until the use of RT (radium implantation in 1921 and X-rays in 1925) (12, 21, 22). Since then, RT has been increasingly used in practice. For CT, responses were anecdotally observed in patients treated with the antimetabolite methotrexate in 1964 (23). However, CT has been an adjuvant therapy for a long time due to its low response rate and rapid development of drug resistance. This state persisted until the introduction of L-asparaginase (L-Asp). The first case of L-Asp-induced complete response (CR) in refractory ENKTCL was reported in 1986 (24). In 2005, ENKTCL cells were found to be selectively sensitive to L-Asp (25), but long-term survivors were still rare in patients with advanced-stage disease until the introduction of programmed cell death protein 1 (PD-1) and its ligand (PD-L1) blockade immunotherapy in recent years. PD-1 blockade was reported to be highly active in relapsed/refractory (R/R) ENKTCL patients in 2017 (26) and later used to treat newly diagnosed early-stage disease in 2022 (27). The milestones in the recognition and treatment of ENKTCL are summarized in 
Figure 1
.




Figure 1 | 
Milestones in the recognition (shown in yellow below the timeline) and treatment (shown in green above the timeline) of ENKTCL.





3 Survival trend of patients with ENKTCL in the past two decades

ENKTCL is one of the tumors with the most dramatic change in survival over the past 20 years. The 5-year overall survival (OS) for patients with Ann Arbor stage I/II disease has increased from < 50% in the early 2000s to > 80% in recent years. Survival data for early-stage disease published since 2000 are summarized in 
Figure 2
. Here, we included only patients treated with RT or RT plus CT because RT is essential for early-stage disease. The improved survival can be attributed to several factors: the accumulation of knowledge about the biological behavior of the disease, accurate staging with modern photographic techniques, advances in RT techniques, and the introduction of Asp-based CT. Significant changes in survival were also seen in patients with advanced-stage disease. The median OS for advanced-stage disease has increased from a few months to more than 3 years. The better prognosis in advanced-stage disease is largely attributable to the introduction of Asp and PD-1/PD-L1 blockade immunotherapy. Data of advanced-stage disease published since 2000 are summarized in 
Figure 3
.




Figure 2 | 
Survival trends of patients with Ann Arbor stage I/II ENKTCL over the past two decades. Only data from patients treated with RT or RT plus CT are included. The area of each marker in the figure indicates the sample size of the study. Data are cited from (27–97).







Figure 3 | 
Complete response (CR) rate and progression-free survival (PFS) of patients with Ann Arbor stage III/IV or relapsed/refractory ENKTCL treated with different drug types. Asp, asparaginase; Asp-R, asparaginase-resistant; Anth, anthracycline; Anth-R, anthracycline-resistant; CT, chemotherapy; TN, treatment naïve; OS, overall survival (when PFS is not available, OS is displayed); y, year; H, hematopoietic stem cell transplantation. The area of each marker in the figure indicates the sample size of the study. Data are cited from (35, 68, 69, 72, 73, 82, 84, 94, 98–114).





4 The role of Asp in ENKTCL treatment


4.1 Asp is a game changer

ENKTCL is known to be resistant to conventional CT. In most reports, the CR rate in patients treated with anthracycline (Anth)-based CT was around 30% (29, 43, 46, 93). The resistance of ENKTCL to multiple cytotoxic drugs was initially attributed to the expression of P-glycoproteins (P-gp) on tumor cells (115). However, ENKTCL is also extremely resistant to P-gp independent agents such as methotrexate and cytarabine (25), and the response and survival of patients treated with P-gp independent agents are disappointing. In Anth-resistant ENKTCL patients treated with gemcitabine-based CT, the CR rate and median progression-free survival (PFS) were only 20% and 2.3 months, respectively (116). Further, in two prospective studies, the CR rates in patients with stage III/IV or Anth-resistant disease treated with the IMEP regimen (ifosfamide, methotrexate, etoposide, and prednisone) were 8% and 32%, respectively (35, 99). The absolute efficacy of CT is clearly demonstrated in patients with advanced-stage disease (
Figure 3
). We can see that the efficacy of non-Anth/Asp-based CT is as poor as the efficacy of Anth-based CT.

However, CR rates with Asp-based CT range from 40% to 70% in most reports, both in early-stage or advanced-stage disease, and in treatment naive or Anth-resistant disease (
Figure 3
). A multicenter retrospective study from the China Lymphoma Collaborative Group analyzed data from 286 newly diagnosed advanced-stage ENKTCL cases and found that patients treated with Asp-containing CT had a significantly higher CR rate (45.5% vs. 23.9%, P = 0.006), 5-year PFS (34.2% vs. 17.1%, P < 0.001), and OS (45.3% vs. 27.8%, P < 0.001) than those treated with Asp-absent CT (110). The superiority of Asp-based CT over non-Asp-based CT is convincing enough through historical comparison, despite the lack of randomized controlled trials (
Figure 3
). This conclusion is also supported by systemic reviews and meta-analyses (117).



4.2 Anti-lymphoma mechanism of Asp

The excellent anti-ENKTCL activity of Asp is attributed to its unique anti-tumor mechanism and the natural weakness of ENKTCL cells. Asparagine is a non-essential amino acid that can be synthesized enzymatically from aspartic acid and ammonia in all normal cells of our body in the presence of asparagine synthetase (AsnS). L-Asp, in contrast to AsnS, is an enzyme that selectively hydrolyzes the extracellular amino acid L-asparagine to L-aspartate and ammonia. L-Asp has been introduced for the treatment of childhood acute lymphoblastic leukemia (ALL) since the 1960s because ALL cells lack AsnS expression and depend on extracellular asparagine uptake for survival. When plasma asparagine is depleted by systemic L-Asp administration, intracellular protein biosynthesis ceases and ALL cells die. The low expression of AsnS in ALL cells is due to hypermethylation of the AsnS gene. The CpG island methylation status of the AsnS gene promoter is associated with Asp sensitivity and its hypomethylation status correlates with Asp resistance and is an adverse prognosticator of patient survival (118). ENKTCL cells are even more sensitive to L-Asp than ALL cells (25). L-Asp was first used in combination treatment of ENKTCL by Murase et al. in 1986 (24). Around 2000, several case reports showed that L-Asp monotherapy induced durable CR in patients with R/R ENKTCL (119–121). Yong et al. reported a cohort of 18 (7 early-stage and 11 advanced-stage) Anth-resistant ENKTCL patients treated with L-Asp, vincristine, and dexamethasone followed by RT (if applicable). The CR rate after CT was 55.6%, and the 5-year OS rate of the whole cohort was 55.6% (122). Subsequent in vivo studies by Ando et al. showed that NK-cell leukemia/lymphoma cell lines were selectively sensitive to L-Asp among multiple tested anti-cancer agents. Further examination of tumor samples revealed that AsnS mRNA expression levels in lymphoma cells were inversely corelated with clinical responses to L-Asp treatment (25). These findings were subsequently confirmed by other studies (123, 124). Obviously, ENKTCL has the similar biological property to ALL (
Figure 4
). Likewise, the low expression of AsnS gene in ENKTCL cells may be due to genome-wide DNA hypermethylation (125).




Figure 4 | 
Overview of the mechanism of action of asparaginase (Asp) against NK/T-cell lymphoma (NKTCL). Due to the lack of asparagine synthetase (AsnS), NKTCL cells depend on the uptake of extracellular L-asparagine from the circulation (pathway ①) for protein synthesis. Administration of Asp hydrolyzes serum asparagine to aspartic acid and ammonia (NH3), thereby inhibiting tumor cell protein synthesis and ultimately leading to tumor cell death. In contrast, all normal cells in the body have two pathways to obtain L-asparagine for protein synthesis: taking extracellular L-asparagine from the circulation (pathway ①) and synthesizing their own L-asparagine from aspartic acid and NH3 via AsnS (pathway ②). When pathway ① is blocked, normal cells can still obtain adequate L-asparagine via pathway ② to meet their metabolic needs.





4.3 L-Asp and pegaspargase

The use of Asp in the treatment of ALL has been intensively studied. Its optimal therapeutic effect depends on complete and sustained depletion of serum asparagine (126). The serum half-life (t1/2) of native E. coli L-Asp is 1.25 days (127). When using native Asp, daily administration is unnecessary. Instead, it can be administered at 2- to 3-day intervals. It is crucial, however, that the drug should be administered throughout the treatment period to achieve a complete and sustained depletion of serum asparagine (126). If L-Asp is administered for 4 or 7 days at 3-week intervals, starved cancer cells may be revived by regaining asparagine during the Asp-absent intervals. This may explain, at least in part, the unsatisfactory outcomes in some studies using L-Asp. Currently, L-Asp is largely replaced by polyethylene glycol-conjugated Asp (pegaspargase, PEG-Asp). The serum t1/2 of PEG-Asp is 5.73 days, making it a 2-week dosing interval (127). The incidence of hypersensitivity to PEG-Asp is lower than that to native L-Asp (128).

Theoretically, both forms of Asp have similar anticancer activity, but in practice, L-Asp is inferior to PEG-Asp (
Figure 5
). Part of solid evidence comes from two prospective studies comparing L-Asp with PEG-Asp in patients with ENKTCL. One study by Kim et al. compared L-Asp vs. PEG-Asp in combination with the IMEP regimen in 41 newly diagnosed stage IV or Anth-resistant ENKTCL patients. L-Asp was delivered on days 1, 3, 5, 7, 9, and 11 of each cycle of CT, and PEG-Asp was given every 3 weeks. The results showed that the CR rate was higher in the PEG-Asp group (73.7% vs. 45.5%; P = 0.067) (129). In another recent randomized controlled study, 80 newly diagnosed ENKTCL patients were assigned to the DDGP (dexamethasone, cisplatin, gemcitabine, and PEG-Asp, repeated at 3-week intervals) arm or the SMILE (dexamethasone, methotrexate, ifosfamide, etoposide, and L-Asp, L-Asp given at 3-week intervals on days 3 to 9) arm. The results showed that the 3-year PFS (56.6% vs. 41.8%, P = 0.004) and 5-year OS (74.3% vs. 51.7%, P = 0.02) in the DDGP arm were significantly higher than those in the SMILE arm (130). L-Asp-based CT was inferior to PEG-Asp-based CT, at least in part due to the long L-Asp dosing interval between two courses of CT. Besides, higher toxicity-related mortality in the second study was also responsible for the poorer outcome in the SMILE arm (17.5% in the SMILE arm vs. 2.5% in the DDGP arm).




Figure 5 | 
OS trends in early-stage ENKTCL patients treated with different modalities. CT, chemotherapy; RT, radiotherapy; Anth, anthracycline; CRT, chemoradiotherapy; Asp, asparaginase; PEG-Asp, pegaspargase; OS, overall survival. Data cited from (4, 27–32, 34–37, 39, 40, 42–46, 48–82, 84–97).





4.4 Individualized administration of Asp

The efficacy of Asp-based CT will be further enhanced if individualized treatment is given. The main disadvantages of Asp are hypersensitivity and silent inactivation, both of which are attributed to the production of neutralizing anti-Asp antibodies, occurring in 30-70% of patients during L-Asp treatment (131). Silent inactivation refers to the phenomenon of neutralizing antibodies being present in the absence of any clinical signs of allergy. Anti-Asp antibodies may result in faster Asp clearance, lower serum Asp concentrations, and higher risk of relapse (132, 133). PEG-Asp should not be given to patients who develop anti-E. coli Asp antibodies. Instead, Erwinia L-Asp which has different antigenic epitope to E. coli Asp is an alternative (134). For PEG-Asp, in addition to anti-Asp antibodies, there is another problem. Anti-PEG antibodies produced after PEG-Asp treatment can also lead to rapid Asp clearance and reduced efficacy (135). Moreover, Asp is essentially a protein that may have significantly different pharmacokinetics, pharmacodynamics, and immunogenicity in patients of different races and ages. For example, the t1/2 of PEG-Asp is 7.1 days in South American adults and 5.73 days in Caucasian children (127, 136). Therefore, it is better to monitor the efficiency of asparagine depletion during treatment to achieve optimal efficacy and avoid ineffective medication.

Asp depletion efficiency can be evaluated by serum Asp concentration, presence of anti-Asp antibodies, and Asp activity. Relatively, Asp activity assay remains the best option in practice due to the lack of an anti-Asp antibody test that differentiates between inactivating or non-inactivating antibodies and the rapid ex vivo metabolism of asparagine in the presence of Asp (131). Currently, in the absence of detailed data on Asp metabolism in adult ENKTCL patients, the PEG-Asp activity monitoring algorithm proposed by Archie et al. can be adopted to optimize PEG-Asp dosing (137). Briefly, the algorithm consists of two steps: the first Asp activity monitoring is performed 4 - 7 days after PEG-Asp administration. Asp activity < 0.05 IU/mL indicates the presence of neutralizing antibodies, so treatment should be switched to Erwinia Asp. On the other hand, if Asp activity is ≥ 0.05 IU/mL, a second Asp activity monitoring should be performed 2 weeks after PEG-Asp administration. A second test result of < 0.025 IU/mL and a first test result of < 1.0 IU/mL indicate the presence of accelerated clearance, so the treatment should be switched to Erwinia Asp. If the second test result is < 0.025 IU/mL and the first test result is ≥ 1.0 IU/mL, or the second test level is between 0.025 and 0.1 IU/mL, there are three options: monitoring Asp activity after next dose, increasing PEG-Asp frequency, or switching to Erwinia Asp. If the second test level is ≥ 0.1 IU/mL, the scheduled PEG-Asp administration can be continued (
Figure 6
). For ENKTCL, if silent inactivation or hypersensitivity occurs and Erwinia L-Asp is not available, RT (for early-stage disease) or second-line treatment (for advance-stage disease) should be moved forward.




Figure 6 | 
PEG-Asp activity monitoring algorithm for assessing possible silent inactivation by neutralizing antibodies and/or accelerated clearance (137).



In addition, the dose of PEG-Asp used in current practice may not be optimal. As Asp is an enzyme, when the substrate (asparagine) is saturated, the pharmacological effects (both efficacy and toxicity) of Asp do not change with increasing dose. This has been confirmed in practice. Kloons et al. conducted a trial to evaluate individualized dosing of PEG-Asp in pediatric ALL patients. They demonstrated that a median dose of 450 IU/m2 PEG-Asp was enough to achieve adequate Asp activity levels and sufficient asparagine depletion, and that the reduced dose of PEG-Asp had similar toxicity to the standard dose of PEG-Asp (138). More importantly, the frequency of Asp treatment matters. As noted above, optimal therapeutic efficacy of Asp depends on complete and sustained depletion of serum asparagine. When used in combination with other cytotoxic agents, PEG-Asp is usually repeated every 3 weeks. However, approximately 20% of patients are unable to maintain adequate levels of Asp activity in the third week of each 3-week interval (136), so PEG-Asp should be repeated every two weeks if Asp activity levels are not monitored (139).



4.5 Best partner of Asp

It seems that it does not matter which drugs are combined with Asp in combination therapy. On the one hand, ENKTCL is intrinsically resistant to cytotoxic agents other than Asp. On the other hand, there is no evidence that one combination is more favorable than the other, regardless of toxicity. To date, two randomized controlled studies have comparatively evaluated PEG-Asp-based regimens for ENKTCL, and both obtained similar efficacy across treatment arms (
Table 1
). Huang et al. reported preliminary results of P-GemOx (PEG-Asp, gemcitabine, and oxaliplatin) + thalidomide vs. AspMetDex (PEG-Asp, methotrexate, and dexamethasone) at the 2019 ASH conference. They observed similar CR rates (60.0% vs. 55.0%), 3-year PFS and OS (detailed data not reported) between the two arms of 165 patients with newly diagnosed or R/R disease (143). Wei et al. compared SVILE (ifosfamide, PEG-Asp, vindesine, etoposide, and dexamethasone) with P-GemOx in 103 treatment-naïve patients. The CR rates after three cycles of CT (38.9% vs. 39.4% for early-stage disease, P = 0.789; 6.2% vs. 11.1% for advanced-stage disease, P = 1.000), 3-year PFS (88.3% vs. 93.9% for early-stage disease, P = 0.469; 46.2% vs. 65.7% for advanced-stage disease, P = 0.703), and 3-year OS (88.8% vs. 97.0% for early-stage disease, P = 0.130; 68.8% vs. 72.2% for advanced-stage disease, P = 0.729) were all similar between the two arms (69). In addition, Wang et al. treated 30 patients with PEG-Asp alone in a prospective phase 2 study. Two cycles of PEG-Asp were delivered concurrently with RT and 4 more cycles after RT. The results were excellent, with 2-year PFS of 90.9% and OS of 92.8% (67). Obviously, a more simplified regimen is more favorable when drug toxicity is considered. While this does not mean that those partners of the Asp scheme are of no values. A positive thought about Asp partners is that ENKTCL cells become sensitive to these partners when they are starved for asparagine deficiency following Asp administration. Based on the fact that aggressive chemotherapies result in higher toxicities rather than better efficacy, we can conclude that the highly toxic partners are unnecessary when combined with Asp. We suggest that more resource-consuming comparisons of Asp combination with different cytotoxic agents are unnecessary without the introduction of innovative concepts.


Table 1 | 
Staging systems for ENKTCL.






5 Staging methods for ENKTCL

Staging is very important for ENKTCL because of its solid cancer features: the majority of patients present with early-stage disease and RT is a curative treatment; the extent of local tumor invasiveness (LTI) is the strongest prognosticator in patients with early-stage disease (7, 31, 144). It is believed that RT alone is sufficient for patients with very early-stage disease. However, there is no consensus on how to define very early-stage disease. Future randomized controlled trials may answer this question, but an appropriate staging method is a prerequisite.

The Ann Arbor system is by far the conventional and most widely used staging method. This staging method was originally designed for Hodgkin lymphoma with predominantly lymph node involvement and does not take into account the extent of LTI. However, ENKTCL is exclusively an extranodal lymphoma. When used to assess localized ENKTCL, the Ann Arbor system fails to indicate the extent of LTI to guide treatment decisions. To compensate for the shortcomings of the Ann Arbor system, three ENKTCL-specified staging systems have been proposed.

Kim et al. proposed a Korea staging system in 2009 to classify ENKTCL into limited disease and extensive disease (141). However, for extensive disease, the prognosis and treatment strategies for Ann Arbor stage I/II disease with LTI and disseminated disease are obviously different. Further, for limited disease, the prognosis of Ann Arbor stage I disease is obviously different from that of Ann Arbor stage II disease. Given the solid cancer features of ENKTCL, we previously proposed a TNM (Tumor-Node-Metastasis) staging system (7). Obviously, locoregional disease is better stratified because this staging system is based solely on the extent of anatomical structures involved by the lymphoma. However, due to the complex anatomy of the UAT, this TNM staging system is too complex and inconvenient to use. Recently, the Chinese Southwest Oncology Group and the Asia Lymphoma Study Group (CA) proposed a staging method called the CA system. This method classifies Ann Arbor stage I disease into stage I or II based on the presence or absence of LTI, while stage III in CA system was identical to stage II in Ann Arbor system (142). A retrospective study comparing the CA system and the Ann Arbor system in 205 patients found that the CA system had better prognostic value than the Ann Arbor system (145). The CA system fully considers the prognostic value of both LTI and regional lymph node metastasis. Also, it is easy to use. However, CA stage II still includes a group of heterogeneous disease, as the extent of TLI varies greatly between patients, ranging from minimal to extensive infiltration around the UAT. Overall, among these staging methods (
Table 2
), the CA system is currently preferable, but the optimal staging method remains to be determined.


Table 2 | 
Prospective randomized controlled studies in ENKTCL.





6 Treatment of early-stage ENKTCL


6.1 RT

The current National Comprehensive Cancer Network (NCCN) guidelines recommend combined chemoradiotherapy (CRT) for fit patients and RT alone for unfit patients with early-stage nasal ENKTCL. RT has an essential role in improved OS and PFS in patients with early-stage nasal ENKTCL (88, 146, 147). The 5-year OS rate in patients with early-stage disease treated with CT alone is only 12% to 45% (
Figure 4
) (4, 31, 32, 51, 59, 88, 91, 148). Emphatically, RT can’t be omitted in patients who have achieved CR after induction CT. According to a multicenter study by the China Lymphoma Collaborative Group (CLCG), for Ann Arbor stage I/II ENKTCL patients who reached CR after Asp-based CT, the 5-year OS was 84.9% and 58.9% in patients with and without RT, respectively (149).

During the early decades, patients receiving RT often had unsatisfactory outcomes due to the use of suboptimal radiation doses (34, 88). Patient outcomes did not improve significantly until the 1970s with the use of a higher dose of 50 Gy, which is recognized necessary to achieve long-term survival (88, 150). Modern RT for ENKTCL (including risk-adapted therapy, target volume, and dose guidelines) has been elaborately described by Qi et al. (151).



6.2 CT

In the Anth era, the 5-year OS was 47.3-83% in Ann Arbor stage I/II patients receiving RT alone (31–34, 37, 152–154) and 37.9-76% in those receiving combined CRT (29, 30, 32, 33, 37, 40, 46). There was no convincing evidence that adding CT to RT resulted in additional survival benefit (28, 30, 32, 33, 37, 40, 44, 152, 155, 156). However, this status has changed after the introduction of Asp. A randomized controlled study and a large cohort retrospective study both demonstrated the benefits of adding Asp-based CT. Zhang et al. randomized 65 patients with early-stage ENKTCL into RT alone group or DDGP (cisplatin, dexamethasone, PEG-Asp, and gemcitabine) followed by RT group. The 5-year PFS (56.5% vs. 82.9%, P = 0.023) and OS (60.4% vs. 85.7%, P = 0.040) were significant higher in the combined CRT group (
Table 1
) (77). Nevertheless, not all patients with early-stage disease can benefit from the addition of Asp-based CT. Zheng et al. evaluated the survival benefit of Asp-based vs. non-Asp-based CT plus RT in a retrospective cohort of 376 patients with early-stage ENKTCL. They stratified patients into low-, intermediate- and high-risk groups based on 5 clinical parameters (age > 60 years, stage II, elevated lactate dehydrogenase, poor performance status, and LTI), and found that Asp-based CT significantly improved 5-year OS in intermediate- and high-risk patients (84.4% vs. 74.5%, P = 0.014) (157). How to select patients who can benefit from the addition of Asp-based CT needs to be defined in randomized controlled studies. The survival trends in patient with early-stage ENKTCL treated with different types of CT are showed in 
Figure 5
.

Another unanswered issue about CT is that how many CT courses are needed for early-stage ENKTCL. As shown in 
Table 3
, most studies used 3 to 6 cycles of CT, and there is no evidence that short-course CT is inferior to long-course CT. A short-course of two cycles of modified SMILE CT and sequential RT in 18 cases with early-stage ENKTCL at the Memorial Sloan Kettering Cancer Center showed a post-CT CR rate of 67% and a 5-year OS of 83.3% (162). The outcomes were similar to studies with long-course CT. The optimal number of CT courses needs to be determined in randomized controlled studies.


Table 3 | 
Single arm prospective studies in NKTCL.





6.3 Combined modality treatment of CT and RT

There are 3 combined modalities of CT and RT for early-stage ENKTCL: sequential method (CT followed by RT, or RT followed by CT), sandwich method (CT before and after RT), and concurrent method (CT during the period of RT). There is no available evidence showing which modality is more preferable at the moment. The sequential and sandwich methods are mainly used in China, while concurrent method is mainly used in Japan and Korea. The development of sequential and sandwich modalities in the early days was based on the understanding that this aggressive tumor requires aggressive CT, which would not be tolerated when administered concurrently with RT.

In the Anth era, early disease progression frequently occurred in patients treated with induction CT due to resistance, so the importance of upfront RT was emphasized (57, 80, 163). However, increased risk of systemic relapse was also observed in patients receiving upfront RT (59). In the current Asp era, early disease progression is not a big concern as most patients are sensitive to Asp-based treatment. Two multicenter retrospective studies of large cohorts evaluated how the sequence of CT and RT affects outcomes of patients treated primarily with Asp-based CT. Based on data from 1,360 patients, the China Lymphoma Collaborative Group Study found that patients treated with CT followed by RT had similar survival to those treated with RT followed by CT (164). Kwong et al. compared sequential CRT vs. concurrent CRT in 303 cases and observed similar survival as well (165). The optimal sequence of CT and RT needs to be defined in randomized controlled studies.

In today’s view, aggressive CT is unnecessary for ENKTCL. Mild regimens, such as P-GemOx (GELOX) and DDGP, have equal or better efficacy and a more favorable safety profile than aggressive regimens (50, 69, 70, 130, 143). Given the trend towards more simplified CT, the feasibility of concurrent CRT should be reevaluated. Recent studies have showed that Asp alone or Asp combined with immunotherapy also yielded excellent efficacy in patients with early-stage ENKTCL when combined with RT (27, 67). These studies, although using small sample sizes, suggest that more simplified, more effective, and less toxic regimens are feasible.



6.4 Anti-PD-1/PD-L1 immunotherapy

Given the high activity in advanced-stage ENKTCL, anti-PD-1/PD-L1 immunotherapy is being tried in early-stage disease. Sun et al. recently reported the results of a retrospective study of early-stage ENKTCL treated with PEG-Asp combined with a PD-1 inhibitor, anlotinib (a multi-tyrosine kinase inhibitor approved in China for lung cancer), and sequential RT. Patient outcomes were excellent, with 100% 3-year PFS and OS, but a limitation of the study was that only 8 patients were included (27). The role of anlotinib in this combination was unknown, but the combination of the two most powerful ENKTCL drugs (PEG-Asp and PD-1 inhibitor) deserves further investigation in more patients. A phase 2 trial of this regimen is pending (NCT03936452), and a phase 3 randomized controlled trial of PEG-Asp-based CRT with or without PD-1 blockade therapy in early-stage ENKTCL is ongoing (NCT04365036). Several studies are currently underway to examine the efficacy of more simplified immunotherapy-based treatment approaches in patients with early-stage ENKTCL: PD-1 inhibitor and PEG-Asp combined with RT (NCT04676789), PD-1 inhibitor, PEG-Asp, and chidamide combined with RT (NCT04414969), PD-1 inhibitor monotherapy (NCT03728972), and PD-1 inhibitor concurrently with RT (NCT04417166, NCT05477264, and NCT05149170).




7 Treatment of advanced-stage and R/R ENKTCL


7.1 CT

The survival of patients with advanced-stage ENKTCL is extremely poor. The current NCCN guidelines recommend Asp-based CT for advanced-staged disease. As shown in 
Figure 3
, the CR rate of patients treated with Asp-absent CT (including Anth- and non-Anth-based CT) ranged from 13.0% to 37.5%, and the 5-year OS ranged from 16.7% to 30.0%. The efficacy of Asp-based CT is better than that of Asp-absent CT, but it is still unsatisfactory. In a prospective cohort study of the International T-cell Project, including 166 patients from 40 centers in 14 countries across four continents (Asia, Europe, North America, and South America), the median OS was only 10 months (4). As in early-stage disease, aggressive CT in advanced-stage disease may result in greater toxicity rather than greater efficacy (166). The median OS was several months as well in patients treated with SMILE or modified SMILE regimen and hematopoietic stem cell transplantation (HSCT) (162, 167). Patients with relapsed disease after front-line treatment had even worse survival. A multicenter retrospective study analyzing 179 patients with R/R ENKTCL from four countries found a median second OS of 6.4 months after relapse (168). Patients with extranasal ENKTCL had similar survival to those with advanced-stage nasal ENKTCL. The median OS was 2.83 to 9 months for gastrointestinal ENKTCL (169–172), 9.5 months for testicular disease (173), and 15.5 to 29 months for cutaneous ENKTCL (174, 175). These data indicate that extranasal ENKTCL should be managed like advanced-stage nasal ENKTCL.



7.2 HSCT

The role of HSCT in the treatment of ENKTCL is controversial. Auto-HSCT did not lead to better outcomes compared to Asp-based CT (176, 177). Several small cohort retrospective studies have evaluated the efficacy of allo-HSCT in patients with advanced-stage ENKTCL. A Japanese study of 28 patients (22 with NKTCL, 3 with blastic NK-cell lymphoma, and 3 with aggressive NK-cell leukemia) concluded that 2-year PFS and OS were 34% and 40%, respectively (178). In another study of 12 patients, 7 cases survived in remission with a median follow-up of 13 months (179). After investigating 18 patients with advanced-stage or R/R ENKTCL who underwent allo-HSCT, a multicenter study by the Asia Lymphoma Study Group observed 5-year PFS and OS of 51% and 57%, respectively (180). In a non-Asian cohort with 27 patients undergoing HSCT (14 with auto-HSCT and 13 with allo-HSCT), the 3-year OS was 64% for consolidative auto-HSCT in first-line treatment and 39% for allo-HSCT in salvage treatment (181). These data seem encouraging, but there was patient selection bias in these studies, as patients who received HSCT generally had favorable performance status and good response to previous treatment. Besides, it may not be better than Asp-based CT (
Figure 3
). There is no doubt that HSCT will move to late-line treatment with the increasing number of novel drugs today.



7.3 RT

Given the sensitivity of ENKTCL to RT, RT is used in selected patients with advanced-stage disease. According to the International T-cell Project, patients with advanced-stage disease receiving combined CRT had significantly better survival than those receiving CT alone (3-year OS, 66% vs. 24%; 5-year OS, 58% vs. 24%; both Ps < 0.001) (4). However, there was clearly a selection bias. Patients who received RT inevitably had lower tumor burden and better response to induction CT than those who did not receive RT. Nevertheless, it is suggested that RT can be delivered to selected patients with oligometastases.



7.4 Anti-PD-1/PD-L1 immunotherapy

The positive rate of PD-L1 in ENKTCL cells is 39-100% (8). Overexpression of PD-L1 induced by EBV infection, on the one hand, is a potential mechanism by which ENKTCL avoids immune surveillance (182, 183), on the other hand, is a predictor of favorable response to PD-1 blockade treatment (159, 160). Kwong et al. first reported that PD-1 blockade was highly active in R/R ENKTCL in a series of 7 cases (26). Its outstanding efficacy was subsequently confirmed in clinical trials. In a phase 2 study, 28 patients with Asp-resistant ENKTCL were treated with the PD-1 inhibitor sintilimab. The CR rate and objective response rate (ORR) were 21.4% and 75%, respectively, and the 2-year OS was 78.6% (111). In another phase 2 trial of 78 cases with Asp-resistant ENKTCL treated with the anti-PD-L1 antibody sugemalimab, the CR was 37.2% and the 2-year OS was 54.6% (98). Clearly, the median second OS was > 2 years in both trials. The current NCCN guidelines recommend anti-PD-1 immunotherapy for Asp-resistant R/R ENKTCL. Promising results have also been observed in patients treated with immunotherapy combined with small molecule targeted drugs, such as histone deacetylase inhibitors (HDACi) (160, 184, 185). The combination of PD-1 inhibitor and HDACi chidamide was evaluated in a prospective phase Ib/II study in patients with Asp-resistant ENKTCL. The preliminary analysis of 37 cases showed that the CR rate, 1-year PFS, and OS was 44.4%, 66.0%, and 79.1%, respectively (160). The combined treatment showed activity even in patients with immunotherapy-resistant lymphoma, as HDACi also has immunomodulatory effects beyond anticancer effect (185, 186). Clinical trials investigating the efficacy of PD-1 blockade combined with a DNA demethylating inhibitor (DNMTi) (NCT04279379) or anti-CD38 antibody (NCT04763616) in R/R ENKTCL are ongoing.

Due to its high activity, immunotherapy has recently been used in the front-line treatment of advanced-stage disease. Cai et al. treated 9 newly diagnosed stage III/IV ENKTCL cases using a PD-1 inhibitor in combination with the P-GemOx regimen. The CR rate, 1-year PFS, and OS was 77.8%, 66.7%, and 100%, respectively (109). Although a small cohort retrospective study, it suggests that the combination of the two most powerful drugs (PEG-Asp and PD-1 blockade) may be a good option for front-line therapy of advanced-stage ENKTCL, and that aggressive CT may not be necessary in the modern era. Additional results of a prospective study (NCT04127227) of this combination treatment are pending. A more simplified regimen combing PD-1 blockade and PEG-Asp is currently being tested in prospective trials (NCT04096690 and NCT04004572) in patients with newly diagnosed advanced-stage ENKTCL.



7.5 Other immunotherapies

ENKTCL patients are universally EBV positive, making the viral protein latent membrane proteins (LMP) interesting treatment targets. LMP-targeted therapy has shown encouraging activity in several studies. In a phase 2 study, Kim et al. created autologous EBV-specific T cells in 47 patients with advanced-stage or R/R ENKTCL. The CR rate was 30% in 10 R/R patients receiving the cell therapy (187). Bollard et al. treated 29 patients with EBV-related lymphoma using LMP-specific cytotoxic T lymphocytes (CTL). The results showed that 11 of 21 patients with R/R disease achieved CR at the time of CTL infusion (188). Cho et al. treated 13 patients (11 early-stage patients and 2 advanced-stage patients) with EBV LMP-specific CTL cells when CR was achieved following CT, RT, and/or HSCT. The 4-year OS and PFS were 100% and 90%, respectively (189). Ando et al. developed an EBV-induced pluripotent stem cell (iPSC)-derived LMP-specific CTL that exhibited robust ENKTCL suppressive effects in vitro and in vivo (190). More clinical trials of EBV-targeted T cell therapy are underway (NCT03789617 and NCT03671850).

A subset of ENKTCL cells express CD30 and CD38, both of which have available targeted drugs. The anti-CD30 antibody conjugate brentuximab vedotin (BV) has been reported to be effective in individual cases (191, 192). In a BV phase 2 study of 33 patients with R/R CD30-positive non-Hodgkin lymphoma, 7 had ENKTCL. One ENKTCL patient achieved CR and another ENKTCL patient achieved partial response (PR) (193). The current NCCN guidelines recommend BV monotherapy for Asp-resistant R/R ENKTCL. The combination of BV with PD-1 inhibition (NCT05316246) and anti-CD30 CAR-T therapy (NCT04952584, NCT04008394, and NCT04526834) are currently under investigation in patients with CD30+ R/R lymphocyte malignancies. The anti-CD38 antibody daratumumab has been examined in a phase 2 study in patients with R/R ENKTCL with an ORR of 25% and a median PFS of 53 days (161) (
Table 3
). Zhang et al. screened a panel of biomarkers (B7-H3, CD70, TIM-3, VISTA, ICAM-1, and PD-1) in NKTCL cell lines and found that B7-H3 (CD276) was highly and homogeneously expressed in these cells. Therefore, they constructed a novel anti-B7-H3/CD3 bispecific T-cell engaging antibody and B7-H3-redirected CAR-T cells, both of which showed antitumor activity in vitro and in vivo (194). CD7 is positive in 84.8% of patients with ENKTCL. In a recently reported phase 1 stage study of 20 cases with CD7-positive R/R T-ALL or T-cell lymphoblastic lymphoma, 19 patients achieved bone marrow CR and 5 achieved extramedullary CR (195). A prospective trial of anti-CD7 CAR-T cell therapy in CD7-positive T-cell lymphoma (including ENKTCL) is ongoing (NCT04004637). ENKTCL is an IL-2-dependent cancer (196). The binding of IL-2 to IL2α (CD25) exerts pro-inflammatory effects and promotes lymphomagenesis and drug resistance (197, 198). Therefore, blocking IL2-CD25 binding is a potential therapeutic strategy. Wang et al. have launched a prospective trial after reporting a R/R ENKTCL patient who responded well to anti-CD25 antibody therapy (NCT04337593).

Among these immunotherapies under investigation, anti-LMP CAR-T therapy or EBV-specific T cell therapy might be the most promising treatment.



7.6 Small molecule drugs

Epigenetic modifiers, including MLL2, MLL3, BCOR, TET2, EP300, and ARID1A, are mutated in about 24.8% of cases with ENKTCL (9). Accordingly, epigenetic regulation is an important treatment strategy for this disease. The HDACi chidamide has been approved in China for the treatment of R/R PTCL, including ENKTCL. In a phase 2 study of chidamide in patients with R/R PTCL, the CR rate was 6% in 16 patients with ENKTCL (158). When two additional real world studies were included, the pooled CR rate was 16% (ORR 38%), involving a total of 115 R/R ENKTCL patients (158, 199, 200). Romidepsin and belinostat are HDAC inhibitors used in western countries. The current NCCN guidelines recommend HDACi for Asp-resistant R/R ENKTCL. The DNMTi azacytidine and decitabine are being actively tested in combination treatment in patients with R/R ENKTCL (NCT04899414 and NCT04279379). Moreover, common genetic aberrations (18.2%) in ENKTCL involve genes related to the JAK-STAT pathway (JAK3, JAK2, STAT3, STAT5B, SOCS1, and PTPRK). JAK or STAT activating mutations lead to constitutive activation of the JAK-SATAT pathway, which plays a major role in ENKTCL cell growth and survival (9, 201). These findings make JAK an interesting target for the treatment of ENKTC. The efficacy of JAK inhibitor in R/R T- and NK-cell lymphoma is currently under investigation (NCT02974647). Mutations in genes associated with the RAS-MAPK pathway (MAP3Ks, BRAF, and EPH1A) occur in 14.4% of ENKTCL cases (9). Alisertib, which targets aurora kinase A, a downstream molecule of MAPK, has been used in 5 cases of R/R ENKTCL as part of two studies, but only one patient achieved PR (202, 203). XPO1 is a promising target for the treatment of both hematological and non-hematological cancers (204, 205). Preliminary results from a phase Ib study of the XPO1 inhibitor ATG-010 plus CT in heavily pretreated patients with R/R PTCL and ENKTCL have been reported at the 2021 ASH meeting. ORR and CR were observed in 3 and 2 of the 5 ENKTCL cases analyzed, respectively (206). The final results of this trial are pending (NCT04425070). PI3K inhibitors (PI3Ki) have demonstrated encouraging activity in R/R PTCL patients in multiple trials (207–209). Currently, several trials are assessing the efficacy and safety of PI3Ki combined with HDACi or other agents in patient with R/R PTCL, including ENKTCL (NCT05083208, NCT04774068, and NCT04639843). The above-mentioned targeted therapies are illustrated in 
Figure 7
. In addition, deregulation of apoptosis through TP53 mutations provides a further growth advantage for this disease (210). Targeting the TP53-MDM2 interaction is also a potential treatment approach. MDM2 inhibitors are currently being tested intensely in various cancers, including lymphomas (211). To date, small molecule drugs, including HDACi, JAK inhibitor, aurora kinase A inhibitor, only demonstrated mild efficacy in T/NK-cell lymphomas. PI3Ki showed higher response rates than these drugs, but only limited data exist and long-term efficacy still need to be observed. At present and in the near future, these drugs might be choices in late line treatment or as partner drugs in combined treatment for ENKTCL.




Figure 7 | 
Schematic illustration of targeted therapies in ENKTCL. Green indicates that the targeted therapies have been widely used in practice; cyan indicates that the therapies are being investigated in early-stage clinical trials; orange indicates that the therapies have shown activity in animal models; and red indicates that the therapies are currently under investigation in clinical trials.






8 Biomarkers for treatment decision making


8.1 Predictive markers

Biomarker-driven individualized and precision treatment is the way toward better efficacy, lower toxicity, and higher cost-performance. The genetic landscapes of ENKTCL have been described in several studies with relatively large sample sizes in recent years. DDX3X, TP53, BCOR, STAT3, and MLL2 are the most commonly mutated genes that act as tumor suppressors or epigenetic modifiers or participate in signaling pathways (JAK-STAT, NF-κB, and RAS-MAPK) (8, 212–215). TP53 mutation was identified as an adverse prognosticator in two studies (212, 214) and DDX3X in one study (212), but the predictive value of these genes was inconsistently reported in others (213, 215).


PD-L1 rearrangement is a marker of response to PD-1 blockade treatment. Lim et al. sequenced tumor samples from 19 R/R ENKTCL patients treated with the PD-1 inhibitor pembrolizumab. All 4 cases with complete and durable responses harbored PD-L1 rearrangement, while all 10 non-responders were wild-type PD-L1. Clearly, PD-L1 rearrangement is 100% specific in identifying responders to immunotherapy. In this study, PD-L1 expression levels were not associated with clinical response (216). However, higher PD-L1 expression levels did correlate with better immunotherapy response in two prospective studies (159, 160). The predictive value of PD-L1 rearrangement on clinical response needs to be verified in more patients.



8.2 Molecular subtypes of ENKTCL

Molecular subtyping may help identify patients more likely to benefit from a specific treatment. The following three studies explored the molecular subtyping of ENKTCL and are summarized in 
Table 4
. Xiong et al. proposed a molecular subtyping scheme based on an integrated analysis of the genomic and transcriptomic features of ENKTCL. Patients were classified into three subtypes: HEA subtype, enriched in T cell gene expression and mutations in epigenetic regulators (EP300, HDAC9, and ARID1A); TSIM subtype, characterized by aberrations in tumor suppressors (TP53 mutation and del6q21) and immune modulators (JAK-STAT mutation/amplification and amp9p24.1/PD-L1/L2 locus); and MB subtype, enriched in MYC-associated aberrations, mainly MGA mutations, and loss of heterozygosity (LOH) at the BRDT locus. This subtyping scheme has prognostic value in patients with advanced-stage disease and may have value in individualized treatment decision-making (213). Dong et al. classified ENKTCL as C1 to C7 based on genome-wide mutation and genomic copy number alteration analysis. According to this classification, patients in C5 and C7 have a good prognosis, while patients in C6 have the worst prognosis (214). Lim et al. generated a genomic prognostic model (GPM) based on next-generation sequence of 260 ENKTCL tumors in which mutations in 13 genes (BCOR, JAK3, KRAS, MYH11, DCC, ITK, NOTCH1, FAS, RET, BIRC3, MLLT1, LRP1B, and NRG1) were associated with poorer survival. The representative genomic alterations and prognostic values of subtypes vary largely among these studies. This discrepancy is at least partially attributable to the inclusion of patients with heterogeneous disease status (mixed early-stage and advanced-stage disease) and treatments. Future subtyping studies should be conducted in patients receiving homogeneous treatment.


Table 4 | 
Molecular subtyping schemes of ENKTCL published in recent years.



In addition, Cho et al. developed an immune subtyping model that classifies ENKTCL into four tumor immune microenvironment subgroups using three immunohistochemical markers, FOXP3, PD-L1, and CD68. The four subgroups were named immune tolerance, immune evasion-A, immune evasion-B, and immune silenced. The response rate to pembrolizumab was 100% (1/1) in the immune tolerance group, 60% (3/5) in the immune evasion group, and 0 (0/5) in the immune-silenced group (217). This subtyping method may guide immunotherapy but needs to be verified in more patients.




9 Conclusions

Survival of ENKTCL patients has improved significantly in the past two decades, mainly due to the great advances in RT technology and the introduction of Asp and anti-PD-/PD-L1 immunotherapy. RT is essential for early-stage disease. Asp-based CT benefits a proportion of patients with early-stage disease. Asp and PD-1/PD-L1 inhibitors are milestones in advanced-stage disease treatment. Their combination can further improve patient outcomes. The efficacy of Asp could be optimized by individualized administration. In the treatment of both early-stage and advanced-stage diseases, there is a trend toward more simplified regimens, less toxicity, and higher efficacy. Relevant clinical trials are currently underway. Small molecule inhibitors, monoclonal antibodies, and manufactured T cell therapies are under intensive investigation. EBV-targeted T cell therapies might be the most promising new treatment in the near future. In the future, there is no need to spend more resources comparing different combinations of Asp with cytotoxic agents. Instead, more efforts should be made to optimize the use of Asp and immunotherapy to maximize efficacy and minimize toxicity, explore ways to overcome resistance to Asp and immunotherapy, determine the optimal combination therapy of CT and RT, identify novel treatment targets, and define subpopulations who may benefit more from specific treatments.
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The shift in glucose utilization from oxidative phosphorylation to glycolysis is the hallmark of tumor cells. The overexpression of ENO1, one of the key enzymes in the glycolysis process, has been identified in several cancers, however, its role in pancreatic cancer (PC) is yet unclear. This study identifies ENO1 as an indispensable factor in the progression of PC. Interestingly, ENO1-knockout could inhibit cell invasion and migration and prevent cell proliferation in pancreatic ductal adenocarcinoma (PDAC) cells (PANC-1 and MIA PaCa-2); meanwhile, tumor cell glucose uptake and lactate excretion also decreased significantly. Furthermore, ENO1-knockout reduced colony formation and tumorigenesis in both in vitro and in vivo tests. In total, after ENO1 knockout, 727 differentially expressed genes (DEGs) were identified in PDAC cells by RNA-seq. Gene Ontology enrichment analysis revealed that these DEGs are mainly associated with components such as the ‘extracellular matrix’ and ‘endoplasmic reticulum lumen’, and participate in the regulation of signal receptor activity. Kyoto Encyclopedia of Genes and Genomes pathway analysis revealed that the identified DEGs are associated with pathways, such as ‘fructose and mannose metabolism’, ‘pentose phosphate pathway, and ‘sugar metabolism for amino and nucleotide. Gene Set Enrichment Analysis showed that ENO1 knockout promoted the upregulation of oxidative phosphorylation and lipid metabolism pathways-related genes. Altogether, these results indicated that ENO1-knockout inhibited tumorigenesis by reducing cell glycolysis and activating other metabolic pathways by altering the expression of G6PD, ALDOC, UAP1, as well as other related metabolic genes. Concisely, ENO1, which plays a vital role in the abnormal glucose metabolism in PC, can be exploited as a target to control carcinogenesis by reducing aerobic glycolysis.




Keywords: ENO1 DEGs, ENO1-knockout, pancreatic cancer (PC), tumor metabolism, tumorigenicity



1 Introduction

Pancreatic cancer (PC) is a malignant tumor of the digestive system and has a high mortality rate (1). It progresses rapidly and in the lack of specific symptoms and biomarkers, its early diagnosis is challenging (2). Therefore, it is crucial to find new targets for early diagnosis and treatment of PC. The special hypoxic microenvironment involves metabolic reprogramming in pancreatic ductal adenocarcinoma (PDAC) (3). Aerobic glycolysis instead of mitochondrial oxidative phosphorylation (OXPHOS) is used for energy production, known as the “Warburg effect” (4). Glycolysis supports the vigorous growth of cancer cells by producing various substrates (5). Therefore, metabolic regulation by downregulating key glycolytic enzymes can be a novel therapy for PC.

Enolase, one of the key enzymes in glycolysis, converts 2-phosphoglycerate to phosphoenolpyruvate (6). It has 4 isoforms: ENO1 (α-enolase) is expressed in most tissues, while ENO3 (β-Enolase) is mainly expressed in muscles. Meanwhile, ENO2 (γ-Enolase) and ENO4 are mainly found in neural tissue and mouse spermatozoa, respectively (7, 8). In addition to glycolytic functions, ENO1 plays various roles in the pathophysiological environment, including cell growth, cell invasion, ischemia and hypoxia, immune tolerance, allergic reaction, metastasis,tumorigenesis and inflammatory responses, etc (9–11).

The multifunctional glycolytic enzyme ENO1 has been shown to be commonly over-expressed in various human cancers including PC (12, 13). High expression of ENO1 is positively correlated with clinical stage, lymph node metastasis, and poor prognosis in PC. ENO1 promotes pancreatic cancer cells migration and metastasis through combining with integrins and uPAR (14). In vivo, the monoclonal antibody that block the binding of ENO1 with plasminogen inhibits metastasis formation of PDAC cells (15). In genetically engineered mice with pancreatic cancer, ENO1 DNA vaccine elicits antitumor immune responses by decreasing numbers of myeloid-derived suppressor cells and T-regulatory cells and increasing T-helper 1 and 17 responses to prolong survival (16). ENO1 may function as a promising and clinically-relevant molecular target for immunotherapeutic strategy, particularly in pancreatic cancer (15–17).

Herein, we knocked out ENO1 in pancreatic cancer cell lines and evaluated its impact on maintaining the Warburg effect and tumor growth through biochemical and functional approaches. We show that ENO1 knockout decreased PDAC cell growth, and suppressed tumorigenesis by altering the expression of metabolic pathway-related genes to trigger the metabolic patterns shift from glycolysis to OXPHOS and other metabolic pathways.



2 Materials and methods


2.1 Cell culture

Two kinds of human PDAC cell lines, PANC-1 and MIA PaCa-2, were obtained from the American Type Culture Collection (ATCC). The cells were cultured in DMEM (Dulbecco’s Modified Eagle Medium) added with 10% fetal bovine serum (FBS), penicillin (Thermo Fisher Scientific, USA), and 100 µg/mL of streptomycin (Thermo Fisher Scientific, USA) at 37°C and 5% CO2.



2.2 Vector construction and ENO1-knockout stable cell line

The single guide RNA (sgRNA) sequences were obtained based on the ENO1 gene sequence and cloned into the LentiCRISPR v2 plasmid using the BsmBI site and primers 5’- TCGCGGGAATCCCACTGTTG-3’(forward) and 5’-CAACAGTGGGATTCCCGCGA-3’ (reverse). For ENO1 knockout cells, we generated the recombinant lentiviruses using ViraPower Packaging Mix (Invitrogen, CA). The two knockout cell lines were obtained by infecting with lentiviruses for 48 h, followed by 2mg/L puromycin (Thermo Fisher Scientific, USA) selection for 14 days. The selected cells were subcultured to obtain the monoclonal cells. Eventually, ENO1 knockouts were confirmed by detecting ENO1 protein deficiency in corresponding cells using Western blotting.



2.3 Western blotting

Total cell proteins were extracted after cell lysis in RIPA lysis buffer (Solarbio, R0010). The protein-transferred PVDF membrane (Millipore, PVH00010) was incubated in 5% non-fat milk at 25°C for 1 h, followed by washing in 1×TBST. Next, the membrane was incubated with ENO1 antibodies (Sigma-Aldrich, WH0002023M1) for 1 h. After washing in TBST, the membrane was incubated with HRP-conjugated goat anti-mouse antibodies (ZSGB-BIO, ZB-2305, 1:100000) for 1 hr at room temperature. Immobilon™ Western Chemiluminescent HRP substrate (Millipore, WBKLS0500) was used to illuminate the protein bands.



2.4 Cell Counting Kit-8 (CCK-8) proliferation assay

Cells (5×103 cells/well) were seeded in 96-well plates. The cell viability was detected every 24 h for 4 days using the CCK-8 Kit (Dojindo, CK04) according to the manufacturer’s instructions. Briefly, 10% CCK-8 solution was added to each well for 2 h, and then sample optical density (OD) was recorded at 485 nm using a microplate reader (BMG LABTECH) to determine the cell proliferation rate.



2.5 Colony formation assay

Cancer cells (1000 cells/well) were seeded into 6-well plates. After 2 to 3 weeks, colonies were immobilized with 4% paraformaldehyde (PFA) for 15 min. Then, the cells were stained with 0.1% crystal violet (CV) for 15 min. The stained cells were photographed with a Canon digital camera EOS M50 and counted by ImageJ software after washing. Colony formation rate is determined by counting the colonies numbers formed per 100 cells.



2.6 Transwell assay

Cells resuspended in DMEM without FBS were seeded into the upper chamber of the transwell chamber (Corning, CLS3422) at a cell density of 4×104 cells/well. Then, 800 μL DMEM supplemented with 20% FBS was added to the well under the chamber. The cells adhering to the upper layer of the chamber were swabbed after 24 h and then immobilized in 4% PFA for 15 min. Cells were stained with CV and then photographed and counted in four randomly selected fields under a stereomicroscope (Olympus, Japan). For the invasion assay, Matrigel (Corning, 356237) was coated on the 8 μm pores polycarbonate membrane of the transwell chamber. 4×104 cells were planted into each well and cultured for 48 h and the cell migration was estimated. The migration and invasion capacity was assessed by the number of cells that migrated and stained by crystal violet in a photograph. Each experiment was repeated thrice.



2.7 Glucose consumption and lactate production

Cells were seeded into 6-well plates and the DMEM medium was changed every 12 h. 500 μl of the medium was collected at 0 and 8 h of incubation to measure the initial and final concentrations of glucose and lactate, respectively, using a Silman M900 bioprocess biochemistry analyzer. Finally, the cells were digested with 0.25% trypsin solution (Thermo Fisher Scientific, USA) and counted through the countess 3 automated cell counter (Thermo Fisher Scientific, USA). The lactate and glucose levels were normalized based on cell count.



2.8 Soft agar assay

600 μl of 0.6% agar (Sigma, A1296) was added to each well of a 24-well plate. After the 0.6% agar solidified, the digested cells mixed with 0.3% agar were inoculated into the same at 600 μl/well; each well contained 1000 cells. The colonies that were >50 μm in diameter were photographed and counted under a stereomicroscope (Olympus, Japan) after three weeks.



2.9 Tumorigenicity assay in NOG mice

8-week-old male NOD-SCID IL-2 receptor gamma null (NOG) mice were used to access the tumorigenesis role of ENO1. The mice were divided into two groups (control and test groups) with 6 mice each. 2×106 cells were subcutaneously transplanted into the two sides of the NOG mice. The corresponding tumor sizes in mice were recorded every 5 days. The tumor volume was calculated using the formula V =L*W2*0.5, where L and W represent the largest and the smallest diameters, respectively. After 5-6 weeks, the mice were sacrificed for tumor collection. All animal protocols were approved by the Peking University Cancer Hospital Animal Care and Use Committee, China.



2.10 RNA-sequencing

The cells were lysed with TRIzol reagent (Invitrogen,15596018); the library construction and RNA-sequencing were conducted by Novogene Co., Ltd (Tianjin, China). The raw sequencing data have been deposited in the Genome Sequence Archive (GSA) database under accession number HRA001089. All of the data are also available as the sequence read archive (SRA) format in the National Center for Biotechnology Information (NCBI) with the accession number of SRP414959. The gene expression differences were analyzed using the DEseq2 software (1.20.0). Data with p-value <0.05 after adjustment were considered significantly different. The Gene Ontology (GO) and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway enrichment analyses of differentially expressed genes (DEGs) were accomplished by clusterProfiler (3.4.4); GO terms with a p-value <0.05 were considered significantly enriched. Gene set enrichment analysis (GSEA) results were visualized by Omicshare Online tools.



2.11 Quantitative real-time PCR (q-RT-PCR)

Total cell RNA was extracted using the RNeasy® Mini Kit (QIAGEN,74104) as previously described (18). 2 μg of total RNA, Oligo-(dT)15, dNTPs, and MMLV reverse transcriptase (Invitrogen, 28025-021) were mixed for cDNAs synthesis. qRT-PCR was performed using the Biosystems 7500 real-time PCR system. The gene expressions were estimated by the 2−ΔΔCt method. The used primers are listed as follows:

GPX7:5′-CGACTTCAAGGCGGTCAACATC-3′ (forward), 5′-TCGGTAGTGCTGGTCTGTGAAG-3′ (reverse); RGN:5′-GGAGGAAGTGTCCAACTCTCTG-3′ (forward), 5′-CAATGGTGGCAACATAGCCTCC-3′ (reverse); GMPPA:5′-GGACAGTGAGAGCCTCTTCAAG-3′ (forward), 5′-TCGAGTTCAGGATGAGCACCTC-3′ (reverse); G6PD:5′-CTGTTCCGTGAGGACCAGATCT-3′ (forward), 5′-TGAAGGTGAGGATAACGCAGGC-3′(reverse); GFPT2:5′-GCTCATCGTGATTGGCTGTGGA-3′ (forward), 5′-CAACCATCACAGGAAGCTCAGTC-3′ (reverse); MGST1:5′-GCCAATCCAGAAGACTGTGTAGC-3′ (forward), 5′-AGGAGGCCAATTCCAAGAAATGG-3′ (reverse); GSTM4:5′-TGGAGAACCAGGCTATGGACGT-3′ (forward),5′-CCAGGAACTGTGAGAAGTGCTG-3′ (reverse); GAPDH:5′-GACCCCTTCATTGACCTCAAC-3′ (forward), 5′-CTTCTCCATGGTGGTGAAGA-3′ (reverse).



2.12 TIMER and GEPIA based gene expression and prognostic value analysis of ENO1 in human cancers

The TIMER (https://cistrome.shinyapps.io/timer/) and GEPIA databases (http://gepia2.cancer-pku.cn/#analysis) were used to analyze the difference in ENO1 expression levels between the human cancers and paired normal tissue. ENO1 expression levels (Log2TPM) are displayed using box plots, with statistical significance of differential expression evaluated using the Wilcoxon test in the TIMER 2.0 version. We use log2 (TPM + 1) for log-scale and match TCGA normal and GTEx data in GEPIA databases analysis. Furthermore, The Kaplan-Meier Plotter database (http://kmplot.com/analysis/) was used to find the prognostic value of ENO1 expression level in human cancers. We choose mRNA (RNA-seq) to start KM Plotter for pan-cancer. Patients are splited by selecting best cutoff value automatically.



2.13 Statistical analysis

Data were analyzed by GraphPad Prism 8. The data differences were assessed by t-test and those with p-value <0.05 were considered statistically significant.




3 Results


3.1 ENO1 is significantly upregulated in human pancreatic cancer and other cancer tissues

The results from the TIMER database showed that ENO1 expression was significantly higher in most human cancers tissue compared to adjacent normal tissue, such as in BLCA (bladder urothelial carcinoma), BRCA (breast invasive carcinoma), CHOL (cholangiocarcinoma), COAD (colon adenocarcinoma), ESCA (esophageal carcinoma), HNSC (head and neck cancer), KIRC (kidney renal papillary cell carcinoma), KIRP (kidney renal papillary carcinoma), LIHC (liver hepatocellular carcinoma), LUAD (lung adenocarcinoma), LUSC (lung squamous cell carcinoma), PRAD (prostate adenocarcinoma), READ (rectum adenocarcinoma), STAD (stomach adenocarcinoma), THCA (thyroid carcinoma) and UCEC (uterine corpus endometrial carcinoma). Notably, ENO1 expression was significantly lower only in KICH (kidney chromophobe) (Figure 1A). Similarly, GEPIA data also showed that ENO1 expression was high in most cancer types, which was consistent with TIMER analysis. The expression of ENO1 is significantly greater in PAAD (pancreatic adenocarcinoma) tumor tissues (T) than in normal tissues (N) with the highest Log2FC value (Figure 1B and Supplementary Figure 1A). Altogether, these results suggested that ENO1 may promote the occurrence of various cancers including pancreatic cancer.




Figure 1 | ENO1 expression is mostly upregulated different cancer types. ENO1 expression levels in different cancers and paired normal tissue were screened from the TCGA database using (A) TIMER (*P < 0.05, **P < 0.01, ***P < 0.001) and (B) GEPIA. T, tumor tissues; N, normal tissues.





3.2 ENO1 is a prognostic biomarker in various cancers including pancreatic cancer

The prognostic value of ENO1 expression level in human cancers was analyzed using the Kaplan-Meier plotter database. We found that ENO1 upregulation was associated with poor overall survival (OS) in BLCA (n = 404, HR = 1.6, P = 0.0016; Figure 2A), BRCA (n = 1089, HR = 1.52, P = 0.015; Figure 2B), CESC (cervical squamous cell carcinoma) (n = 304, HR = 1.84, P = 0.0098; Figure 2C), ESCC (esophageal squamous cell carcinoma) (n = 81, HR = 2.34, P = 0.038; Figure 2D), HNSC (n = 499, HR = 1.35, P = 0.029; Figure 2E), LIHC (n = 370, HR = 2.29, P = 1.7e-06; Figure 2F), LUAD (n = 504, HR = 1.63, P = 0.0017; Figure 2G), PAAD (n = 177, HR = 1.7, P = 0.017; Figure 2H) and SARC (sarcoma) (n = 259, HR = 1.73, P = 0.0066; Figure 2I). In addition, patients with higher ENO1 expression level had poor relapse-free survival (RFS) in BRCA, LIHC, PAAD, SARC, and TGCT (testicular germ cell tumors). More details of ENO1-RFS relationships were analyzed by the Kaplan-Meier plotter database (Supplementary Figure 1B–F). Concisely, overexpression of ENO1 was found associated with poor prognosis in multiple tumor types.




Figure 2 | Overall survival of cancer patients was associated with high expression levels of ENO1 as analyzed by the Kaplan-Meier plotter database. (A–I) High ENO1 expression levels were related to worse overall survival in BLCA (n = 404), BRCA (n = 1089), CESC (n = 304), ESCC (n = 81), HNSC (n = 499), LIHC (n = 370), LUAD (n = 504), PAAD (n = 177) and SARC (n = 259).





3.3 ENO1 knockout significantly reduced the growth and colony formation rate of PDAC cells

To examine the biological function(s) of ENO1 in PC, we knocked out ENO1 in PANC-1 and MIA PaCa-2 cells (Figure 3A). Both the ENO1-knockout and corresponding control cells were cultured and tested for cell viability using the CCK-8 assay. The cell growth curves (reflected by OD values) revealed that ENO1 knockout markedly inhibited the cell proliferation in both the PDAC cells (Figure 3B). The cells were cultured for 10-15 days, the colonies were immobilized and stained, and then photographed and counted. We found that the colony numbers of the ENO1 knockout cells were sharply decreased compared to the corresponding control cells. ENO1 knockout decreased the proliferation abilities of PANC-1 and MIA PaCa-2 cells significantly compared with the control cells (Figures 3C, D). Thus, knockout of ENO1 could inhibit the proliferation of PDAC cells.




Figure 3 | ENO1 knockout reduced the proliferation and colony formation ability of pancreatic cancer cells. (A) ENO1 knockout was validated by Western Blotting in PANC-1 and MIA PaCa-2 cells. (B) The cell proliferation (CCK-8 assay) and (C, D) colony formation rates were estimated in PANC-1 and MIA PaCa-2 cells after ENO1 knockout. 500 cells/well were seeded into the 6-well plates; ****P <0.0001.





3.4 ENO1 knockout decreased the cell migration, invasion, and glycolysis in PDAC cells

The effect of ENO1 knockout on cell migration and invasion in PDAC cells was evaluated by transwell assay. We found that fewer cells migrated through the polycarbonate membrane in the ENO1 knockout groups than in the control groups (Figures 4A, B). Consistently, when the polycarbonate membrane of the chamber was coated with Matrigel, the number of cells invading through the polycarbonate membrane was lower in the ENO1 knockout groups than in the control groups (Figures 4C, D). These results revealed that ENO1 knockout significantly decreased the migration and invasion of PDAC cells. To examine the effect of ENO1 knockout on glycolysis, we detected the possible change in glucose and lactate concentrations in the two PDAC cells. The corresponding cell culture media were collected at 0 and 8 h to estimate the amounts of glucose and lactate, reflecting any possible change in glucose uptake and lactate secretion after ENO1 knockout. We found that the glucose consumption and lactate production in both the ENO1 knockout PDAC cells were significantly lower compared to that in corresponding control cells (Figures 4E, F). This indicated that ENO1 knockout reduces glucose metabolism levels in PDAC cells.




Figure 4 | ENO1 knockout reduced cell migration, invasion, and glycolysis in PDAC cells. (A, B) The cell migration and (C, D) invasion decreased significantly after ENO1 knockout in PANC-1 and MIA PaCa-2 cells (transwell assay, ×200, n=3, error bars indicate S.D). (E) Glucose consumption and (F) lactate production significantly reduced after ENO1 knockout in PANC-1 and MIA PaCa-2 cells; ****P<0.0001.





3.5 ENO1 knockout inhibited the tumorigenicity of PDAC cells

Cells were seeded into 24-well plates and cultured in 0.3% agar for 2-3 weeks. We found that the colony numbers were significantly lower in the ENO1 knockout groups than in the control groups (Figures 5A, B). This indicated that ENO1 knockout markedly reduced the tumorigenicity of PDAC cells in vitro. For in vivo assay, 2×106 control or ENO1 knockout cells were subcutaneously inoculated into NOG mice. The tumor size was recorded every 5 days to obtain the growth curves. The results showed that tumor sizes were significantly smaller in ENO1 knockout mice than in control mice, indicating that ENO1 knockout reduced the tumorigenicity of PDAC cells (Figures 5C, D).




Figure 5 | ENO1 knockout reduced tumorigenicity of PDAC cells. (A, B) The colony formation ability of PANC-1 and MIA PaCa-2 cells reduced after ENO1 knockout; scale bars, 100 μm. (C, D) The mice tumor growth curves originated from subcutaneous injection of ENO1 knockout and control cells are shown. (each group had 6 mice, one mouse died in the PANC-1 cell group); ****P<0.0001.





3.6 ENO1 knockout induced compensatory upregulation of other metabolic pathways in PC

After examining the biological function of ENO1 in PC, we tried to understand its underlying molecular mechanism in abnormal cell metabolism in PC. Accordingly, RNA-seq was conducted to find the DEGs after ENO1 knockout in PANC-1 cells (Supplementary Table 1). The heatmap from the transcriptome sequencing data revealed 727 DEGs (p-value <0.05), including 370 upregulated and 357 downregulated genes (Figure 6A). These DEGs were also analyzed by a volcano map, which showed the overall changes in gene expression after ENO1 knockout. The red and green dots represent the upregulated and downregulated DEGs, respectively (Figure 6B).




Figure 6 | RNA-seq analysis of DEGs in control and ENO1 knockout groups. (A) A heatmap and (B) Volcano Plot of DEGs between ENO1 knockout and control cells: X-axis: the log2 (fold change); Y-axis: -log10 (Padj). Red and green dots represent the significantly upregulated and downregulated DEGs, respectively. (C) GO enrichment analysis of DEGs: X-axis, GO terms enriched in the BP, CC, and MF categories; Y-axis, the numbers of DEGs. (D) A scatterplot shows the DEGs enriched KEGG pathways: X-axis, the ratios of the DEGs involved in the pathways; Y-axis, the top 20 KEGG pathways based on -log10 (P-value). The bubble size and color respectively denote the number of DEGs and p-value of the corresponding KEGG pathways. (E). qRT-PCR was used to validate the RNA-seq data; the X-axis shows the 7 randomly selected DEGs and Y-axis shows their relative expression levels. Grey and black columns represent the qRT-PCR and RNA-seq expression data, respectively. (F) GSEA plots illustrate the significant enrichment of metabolism-related upregulated genes in ENO1 knockout cells.



Furthermore, the identified DEGs were subjected to GO and KEGG pathway enrichment analysis. GO terms are defined as biological processes (BP), molecular functions (MF), and cellular components (CC). Based on the GO enrichment analysis, the top 20 GO terms of upregulated and downregulated genes were selected based on the -log10 (P-value) (Supplementary Figures 2A–F). The top 10 GO terms indicated that the main BP terms enriching the DEGs were heart development and the regulation of signaling receptor activity; the enriched CC terms were extracellular matrix and dendrites; the enriched MF terms were receptor ligand and regulator activity (Figure 6C). KEGG pathway analysis was used to annotate the DEGs related physiological and biochemical reaction pathways; the top 20 pathways were selected based on -log10 level (P-value). Many pathways showed substantial changes between the knockout and control cells (Figure 6D). These pathways include the cancer pathways, Rap1 signaling pathway, Wnt signaling pathway, and many metabolic pathways. The number and percentages of the DEGs belonging to these pathways are listed in Figure 6D.

To understand how ENO1 participates in the abnormal metabolism of PDAC cells, we mainly focused on the identified cell metabolism-associated pathways, including the pentose phosphate pathway and metabolism of fructose, mannose, glutathione, amino, and nucleotide sugar. The DEGs involved in these four metabolic pathways and their relative expression levels (sgENO1 vs control) are listed in Supplementary Table 2. These DEGs may be the regulatory targets of ENO1. We randomly selected 7 DEGs to validate the RNA-seq data by qRT-PCR, including 5 upregulated and 2 downregulated genes. We found that RNA-seq data were consistent with qRT-PCR (Figure 6E).

In addition, we performed GSEA to explore the potential downstream pathways of ENO1. GSEA highlighted that ENO1 knockout in PANC-1 cells positively associated with various genes related to oxidative phosphorylation (KO00190), ether lipid metabolism (KO00565), arachidonic acid metabolism (KO00590), linoleic acid metabolism (KO00591), alpha-linolenic acid metabolism (KO00592), retinol metabolism (KO00830), glycerophospholipid metabolism (KO00564), and metabolism of xenobiotics by cytochrome P450 (KO00980) (Figure 6F). The GSEA plots, nominal p-value, FDR q-value, enrichment score (ES) and normalized ES nominated specifical metabolism pathways upregulated after ENO1 knockout are shown in Supplementary Figures 3A–H. The pathways were mainly associated with the activation of mitochondrial oxidative phosphorylation and lipid metabolism.




4 Discussion

Identifying the key regulators of PC is an important research challenge for the timely diagnosis and treatment of PC (19). In PC, tumor cells undergo reprogrammed metabolism to meet energy requirements and support malignant behaviors. Notably, dysregulation of ENO1 has been associated with several cancers (14, 20, 21). Multivariate analyses have shown that overexpression of ENO1 can be a predictor of tumor progression (11, 13). These studies suggest ENO1 is a promising therapeutic and diagnostic target in human tumors.

Here, we show that ENO1 is widely expressed in normal human tissues and is significantly upregulated in most TCGA (The Cancer Genome Atlas) cancer patients. Furthermore, OS analysis found that high expression of ENO1 was significantly associated with poor prognosis of BLCA, BRCA, CESC, ESCC, HNSC, LIHC, LUAD, PAAD, and SARC cancers. Concerning the RFS, high expression of ENO1 was significantly related to poor prognosis of BRCA, LIHC, SARC, PAAD, and TGCT cancers. These findings are consistent with prior studies showing a correlation of high ENO1 expression and poorer survival in cancer patients (22, 23). These data highlighted ENO1 as an oncogene in various cancers.

Recent study have shown that ENO1 overexpression promoted proliferation, invasion and migration of SKCM cells; and increased pyruvate and lactate production (24). Subsequently, we explored the hypothesis that ENO1 is one of the leading regulators of the Warburg effect and thus plays a major role in carcinogenesis and tumor maintenance. We found that ENO1 knockout markedly reduced the cell proliferation, migration, and invasion of PDAC cells; meanwhile, glycolysis levels and tumorigenicity were also reduced. RNA-seq analysis identified key 727 DEGs after ENO1 knockout, which are mainly distributed in the extracellular matrix and endoplasmic reticulum, and participate in the regulation of signal receptor activity. KEGG pathway enrichment analysis revealed that the DEGs were related to key cellular metabolism pathways, including the pentose phosphate pathway, and the metabolism of fructose, mannose, glutathione, and others. In addition, RAS oncogene family members RAP1B, RHOH and Wnt family member WNT9A expression level were significantly down-regulated in ENO1 knockout group. Interestingly, we found that the expression levels of stem cell marker CD24 and CD34 were significantly decreased after knockout of ENO1. This is consistent with the report that ENO1 regulates stem cell-like properties in cancer cells (25).

In this study, we found that ENO1 knockout in PDAC cells affected the expression of abundant metabolism-related genes, confirming that the inhibition of ENO1 decreases proliferation and also suppresses tumor growth in vivo and in vitro. G6PD in the pentose phosphate pathway was upregulated after ENO1 knockout, suggesting a shift of glucose metabolism to the pentose phosphate pathway in PDAC cells. It seems that ENO1 silencing can redistribute excessive glucose to the pentose phosphate pathway, decreasing lactate levels. Metabolic pattern changes can promote autophagy and fatty acid oxidation, reducing the growth of cancer cells (26). ENO1 knockout downregulated ALDOC levels in fructose and mannose metabolic pathways. The aberrant expression of aldolase family members has been demonstrated to promote tumor progression; ALDOC is upregulated in various cancers and acts as a regulator of Wnt signaling (27). The knockdown of ALDOC reduces cell growth, glucose uptake, and glycolysis in cancer cells (28). Silencing of UAP1 inhibited the growth and colony formation of cancer cells (29). Our RNA-seq data showed that UAP1 levels decreased affecting the amino and nucleotide sugar metabolism pathway. These genes may be indispensable to ENO1-mediated regulation of cell metabolism in PC, however, the biological functions of other DEGs in PC must be examined in the future. Meanwhile, GSEA revealed that genes encoding for mitochondrial functions and lipid metabolism were significantly upregulated in ENO1 knockout cells, indicating a shift in metabolism patterns in cancer cells.

In summary, our findings show the metabolic analysis following ENO1 knockout. ENO1 is a potential oncogene and its knockout may suppress the tumorigenicity of PDAC cells by triggering the metabolic pattern change from glycolysis to other metabolic pathways such as pentose phosphate pathway, mitochondrial OXPHOS and lipid metabolism. ENO1 can be exploited as a therapeutical target for reducing aerobic glycolysis in PC. Inhibition of ENO1 alone or in combination with other pathways activated by ENO1 knockout, opens novel avenues for future cancer therapeutic approaches. Nonetheless, this study had certain limitations. We mainly validated the biological functions of ENO1 in PDAC cells by examining “loss-of-function”, while “gain-of-function” studies can further uncover the mechanism of ENO1 activating intracellular and extracellular signals in cancer cells.
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Background

Bladder cancer is the most common malignancy of the urinary system. However, patient prognosis and treatment outcomes in bladder cancer are difficult to predict owing to high tumor heterogeneity. Given that abnormal glutamine metabolism has been identified as a key factor driving the progression of bladder cancer, it is necessary to assess the prognosis and therapeutic efficacy of bladder cancer treatments based on an analysis of glutamine metabolism-related genes.



Methods

We used bladder cancer sample data downloaded from The Cancer Genome Atlas to identify glutamine metabolism-related genes as prognostic markers, and established a novel Glutamine Metabolism Immunity Index (GMII) based on univariate and multivariate COX regression analyses. On the basis of GMII values, bladder cancer patients were divided into high- and low-risk groups, and systematic analysis was conducted for clinical features, somatic mutations, immune cell infiltration, chemotherapeutic response, and immunotherapeutic efficacy. Candidate small-molecule drugs targeting the GMII core target proteins were identified based on molecular docking analysis.



Results

The GMII consisting of eight independent prognostic genes was established to be an excellent tool for predicting the survival in patients with bladder cancer and was validated using multiple datasets. Compared with patients in the high-risk group, those in the low-risk group had significantly better responses to gemcitabine and immune checkpoint blockade. In addition, we predicted 12 potential small-molecule drugs that could bind to three of the GMII core target proteins.



Conclusions

The GMII can be used to accurately predict the prognosis and immunotherapeutic response of bladder cancer patients, as well as candidate small-molecule drugs. Furthermore, the novel “Glutamine Metabolism-related Gene”-guided strategy for predicting survival and chemo-immunotherapeutic efficacy may also be applicable for cancers other than bladder cancer.





Keywords: bladder cancer, glutamine metabolism, immunotherapy efficacy, prognosis, molecular docking



Background

Bladder cancer is the most common malignancy affecting the urinary system, for which there is high recurrence and mortality rates worldwide (1, 2). Despite advances in surgical treatment, cisplatin-based chemotherapy, and immunotherapy for bladder cancer patients, the 5-year overall survival rate remains low, ranging from 23% to 48% (3). With continued bladder cancer progression, tumor cells require larger amounts of nutrients to sustain their growth, resulting in abnormal metabolism within the tumor microenvironment (4). In this regard. aberrant metabolic pathways have previously been identified as potentially effective biomarkers and therapeutic targets in cancer (5), and prognostic and therapeutic predictions based on such pathways can contribute to enhancing comprehensive individualized treatment outcomes.

Glutamine, which is considered the most abundant and versatile free amino acid (6). is bound by amino acid transporters, following which, it is enzymatically converted to glutamate by glutaminase. Glutamate is subsequently metabolized to α-ketoglutarate via glutamate dehydrogenase or transaminase, which then enters the tricarboxylic acid cycle (TCA) to replenish circulating metabolites (7). In many types of cancer, including bladder cancer, glutamine metabolism is dysregulated, which is integral to the rapid proliferation of most tumor cells (8). Given that the efficiency of glutamine import and metabolism is essential for cancer cell viability (9), glutamine is viewed as an attractive target for cancer antimetabolite therapy. Several proteins and enzymes are used as biomarkers to guide tumor diagnosis and treatment, and in this regard, the findings of recent studies have indicated that whereas the primary energy source for most cells is glucose, some immune cells metabolize glutamine at a higher rate under conditions of catabolic stress (10, 11). Glutamine serves as an important source of reduced nitrogen to fuel the synthesis of biomacromolecules, such as nucleotides, that are important for tumor cell proliferation, invasion, and immune escape. However, glutamine is also an essential metabolite for immune cell activation and antitumor effects in the tumor microenvironment (12). Consequently, it is also necessary to take into consideration glutamine metabolism from the perspective of tumor immunotherapy (13, 14). Although glucose metabolism in the context of bladder cancer has been widely studied, the role played by glutamine metabolism in this cancer type is still unclear. Consequently, it is necessary to assess the prognostic importance of glutamine metabolism in bladder cancer based on glutamine metabolism-related genes, and to predict which bladder cancer patient subtypes would respond better to immunotherapy and chemotherapy.

In this study, we molecularly subtyped bladder cancer patients based on glutamine metabolism-related genes and combined a range of statistical algorithms to construct a Glutamine Metabolism Immunity Index (GMII) comprising eight genes involved in glutamine metabolism. We used this GMII to predict tumor immune cell infiltration, chemotherapeutic response, and immunotherapeutic effect, and conducted comprehensive validations. In addition, on the basis of molecular docking analysis, we identified potential small-molecule drugs that bind effectively to glutamine metabolism core target proteins.



Materials and methods


Data sources and preprocessing

We from the cancer genome atlas (TCGA) database (https://portal.gdc.cancer.gov/) to download the bladder cancer patients (including 414 samples of bladder cancer and 19 adjacent non tumor samples) expression of the spectral data, clinical information, somatic mutation. From Gene Expression Omnibus (GEO) database (https://cancergenome.nih.gov/) download GSE13507 (n = 165) and GSE32894 (n = 224) as an independent verification of the queue. The list of genes involved in glutamine metabolism was obtained from the GenesCards database.



Analysis of differentially expressed glutamine genes

The R package “limma” was used to perform the difference analysis with the cutoff value set to p value<0.05. Gene Ontology (GO) and Kyto Encyclopedia of Genes and Genomes (KEGGE) analyses were performed using R package clusterProfiler. The STRING database was used to analyze protein-protein interactions (PPI) (15), and Cytoscape was used to visualize PPI networks (16). We identified key modules by using the ‘MCODE’ plug-in in Cytoscape, and used seven algorithms commonly used in ‘cytohubba’ plug-in (Closeness, Degree, EPC, Radiality, Stress, MCC, MNC) to identify Hub genes. TRRUST databasewas used to predict the transcription factor (TF) of Hub gene (17).



Identification of glutamine metabolism-associated clusters

Bladder cancer samples were clustered by R package “ConsensusClusterPlus” to identify molecular subtypes related to glutamine metabolism. The R package “Survival” was used to perform Kaplan-Meier (KM) survival curves to compare outcomes between the two clusters.



Construction and validation of prognostic features from glutamine metabolism-related genes and their derived GMII

Univariate Cox regression analysis was used to screen out the genes associated with overall survival (OS) of bladder cancer, and multivariate Cox regression analysis was used to establish GMII. The Glutamine Metabolism Immunity Index (GMII) was calculated for each patient according to the following formula: Glutamine Metabolism Immunity Index (GMII) = Coef(Gene1) × Expr(Gene1) + Coef(Gene2) × Expr(Gene2) +…… Coef(Genen) × Expr(Genen). Expr(Genen) represents the expression level of a specific gene, and Coef(Genen) represents the coefficient in multivariate Cox analysis. The prognostic value of the features was verified by KM analysis and Receiver Operation Characteristic (ROC) curve, and the prognostic characteristics were verified by GSE13507. Univariate and multivariate Cox analyses were performed to determine whether the characteristics were independent risk factors. According to the clinical characteristic parameters, the correlation and stratification analysis between GMII and clinical characteristics were performed, and the nomogram was constructed to compare the consistency between predicted and actual survival rates by 1-year, 3-year and 5-year calibration maps.



Pan-cancer analysis

The GSCALite platform was used to analyze the eight genes of GMII (18). Fourteen pairs of normal and tumor tissue samples were selected for differential expression analysis. The prognosis of eight GMII genes was analyzed in 33 pan-cancer cancers. Gene set variation analysis (GSVA) was used to score the expression of these eight genes in each pan-cancer sample, and the GSVA score was obtained. The GSVA score was used to analyze the expression, prognosis and immune cell infiltration of these genes in pan-cancer. We also performed mutational analyses of the eight genes, including single nucleotide variation, copy number variation and methylation. Through CTRP database, we analyzed the expression levels and drug sensitivity of eight genes of GMII.



Immunohistochemical analysis

Build GMII gene immunohistochemical from Human Protein Atlas (HPA) database (https://www.proteinatlas.org/) (19).



Gene set enrichment analysis

We performed GSEA analysis by R package “clusterProfiler” to evaluate the main enrichment pathways in high-GMII groups to explore the underlying biological mechanisms. Filter for | NES |> 1, nominal p value < 0.05. Sample replacement was tested 1000 times, and clustering analysis of enriched gene sets was performed using the R package “enrichplot”. Reference genomes include Hallmark, c5go, and c2kegg.



Gene mutation analysis

We calculated the tumor mutation burden (TMB) for each patient from somatic mutation data and compared TMB between high-GMII and low-GMII groups. The waterfall map is depicted through the R package “Maftools”, showing the mutation landscape of the high-GMII and low-GMII groups. We also performed mutually exclusive and collaborative analyses of genes with the highest frequency of mutations in the high-GMII and low-GMII groups. Finally, somatic mutations of GMII genes were identified by cBioPortal database.



Immunogenomic landscape analysis

CIBERSORT method used to quantify infiltrating immune cell ratio (https://cibersort.stanford.edu/) (20). The proportion of 22 immune cells (B-naive cells, B-cell memory, plasma cells, T-cell CD8, T-cell CD4 naive, T-cell follicular helper cells, T-cell CD4 memory resting, T-cell CD4 memory activation, regulatory T cells (Tregs), γδ cells, monocytes, activation) was calculated by CIBERSORT method NK cells, resting NK cells, macrophage M0, macrophage M1, macrophage M2, resting dendritic cells, activated dendritic cells, resting mast cells, activated mast cells, eosinophils, and neutrophils). Samples with P<0.05 indicated that the proportion of immune cells calculated by CIBERSORT was correct. The tumor purity, stromal score, immune score and ESTIMATE scorewere calculated for each tumor sample by R package “ESTIMATE” (21). A single sample Gene set enrichment analysis (ssGSEA) algorithm was used to assess the immune infiltration between the two groups based on 28 immune cell types. XCELL, QUANTISEQ, MCPCOUNTER, EPIC and CIBERSORT-ABS software were also used to quantify the relative proportion of immune cell infiltration.



Analysis of chemotherapeutic drug sensitivity between different GMII groups

From tumor susceptibility multiple omics (GDSC) database (https://www.cancerrxgene.org/) (22), download the cancer gene expression data of different drugs, through the calculation of R packages “pRRophetic” IC50 to assess patient response to common chemotherapy drugs.



Prediction of immunotherapy response

Tumor Immune Dysfunction and Exclusion (TIDE) algorithm was used to infer the clinical response of patients to immunotherapy (23). High TIDE scores were associated with poorer immunotherapy. In addition, we extracted the IMvigor210 dataset, a group of clinical information on the treatment of urothelial carcinoma by anti-PD-L1 monoclonal antibody (atezolizumab) (24). The relationship between bladder cancer anti-PD-1 and anti-CTLA4 by Immunophenoscores(IPS) scores and GMII. The IPS score is a predictive score for a patient’s response to anti-PD-1 and anti-ctLA-4 treatments (25). was downloaded from TCIA database (https://tcia.at/home). These results were used to evaluate the predictive value of GMII for immune checkpoint therapy.



Molecular docking simulation

We used MOE software to screen FDA-approved drugs that bind to target proteins and perform molecular docking simulations. Protein structures of core targets were collected from the PDB database and FDA-approved drugs were collected from the zinc15 database and converted to 3D structures in MOE by energy minimization. We optimized the protonation state of the protein and the direction of hydrogen at the PH of LigX 7 and the temperature of 300K. Finally, we studied the binding mode of PPARG, SLC7A9 and GALK1 with small molecule drugs by rigid docking simulation.



Statistical analysis

Survival curves were drawn using the Kaplan-Meier method. Wilcoxon test and Kruskal-Wallis test were used for comparison between two groups and more than two groups, respectively. Correlation was assessed by Spearman correlation analysis. A P value of 0.05 or less was considered statistically significant. All statistical analyses were performed by R (version 4.1.1).




Results


Identification of genes related to glutamine metabolism and their biological functions

The flow chart of this study is shown in Figure S1. We obtained 501 genes related to glutamine metabolism from the GeneCards database, and the screening criteria were that the correlation score was greater than 8 and they were protein-coding genes. Differential analysis of BC and normal bladder tissues yielded 301 genes. GO and KEGG analysis were performed to investigate the functions of these genes related to glutamine metabolism. The GO results showed that the genes related to glutamine metabolism were mainly enriched in the biological functions related to energy and metabolism. KEGG results showed that genes related to glutamine metabolism were enriched in signaling pathways such as carbon metabolism, AMPK signaling pathway and amino acid production (Figures 1A, B). PPI networks were analyzed by STRING database and visualized by Cytoscape to obtain three main network diagrams (Figures 1C–E). The common Hub genes were obtained by seven algorithms in Cytoscape software and the transcription factors of Hub genes were predicted in TRRUST database (Figures 1F, G).




Figure 1 | Function and subnetwork analysis of genes related to glutamine metabolism. (A) The top 10 rich terms for Biological Progress(BP), Cellular Component(CC) and Molecular Function(MF) in GO analysis. (B) The top 30 rich terms in KEGG’s analysis. (C–E) MCODE plug-in gets three main network modules. (F) UpSet of cytohubba plug-in seven algorithms. (G) Transcription factors predicted by TRRUST for Hub genes. Circles represent genes and triangles represent transcription factors.





Identification of clusters related to glutamine metabolism and correlation analysis between clusters and immune microenvironment

Clustering analysis of bladder cancer patients with glutamine metabolism-related genes obtained after differential analysis showed that BC patients were best divided into two clusters, with good internal consistency and stability of each Cluster (Figure 2A). The general characteristics of Cluster 1 and Cluster 2 are shown in Table S1. The survival curve showed that Cluster2 had a poor prognosis (p < 0.05) (Figure 2B). There were significant differences in clinical parameters such as age, gender, subtype, grade, clinical stage, M and race of bladder cancer between the two clusters. Compared with patients with C1 bladder cancer, the proportions of patients older than 60, male, non-papillary invasive subtype, high grade, high stage, M1, white and Asian in patients with C2 bladder cancer were significantly higher than those in patients with C1 bladder cancer (p < 0.05) (Figure 2C).




Figure 2 | Cluster analysis and the association between different clusters with tumor microenvironments and immunotherapy. (A) Consensus clustering heat map when k=2. (B) Survival curves of two clusters. (C) Age, Gender, Subtype, Grade, Stage, M stage and Race between the two clusters. (D) Differences in tumor purity, ESITIMATE score, stroma and immune cells between the two clusters. (E) CIBERSORT score of immune cell infiltration between the two clusters. (F) TIDE score was used to compare the immunotherapy effect between Cluster 1 and Cluster 2. *p < 0.05 、**p < 0.01, ***p < 0.001.



We analyzed the immune microenvironment between the two clusters. Through ESITIMATE algorithm, according to the Cluster 2 has higher ESITIMATE score, immune score, score matrix and lower purity of tumor (Figure 2D). The CIBERSORT algorithm showed that Cluster 2 had higher immune cell infiltration (Figure 2E). Patients’ response to immune checkpoint inhibitors was negatively correlated with TIDE score. We found that TIDE score of Cluster 2 patients was significantly higher than that of Cluster 1 patients (p < 0.05), indicating that Cluster 2 patients had poor effect on immune checkpoint inhibitors (Figure 2F).



Construction and validation of the GMII

To construct a risk model associated with glutamine metabolism and its derived GMII, eight genes with independent prognostic value were identified by univariate and multivariate Cox analyses to construct GMII (Figure 3A). Coefficients for each gene in GMII (Figure 3B). Correlation analysis between GMII and survival status showed that higher GMII was associated with higher mortality (Figure 3C). Patients in the high-GMII group had a worse prognosis than those in the low-GMII group (p < 0.05) (Figure 3D). To verify the predictive value of this GMII, GSE13507 and GSE32894 were used to verify that the mortality rate in the high-GMII group was significantly higher than that in the low-GMII group (p < 0.05) (Figures 3E, F). The area under the 1-year, 3-year and 5-year ROC curves were 0.747, 0.714 and 0.743, respectively (Figure 3G), suggesting that GMII could better predict the short-term and long-term survival status of bladder cancer patients. The general characteristics of TCGA, GSE13507 and GSE32894 patients are shown in Table S2. Univariate and multivariate regression analyses showed that GMII was an independent risk factor (Figures 3H, I). Based on the results of multivariate analysis, a nomogram was constructed based on GMII, age, clinical stage, and T stage, with GMII accounting for the majority of the total score (Figure 3J). Calibration curves showed that the predicted and actual 1 -, 3 -, and 5-year survival rates were consistent with the reference lines (Figure 3K).




Figure 3 | Construction of prognostic treatment index related to glutamine metabolism and validation of external data sets. (A) Forest maps of eight GRGs obtained by multivariate Cox analysis. (B) Construct eight GRGs coefficients of GMII. (C) Survival state of TCGA queue. (D) Kaplan-Meier survival curve of the TCGA cohort. (E) Kaplan-Meier survival curve of the GSE13507 cohort. (F) Kaplan-Meier survival curve of the GSE32894 cohort. (G) ROC curve of TCGA queue. (H, I) univariate and multivariate regression analysis. (J) Histogram based on GMII, age, clinical stage, and T-stage. (K) Calibration curves show the consistency of 1-year, 3-year, and 5-year survival rates predicted from bias-adjusted prognostic columns with actual survival rates.



The expression of five of the eight GMII genes (TALDO1, AHCY, FASN, GALK1 and SLC7A9) in bladder cancer tissues was higher than that in normal tissues, while ENPP1, CYP19A1 and HSPG2 were down-regulated in tumor tissues (p < 0.05) (Figure S2A). Immunohistochemical data of HPA showed that FASN showed moderate staining in the cytoplasm and nucleus of urothelial cancer cells, but no staining was detected in normal bladder tissues. HSPG2 showed high staining in the cytoplasm and nucleus of normal bladder cells, but no staining was detected in urothelial carcinoma cells (Figure S2B). Glutamine Related Genes (GRGs) is highly expressed in most tumor tissues and is a high risk factor (Figures S3A, B). Gene set variation analysis (GSVA) was performed on 8 GRGs, and GSVA score was positively correlated with the expression of representative gene sets. Most tumor tissues had significantly higher GSVA scores than normal tissues (Figure S3C). GSVA score was significantly correlated with the prognosis of bladder cancer (p < 0.05), including overall survival (OS), progression-free survival (PFS) and disease-free survival (DSS) (Figure S3D). We further evaluated the correlation between GSVA score and immune cell infiltration and showed that GSVA score was significantly correlated with immune cell infiltration in bladder cancer (p < 0.05) (Figure S3E). We also collected the features of published prognostic models for bladder cancer and compared the GMII features with their prognostic prediction accuracy. The results showed that GMII values were superior to other models in terms of prognostic prediction (Figure S4).



Clinical correlations analysis of GMII

To further verify the clinical significance of GMII, we analyzed the differences in GMII between different clinical characteristics groups. The results showed that patients with Cluster 2, Non-papillary infiltration, lymphovascular invasion, High Grade, stage III-IV, M1 and N1-3 had higher GMII, suggesting that the higher the GMII, the more advanced the tumor (Figure 4A). Stratified analysis showed that GMII could significantly differentiate the prognosis of almost all clinical subgroups, with patients in the high-GMII group having a worse prognosis (Figure S5). To investigate the pathways that regulate tumorigenesis in the high-GMII group, we performed GSEA analysis, and the results showed that, The high GMII group was significantly enriched in high glutamine metabolism, glutamine synthesis and decomposition (p < 0.05) (Figure 4B). In addition, the high-GMII group was significantly enriched in carcinogenesis, angiogenesis, and epithelial-mesenchymal transition (EMT) pathways (p < 0.05) (Figure 4C). Glycolysis and myosynthesis were the features with the highest NES in the high-GMII group (Figures 4D, E).




Figure 4 | Correlation between GMII and clinical traits and gene set enrichment analysis in high-GMII group. (A) Differences in GMII between different clinical feature groups. (B) Pathways related to glutamine metabolism are abundant in the high-GMII group. (C) Glycolysis was significantly enriched in the high-GMII group. (D) Pathways associated with tumor development and progression are abundant in the high-GMII group. (E) Muscle synthesis was significantly enriched in the high-GMII group.





Relationship between GMII and immune microenvironment

Previous studies have shown that glutamine metabolism and tumor microenvironment play an important role in tumor development (7, 26). The ESTIMATE algorithm found that the high GMII group had lower tumor purity (Figure 5A) and higher ESTIMATE score (Figure 5B), immune score (Figure 5C) and stromal score (Figure 5D). CIBERSORT algorithm showed that the level of CD8 T cells in the high-GMII group was significantly lower than that in the low-GMII group (p < 0.05), and the level of immunosuppressive M2-type macrophages was increased in the high-GMII group, suggesting that the high-GMII group had higher immunosuppressive activity and promoted tumor progression (Figure 5E). We found correlations between GMII and a variety of immune cells using different software (Figure 5F). The ssGSEA algorithm results showed that the high-GMII group had higher immune cell infiltration and immune-related functions and pathways than the low-GMII group (Figure 5G).




Figure 5 | Immune cell infiltration in high-GMII and low-GMII groups. Tumor purity (A), ESTIMATE score (B), immune score (C), and stromal score (D) between high – and low-GMII populations. (E) CIBERSORT algorithm was used to analyze the contents of immune cell infiltration in high-GMII and low-GMII groups. (F) Different software evaluated the correlation between immune scores and immune cells. (G) ssGSEA algorithm showed immune cell infiltration of immune-related functions and pathways in high-GMII and low-GMII groups. *p < 0.05 、**p < 0.01, ***p < 0.001.





Relationship between GMII and somatic cell mutation

TMB is an important predictor of immunotherapy and chemotherapy. To further investigate the association of GMII with somatic mutations in cancer cells, we used single nucleotide variation data to investigate differences in genomic mutations between high-GMII and low-GMII groups. TP53, TTN, KMT2D, MUC16 and ARID1A were the top five genes with the highest mutation frequency in high-GMII and low-GMII populations, but the mutation frequency of each gene was different between the two groups (Figures 6A, B). Through mutual exclusion and cooperation analysis among mutated genes, it was found that there was gene mutation synergy between most genes, and significant mutational mutual exclusion of TP53-ARID1A and EP300-ZFHX4 was found in the high-GMII group (Figure 6C). Significant mutational mutual exclusion of TP53-FGFR3 and KMT2D-FGFR3 was also found in the low-GMII group (Figure 6D). There were no differences in TMB between the two groups or in survival curves between the high and low TMB groups (Figure S6A, B). After TMB combined with GMII, the prognosis of the high TMB+ low GMII group was significantly better than that of the low TMB+ high GMII group (Figure S6C). In addition, the mutation rate of eight genes in GMII was detected in the cBioPortal database, and it was found that the mutation rate was low (Figure 6E).




Figure 6 | Association of GMII with genetic changes. Waterfall diagrams of somatic mutations in high-GMII (A) and low-GMII (B) groups. Mutual exclusion and synergistic heat maps of mutated genes in high-GMII (C) and low-GMII (D) groups. (E) Mutation rates of the eight GRGs that constructed GMII.





Prediction of chemotherapy effects by the GMII

To investigate the potential of GMII for predicting the response to chemotherapytic therapy, We first downloaded data from the GDSC database on the response of high-GMII and low-GMII populations to common chemotherapy agents. The results showed that many common bladder cancer chemotherapy drugs had significant differences among high-GMII groups (p<0.05). Gemcitabine, as the most common chemotherapy drugs for bladder cancer, had significantly lower IC50 values in the low-GMII group than in the high-GMII group (p<0.05), suggesting that Gemcitabine may have better efficacy in the low-GMII group (Figure 7A). We also mapped the 3D structures of chemotherapeutic agents with differences between the two groups using the PubChem database (Figure S7). The relationship between GRGs and drug sensitivity was analyzed from cellMiner database, and the histograms of the top five drugs with the highest correlation between genes and drug sensitivity were drawn. Positive correlation indicates that stronger gene expression is more sensitive to drugs, while negative correlation indicates that stronger gene expression is more resistant to drugs. Among them, up-regulation of FASN expression may lead to enhanced sensitivity of patients to most drugs (Figure 7B). In addition, GDSC database was used to analyze the relationship between drug sensitivity and mRNA expression of the eight GRGs used to construct GMII. Contrary to cellMiner database, positive correlation represented that gene expression was related to drug resistance, while negative correlation represented that gene expression was related to drug sensitivity. The relationship between AHCY gene expression and chemotherapy-drug sensitivity is extensive, and HSPG2 has the highest correlation with most chemotherapy-drug sensitivity, among which HSPG2 is correlated with Dasatinib sensitivity in both databases (Figure 7C). These results suggest that the expression changes of genes constructing GMII may be effective indicators for predicting drug response and as potential therapeutic targets.




Figure 7 | Effect of GMII on drug sensitivity. (A) Differences in response to commonly used chemotherapy drugs between high-GMII and low-GMII groups. (B) Construct the correlation between GMII gene and drug sensitivity. (C) Correlation between GDSC drug sensitivity and mRNA expression levels of eight genes that construct GMII.





Prediction of immunotherapy efficacy by the GMII

Immune checkpoint inhibitors have provided clinical benefits in the treatment of a variety of tumors. By analyzing the correlation between genes in GMII and common immune checkpoints, we found that genes with the highest correlation with glutamine metabolism were significantly negatively correlated with PD-1/PD-L1 expression. For example, SLC7A9, a glutamine transporter, and FASN, a key enzyme in the metabolism of glutamine into fatty acids. These results indicated an inverse correlation between glutamine metabolism and PD-1/PD-L1 expression (Figure 8A). The expression of most immune checkpoints was different between the high-GMII group and the low-GMII group (p < 0.05) (Figure S8). Higher TIDE scores were associated with poorer immune checkpoint blockade therapy and shorter survival, and higher TIDE scores in the high-GMII group suggested poorer response to immune checkpoint blockade therapy (Figure 8B). The results of IMvigor210 dataset showed that there was a significant difference in GMII between the immunotherapy response group and the non-response group (p<0.05), and the GMII was lower in the response group (Figure 8C). The scores of IPS, IPS-PD1 blocker, IPS-CTLA4 blocker, and IPS-PD1-CTLA4 co-blocker were lower in the high-GMII group, indicating that the high-GMII group had a poor effect of anti-PD1, anti-CTLA4, and anti-PD1-CTLA4 co-treatment (Figure 8D). These results suggest that GMII may be associated with immunotherapy in bladder cancer patients.




Figure 8 | Application of GMII in immunotherapy prediction. (A) GMII gene expression was associated with common immune checkpoints. (B) TIDE scores were used to compare immunotherapy efficacy between high-GMII and low-GMII groups. (C) The IMvigor 210 database analyzed GMII in the responding and non-responding groups to immunotherapy. (D) The difference in response between high-GMII and low-GMII groups to PD1- or no-CTLA4 blockers, PD1 blockers, CTLA4 blockers, and PD1-CTLA4 co-blockers. *p < 0.05 、**p < 0.01, ***p < 0.001. ns, Non Significance.





Identification of core target proteins and prediction of drug candidates

In order to identify the core targets of genes related to glutamine metabolism, we constructed a PPI network through the STRING database (confidence score greater than 0.4), found the most closely related subnetwork to the GMII gene and found the core gene PPARG by “MCODE” in Cytoscape software (Figure S9). PPARG is located at the hub of the network and has the highest degree among all nodes. SLC7A9 is potentially used as a glutamine transporter and GAPK1 as a targeted receptor with small molecule inhibitors of kinases. We obtained X-ray structures of PPARG, SLC7A9 and GALK1 from the PDB database to screen 1379 FDA-approved drugs potentially targeting PPARG, SLC7A9 and GALK1. We used rigid docking in MOE to simulate the binding mode of small molecule drugs to PPARG, SLC7A9 and GALK1, where the interaction relationship between target proteins and candidate small molecules is shown in Table S3. We show the top four small-molecule drugs with the highest binding ability to PPARG (Bosulif, Candesartan, Centany, and Nefazodone) (Figures 9A–D) and the top four small-molecule drugs with the highest binding ability to SLC7A9 (Propantheline, Naloxeg) ol, Cobicistat and Fosinopril) (Figures 9E–H) and the top four small-molecule drugs with the highest GALK1 binding capacity (Propantheline, Ipratropium, Cangrelor and Lopinavir) (Figures 9I–L). For example, Bosulif (ZINC000022448983) forms hydrogen bonds with PPARG amino acid residues Met-348, Met-364 and His-449, among which Met-348 and Met-364 act as hydrogen bond acceptor and His-449 act as hydrogen bond donor. Naloxegol (ZINC000095564694) forms hydrogen bonds with SLC7A9 non-transmembrane amino acid residues Lys-53, Ser-57, Lys-145 and Thr-434, among which Ser-57 and Thr-434 act as hydrogen bond acceptor. Lys-53 and Lys-145 act as hydrogen bond donors. Cangrelor (ZINC000085537017) formed hydrogen bond and ion bond related interaction with GAPK1 amino acid residues Arg-228 and Arg-105, among which Arg-228 and Arg-105 were hydrogen bond donors. In addition, these small molecules form van der Waals (VDW) interactions with residues around the protein receptor, which contribute to the binding energy between small molecules and PPARG.




Figure 9 | Molecular docking posture. Candidate drugs and target proteins screened using molecular docking. The Figure shows the docking position of the PPARG active pocket with Bosulif (A), Candesartan (B), Centany (C) and Nefazodone (D). Docking position of the SLC7A9 active pocket with Propantheline (E), Naloxegol (F), Cobicistat (G) and Fosinopril (H). Docking position of GALK1 active pocket with Propantheline (I), Ipratropium (J), Cangrelor (K) and Lopinavir (L).






Discussion

Abnormal glutamine metabolism is considered a key factor driving the progression of solid tumors such as bladder cancer (8) (27); and consequently, there is an urgent need to identify more reliable and accurate glutamine metabolism-related markers that can be used to predict bladder cancer patient survival and immunotherapeutic response. In this study, we established the GMII consisting of eight glutamine metabolism-related genes (ENPP1, GALK1, TALDO1, CYP19A1, FASN, AHCY, SLC7A9, and HSPG2), a high value of which is associated with poor prognosis in bladder cancer patients. For comparative purposes, we evaluated the efficacy of other prognostic models for bladder cancer, which showed that the predictive performance of GMII was superior to that of all other assessed models. Furthermore, the GMII could be used to differentiate among patients with different levels of immune checkpoint expression, and predict their therapeutic response to ICI therapy. Moreover, on the basis of in silico molecular docking analysis, we identified potential drugs that can modulate the core target proteins of glutamine metabolism. Thus, aberrant glutamine metabolism signaling, as a reliable predictor of bladder cancer prognosis and immunotherapeutic response, may provide valuable insights for establishing effective therapeutic approaches for the treatment of bladder cancer.

In our previous study, we attempted to predict the prognosis of bladder cancer patients and their treatment response based on overall metabolic profiles (28). However, despite accumulating evidence that tumor-specific metabolic phenotypes are closely associated with prognosis and treatment response, there has to date been an insufficient assessment of gene signature indices focusing on key amino acid metabolic pathways, such as that involved in glutamine metabolism (13). In this study, we found that the GMII value is inversely associated with most immune checkpoint genes. We established that the TIDE score based on the high-GMII group (high GMII value) was significantly higher than that of the low-GMII group, indicating that ICI therapy is less effective for the treatment of patients with a high-GMII score. IPS has been established to be a better predictor of immunotherapy response in cancer patients undergoing anti-PD-1 and anti-CTLA-4 treatment (25). and we found that levels of IPS, IPS-PD1, IPS-CTLA4, and IPS-PD1-CTLA4 co-blockers were lower in the high-GMII group, thereby indicating that anti-PD-1 and anti-CTLA-4 treatments were less effective in the treatment of high-GMII group patients. Consistent with our observations, among patients in the IMvigor210 cohort with urothelial carcinoma, significant differences in GMII have been identified in the responders and non-responders to PD-L1 therapy. In the present study, we assessed the responses of bladder cancer patients to common chemotherapeutic drugs based on their IC50 values and calculated the association between gene expression and drug sensitivity, which revealed significant differences in the responses to common chemotherapeutic drugs such as gemcitabine in the two GMII groups. These findings thus indicate that the risk model we constructed and the derived GMII can serve as effective indicators for assessing the response of bladder cancer patients to chemotherapy and immunotherapy, and may provide useful guidance for the future treatment of these patients.

The roles of the eight GMII genes in glutamine metabolism-related pathways can be characterized as follows. (1) Amino acid transport: Unlike SLC1A5, which is currently widely targeted in clinical studies, our analysis indicates that SLC7A9 is important for bladder cancer (29). Multiple studies have shown that SLC7A9 plays an essential role as a transporter of different amino acids for tumors, as these compete with immune cells for nutrients (30, 31). (2) Glutamate production: AHCY has a strong copper-binding capacity and is highly expressed, resulting in elevated glutamine levels (32, 33). GALK1 is a key enzyme in the catabolism of galactose, which can be further converted to glutamate by other enzymes (34). (3) Glutamate metabolism: FASN is a central regulator of de novo fatty acid synthesis that promotes the anabolic biosynthesis of fatty acids from citrate (7). TALDO1 encodes a transaldolase (TA) that promotes nucleotide synthesis and the metabolic scavenging of ROS (35). and CYP19A1 is a cytochrome P450 (CYP) enzyme with immunomodulatory effects (36). (4) (4) Immune cell-related metabolism: ENPP1 promotes tumor cell metastasis and tumor immune escape (37). and HSPG2 is a cell-surface antigen that regulates NK cell activation (Figure 10). Given that the expression patterns of the aforementioned eight glutamine metabolic genes associated with tumorigenesis and regulation of the tumor immune microenvironment, the glutamine metabolism-related risk model and its derived GMII can be considered to closely reflect the prognosis of bladder cancer and predict the effects of chemotherapy and immunotherapy.




Figure 10 | The role of glutamine metabolism immunity index gene in glutamine metabolism-related pathways.



Our systematic study of immunological and chemotherapeutic differences between low- and high-GMII groups has provided important insights into the mechanisms underlying aberrant glutamine metabolism in bladder cancer and the predictive utility of the GMII. In this regard, the findings of several previous studies have revealed the key roles of glutamine metabolism and the tumor immune microenvironment in tumor progression (12). Bladder cancer cells have been established to utilize immune checkpoint molecules such as PD-L1 to induce immune escape, thereby generating an immunosuppressive tumor microenvironment around bladder cancer cells (38),. In addition, bladder cancer cells have been shown to induce the activation of tumor-associated macrophages and regulatory T (Treg) cells, which in turn suppresses the antitumor activity of CD8+ cytotoxic T cells (39, 40). By constructing the GMII for glutamine metabolism-related genes to identify their response to immunotherapy, we found that patients in the low-GMII group (low glutamine metabolism) showed a more significant response to PD-L1 and PD-1 blockade treatment. Correspondingly, we found that although patients in the high-GMII group (high glutamine metabolism) were characterized by higher immune infiltration, they also harbored a larger number immunosuppressive cells, such as Treg cells and M2 subtype macrophages, which are known to suppress anti-tumor CD8+ T cells. Indeed, we detected a significant reduction in the proportion of CD8+ T cells among patients in the high-GMII group. Overall, this further highlights the fact that specific immune microenvironments promote the progression of bladder cancer and govern the responses to immunotherapy. Consistent with this scenario, the findings of a recent study have revealed that by activating the EGFR/ERK/c-Jun pathway, glutamine deprivation can promote the upregulation of PD-L1 in bladder cancer cells (8). Moreover, blocking glutamine can induce different metabolic processes to overcome the immune escape of tumors and enhance the efficacy of immunotherapy (41, 42). These observations thus provide evidence to indicate a complex dynamic regulatory relationship between glutamine metabolism and the tumor immune microenvironment (43). Accordingly, the characterization of glutamine metabolism may represent a novel approach for screening treatment-receptive patients and enhancing the efficacy of immunotherapy. Conversely, however, the findings of previous studies have indicated that glutamine metabolism can provide raw materials for the over-activated glycolysis and oxidative phosphorylation of tumor cells, and by promoting metabolic homeostasis, can also contribute to inducing tumor cell resistance to chemotherapeutic drugs (44–46). The perturbation of glutamine metabolism has also been shown to enhance sensitivity to gemcitabine in different types of solid tumors (47). On the basis of the aforementioned observations, we further analyzed differences between the different glutamine metabolism groups with respect to the efficacy of responses to common chemotherapeutic drugs, and found that patients in the low-GMII group were characterized by a more pronounced sensitivity to common chemotherapeutic drugs such as gemcitabine. These findings thus indicate that characterizing glutamine metabolism can also serve as a reasonable and effective method for screening receptive patients and enhancing the efficacy of chemotherapy. Consequently, targeting glutamine metabolism combined with PD-1/PD-L1 checkpoint blockade therapy and/or chemotherapy could represent a potentially effective therapeutic strategy for improving treatment outcomes among bladder cancer patients.

As a further application of GMII efficacy prediction, we demonstrated the feasibility of combining core target and structure-based approaches to identify drug candidates. On the basis of a PPI network constructed using genes associated with glutamine metabolism, we identified PPARG as the major hub gene, and by employing molecular docking software, we used PPARG, SLC7A9, and GALK1 as small-molecule drug targets to screen for potential drugs from among those in the FDA-approved drug library. We accordingly found that the first four small molecules with the highest PPARG binding ability (Bosulif, Cadesartan, Centany and Nefazodone) bind to the NR-LBD domain of PPARG protein and prevent it from binding to the nuclear ligand. The top four small molecules with the highest GALK1 binding fraction (Propantheline, Ipratropium, Cangrelor and Lopinavir) bind to the ATP-binding site of GALK1, blocking ATP occupation and thus affecting the protein kinase function of GALK1. PPARG acts as a nuclear receptor that regulates multiple biological functions, including adipogenesis, metabolism, and immunity (48). and PPARG signaling has been reported to have an important influence on immune rejection in patients with bladder cancer (49). Among the four small molecule drugs with the highest affinity for PPARG, bosulif has been reported in clinical trials for chronic myeloid leukemia (50). In addition, propantheline, which can be used to enhance the efficacy of antiretroviral drugs, can target SLC7A9, which in turn affects the amino acid nutrition of the tumor microenvironment and thus tumor cell survival. Cangrelor, which has been shown to be beneficial for intraoperative antiplatelet therapy, and lopinacir, which has been used in the treatment of severe COVID-19, were found to have high affinity for GALK1 (51, 52). Although the specific mechanisms of action of these small-molecule compounds remain to be further investigated, our findings indicate that they have potential utility for tumor immunotherapy, particularly among bladder cancer patients with abnormal glutamine metabolism.

Despite our important findings, this study does have certain limitations. Notably, our analysis, and hence conclusions, are based on data obtained from public databases, which may accordingly have led to inherent case selection bias. In addition, although our findings were validated based on assessments using multiple external datasets, the evaluation of a larger number of clinical cases is necessary to further verify the accuracy of our results. Finally, further in vivo and in vitro experiments are needed to examine the function of GRGs in bladder cancer.



Conclusion

In conclusion, based on the in-depth analysis of multiple aspects of bladder cancer based on the risk model and its derived GMII, we found that GMII can better predict the prognosis and immunotherapy response in BC patients. This study provides useful clues for the discovery of novel prognostic and therapeutic biomarkers and small-molecule drug targets from the perspective of oncogenic amino acid metabolic reprogramming. In an era when immunotherapy offers great promise for various cancer treatments, GMII provides guidance for the clinical diagnosis and individualized comprehensive treatment of bladder cancer.
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Neoadjuvant chemoradiotherapy (NACRT) or chemotherapy (NACT) followed by radical resection and then adjuvant therapy is considered the optimal treatment model for locally advanced colorectal cancer (LACRC). A recent total neoadjuvant therapy (TNT) strategy further improved the tumour regression rate preoperatively and reduced local-regional recurrence in locally advanced rectal cancer (LARC). However, distant metastasis was still high, and little overall survival benefit was obtained from these preoperative treatment models. According to mismatch repair protein expression, MSI-H/dMMR and non-MSI-H/pMMR statuses were defined in colorectal cancer (CRC) patients. Due to the special features of biologics in MSI-H/dMMR CRC patients, this subgroup of patients achieved little treatment efficacy from chemoradiotherapy but benefited from immune checkpoint inhibitors (ICIs). The KEYNOTE-177 trial observed favourable survival outcomes in metastatic CRC patients treated with one-line pembrolizumab with tolerable toxicity. Given the better systemic immune function, increased antigenic exposure, and improved long-term memory induction before surgery, neoadjuvant ICI (NAICI) treatment was proposed. The NICHE trial pioneered the use of NAICI treatment in LACRC, and recent reports from several phase II studies demonstrated satisfactory tumour downsizing in CRC. Preclinical rationales and preliminary early-phase human trials reveal the feasibility of NAICI therapy and the therapeutic efficacy provided by this treatment model. Better tumour regression before surgery also increases the possibility of organ preservation for low LARC. However, the optimal treatment strategy and effective biomarker identification for beneficiary selection remain unknown, and potential pitfalls exist, including tumour progression during neoadjuvant treatment due to drug resistance and surgery delay. Given these foundations and questions, further phase II or III trials with large samples need to be conducted to explore the right regimens for the right patients.
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Introduction

Colorectal cancer (CRC) remains the second leading cause of cancer-related mortality worldwide, with an estimated 93 5000 deaths in 2020 (including 576,858 deaths from colon cancer and 339,022 deaths from rectal cancer), accounting for 10% of all cancer types (1). Locally advanced CRC (LACRC) invading adjacent tissues and/or regional lymph nodes occur in 36% of initially diagnosed patients, and distant metastatic diseases occur in 22%. According to the statistics reported by the National Cancer Institute (USA), the 5-year overall survival (OS) rates for colon and rectal cancers are 64% and 67%, respectively (2).

Surgery combined with chemotherapy and radiotherapy remains the standard component of curative multimodal treatment approaches for LACRC. OS and disease-free survival (DFS) benefits from postoperative adjuvant chemotherapy were observed for LACRC patients in previous clinical trials (3–8). However, approximately 30% of CRC patients delayed or even refused adjuvant chemotherapy after curative resection because of postoperative complications and poor physical condition, and less than half of the eligible patients received a full course of chemotherapy, which reduced the therapeutic efficacy (9–11). To improve the possibility of completing chemotherapy prior to surgery, increase the drug concentration surrounding the tumour, eradicate potential micrometastases, reduce the risk of recurrence and distant metastasis, reduce the tumour bulk to achieve more complete resection, and assess the chemosensitivity of disease to predict the subsequent outcome, neoadjuvant chemotherapy (NACT) was proposed and applied to the treatment of CRC. The results of the FOxTROT trial and another randomized trial conducted in Germany raised the possibility of cure for CRC patients treated with neoadjuvant therapy, especially for those who achieved pathological complete response (pCR) (12, 13). However, an improved response may not translate into a survival benefit in locally advanced CRC (14–16). Then potential NACT regimen was explored. Oxaliplatin was added as the second cytotoxic agent during standard neoadjuvant chemoradiotherapy for locally advanced rectal cancer (LARC) patients in the PETACC-6 trial, but tumour response and survival benefits were not observed (17). Another phase II clinical study (PRODIGE 22) was terminated early due to the high grade of toxicities and unsatisfactory tumour regression (18).

The impressive tumour response of microsatellite instability high (MSI-H) or deficient mismatch repair (dMMR) metastatic CRC (mCRC) opened the era of immunotherapies for CRC in 2015 (19). The KEYNOTE-177 study suggested that immune checkpoint inhibitors (ICIs) have absolute advantages compared with traditional chemotherapy combined with targeted therapy in dMMR mCRC, which shows promising future opportunities for the use of ICIs for resectable CRC in the neoadjuvant setting (20). The NICHE trial reported favourable outcomes in which the pCR rate reached 60% for dMMR colon cancer patients who received a neoadjuvant immunotherapy regimen combining nivolumab (an anti-PD-1 inhibitor) with ipilimumab (an anti-CTLA-4 inhibitor) (21). In the VOLTAGE trial, 60% of dMMR LARC patients and 30% of proficient mismatch repair (pMMR) LARC patients who received NACRT followed by nivolumab achieved pCR (22). ICIs have a distinct toxicity profile and potential patterns of response compared with traditional cytotoxic chemotherapies (23, 24). Theoretically, more antigen surrounding the tumour could prime effective systemic immunity to eradicate potential metastatic disease in the neoadjuvant setting as opposed to the adjuvant use of this treatment postoperatively (25). In this review, we summarize the recent clinical developments of neoadjuvant ICI (NAICI) treatment in CRC and discuss the pitfalls and future directions of this approach.





Management of locally advanced CRC

The primary aims of neoadjuvant treatment in LACRC are to achieve radical (R0) resection, decrease local recurrence and distant metastasis by pathological downstaging and eradicate occult micrometastatic disease with tolerable toxicity. Achieving a high rate of sphincter savings is also pursued in LARC. Breakthroughs of pCR or clinical complete response (cCR) achievement and organ preservation seem to have been made due to the application of radiotherapy and diverse neoadjuvant polychemotherapy patterns in LARC. Given the poor compliance of LARC patients, in which one-third of these patients refused to receive postoperative adjuvant chemotherapy and only 43% received 95% of the planned 5-fluorouracil (5-FU) dose in the standard neoadjuvant treatment model (EORTC 22921 study), adjuvant chemotherapy was proposed to be delivered before surgery, namely, total neoadjuvant therapy (TNT) treatment model (11). A significant downsize of the tumour before resection was observed in TNT models (26, 27), and the CAO/ARO/AIO-12 and OPRA trials further compared the therapeutic efficacy between the consolidation and induction treatment patterns in LARC (28, 29). Results of the two studies demonstrated that consolidation chemotherapy TNT model seems to have a better pCR rate, sphincter-saving rate and compliance than the induction model. Due to the higher rates of local-regional recurrence and relative fixed spatial position compared with colon cancer, radiotherapy is commonly applied in rectal cancer, especially for those mid-low rectal cancer. In terms of neoadjuvant radiotherapy in the TNT model, two radiotherapy methods are mainly applied in these trials: a short-course radiation scheme (5×5 Gy) and a long-course radiation scheme (25×2 Gy or 28×2 Gy). No difference in DFS was observed between the two radiotherapy model groups in the POLISH II and STELLAR trials (30, 31). The AVACROSS study reported an increase in the pCR rate to 36% at the cost of more serious surgery-associated complications when bevacizumab was added to induction chemotherapy (32). Poly ADP-ribose polymerase inhibitors (e.g., veliparib) and DNA protein kinase inhibitors (e.g., peposertib) are being evaluated in combination with NACRT or chemotherapy before surgery during TNT (22, 33–35). However, these studies are at an exploratory stage, and relative sequence studies deserve consideration. Overall, the TNT treatment model could improve the pCR rate for LARC compared with the traditional chemoradiotherapy model, which is consistent with the results obtained from three recent meta-analyses, while the survival benefits from TNT vary and deserve further investigation (36–38).

Limited literature has reported on neoadjuvant treatment in locally advanced colon cancer. Neoadjuvant chemotherapy with the OxMdG (fluorouracil and oxaliplatin) regimen achieved significant downstaging with acceptable gastrointestinal toxicity compared with standard postoperative chemotherapy in LACC, albeit with a low rate of pCR (2%) (12). The PRODIGE 22 study was stopped early due to a lack of efficacy in the FOLFOX (Folinic acid, fluorouracil, and oxaliplatin) combined with cetuximab arm (18). Another phase II trial analysed the therapeutic effects of panitumumab added to chemotherapy before surgery for LACC without KRAS, BRAF or PIK3CA mutations (39). The outcomes of this study showed that local recurrence was decreased to 26% and DFS was increased to 31% in patients with tumour downstaging, despite the high incidence of grade 3 skin rash. To date, there are no standard preoperative chemotherapy options for LACC, and an individual therapy model guided by multiplex gene testing or more accurate tumour and lymph node staging based on imaging before resection may provide new ideas for the treatment of this disease.

Tumour regression grading (TRG) systems are commonly used in gastrointestinal malignancies treated with neoadjuvant therapy, typically chemotherapy or radiochemotherapy. These categorizing methods assess the degree of tumour regressive changes by identifying fibrosis in relation to the residual tumour or evaluating the volume of the residual tumour in relation to the primary tumour lesions. TRGs could provide valuable prognostic information, and complete tumour regression has been confirmed to be closely associated with better survival and a lower recurrence rate in LARC (40). However, TRG cannot serve as a clinical research end-point due to the high numbers of versions of grading criteria and unclear conclusions on whether this classification system has advantages over the UICC/AJCC TNM staging systems. pCR is still used as a surrogate endpoint in neoadjuvant trials. NAICI trials have also adopted major pathological response (MPR) as the main endpoint, indicating that less than 10% of viable tumour tissues exist at primary sites after surgery in CRC and other cancers (41). Whether MPR could predict the survival of CRC patients who receive NAICI and serve as a surrogate for survival warrants further clarification and investigation.





Rationale for NAICI in LACRC




Advantages of NAICI in LACRC

T-cell activation mainly depends on T-cell receptor (TCR) signalling participating in recognizing tumour antigens. Then, the immune response is activated, which is characterized by a large number of different T-cell clones (42). Tumour-infiltrating T cells, especially CD8+ T cells, have long been considered to have a close association with improving survival and reducing locoregional recurrence and distant metastasis by recognizing and killing specific tumour cells (43, 44). However, several immune checkpoint molecules, mainly cytotoxic T-lymphocyte-associated antigen-4 (CTLA-4), programmed death-1 (PD-1), and programmed death-ligand 1 (PD-L1), suppress T-cell-mediated antitumour immune responses in the tumour microenvironment (TME) (45–47). Meanwhile, high PD-L1 expression levels in tumour cells also contribute to the exhaustion and apoptosis of T cells (48) (Figure 1A). The clinical application of ICIs targeting CTLA-4 or PD-1/PD-L1 to reactivate the immune response against cancer have achieved favourable outcomes in advanced CRC, especially for patients with MSI-H/dMMR (20, 49). However, the benefits of survival are still not satisfactory from ICIs as adjuvant therapy, probably due to the significant decrease in tumour antigens and local-regional blood vessel and draining lymph node damage after surgery, which limit immune-mediated tumour cell killing and long-term tumour-specific immunological memory (Figure 1B). ICIs administered as neoadjuvant therapy instead of in an adjuvant setting may be considered to improve clinical outcomes. A greater expansion of T-cell clones in the peripheral blood because of a wider range of tumour antigen exposure and better survival were observed in preclinical mouse models when an ICIs were given preoperatively rather than postoperatively (25).




Figure 1 | Main targets of immune checkpoint inhibitors applied in the clinic (A) and proposed rationale for immunotherapy administered postoperatively and preoperatively (B). APCs, Antigen-presenting cells; CRC, Colorectal cancer; CTLA-4, Cytotoxic T-lymphocyte-associated antigen-4; MHC-I, Major histocompatibility complex class I; PD-1, Programmed death-1; PD-L1, Programmed death-ligand 1; TCR, T-cell receptor.







Potential synergistic mechanism between NAICI and NACRT in LACRC

Cytotoxic agents commonly used in the NACT of CRC mainly include oxaliplatin and 5-FU or its derivatives. Oxaliplatin could induce immunogenic cell death (ICD), a kind of regulated cell death, due to the ability to stimulate the pre-apoptotic release of calreticulin and to promote the release of high-mobility group box 1 protein (HMGB1) (50). ICD increases the intracellular antigen concentration and improves the availability of antigen-presenting cells (APCs), thus contributing to antigen presentation to cytotoxic T-lymphocytes and their priming. Oxaliplatin is also reported to enhance the antigen presentation capacity of tumour cells by increasing the surface expression of MHC class I, contributing to the more effective activation of T cells and ICI-based immunotherapy in vivo (51). Moreover, the combined use of oxaliplatin and 5-FU was observed to promote APC maturation in a colon cancer mouse model (52). In addition to regulating antigen presentation, the addition of oxaliplatin upregulated PD-L1 expression on tumour cells in a murine model of CRC and improved tumour control (53, 54). High expression of PD-L1 in tumour nests was found to have a close association with favourable outcomes after neoadjuvant chemotherapy and chemoradiotherapy (55, 56). Oxaliplatin was shown to increase the relative proportion of CD8+ T cells and promote the recruitment of cytotoxic T cells into the TME but selectively deplete B cells in BALB/c mice (57). Another study further demonstrated that chemotherapy with the FOLFOX regimen could regulate the tumour-infiltrating CD8+ T-cell exhaustion stage into effector functional status in CRC (58). 5-FU was found to activate cytotoxic T cells by contributing to the exhaustion of myeloid-derived suppressor cells via programmed cell death (59). The mechanisms of chemoimmunotherapy discovered in CRC provide promising prospects for use of NAICI together with oxaliplatin-based chemotherapy, warranting further exploration of the optimal therapeutic strategies to achieve a higher tumour response rate (Figure 2A).




Figure 2 | Potential synergistic mechanism between neoadjuvant immune checkpoint inhibitor and neoadjuvant chemotherapy (A) and radiotherapy (B) in colorectal cancer. APCs, Antigen-presenting cells; ATP, Adenosine triphosphate; CRC, Colorectal cancer; HMGB1, High-mobility group box 1 protein; IFNs, Type I interferons; MHC-I, Major histocompatibility complex class I; NK cells, Natural killer cells; P2RX7, Purinergic Receptor P2X 7 PD-1; Programmed death-1; PD-L1, Programmed death-ligand 1; TCR, T-cell receptor; TLR4, Toll Like Receptor 4.



Radiation mainly utilized in the neoadjuvant treatment of LARC reduces tumour size and improves local-regional disease control. Meanwhile, the immunostimulatory effects induced by radiotherapy and the potential possibility of improving antitumour immunity cannot be ignored. Tumour cell damage caused by irradiation releases a large amount of damage-associated molecular patterns, activating Toll-like receptors and other receptors on APCs, ultimately leading to phagocytosis via natural killer (NK) cells or macrophages and immunological signal priming. Type I interferons (IFNs) secreted by activated APCs contribute to APC maturation in the lymph node, antigen presentation function improvement through autocrine signalling, and CD8+ T-cell activation, proliferation, and migration into the TME via the paracrine pathway (60). Then, tumour-specific T cells secrete type II IFN to recruit T cells into tumour tissues and upregulate the expression of MHC-I on tumour cells with a feedback mechanism under radiation intervention (61) (Figure 2B). APCs also induce the generation of durable and transferrable memory responses mainly dependent on CD4+ helper T cells by presenting the tumour neoantigens to T cells (62). Overall, chemoradiotherapy was found to contribute to recruiting immune cells into the tumour site and upregulating immune checkpoint expression to promote to the synergistic enhancement of ICI therapy efficacy, which suggests a new and favourable approach to neoadjuvant therapeutic modalities for LACRC.





Differences in the immune landscape between dMMR and pMMR in CRC

CRCs with MSI-H status account for approximately 15% of all cases of this disease. This special subtype of CRC marked with dMMR always has a high overall tumour mutation burden (TMB), which was reported to have a significant association with better ICIs treatment effects (63). High TMB means more neoantigen generation and thus recruits a large number of tumour-infiltrating immune cells, such as cytotoxic T cells, into the TME. The proportions of CD8+ T cells and CD4+ functional subsets were dramatically increased (64). To balance the immune response and protect normal host tissues, T-cell inhibitory ligands, such as CD80 and CD86 of the B7 family and PD-L1 as well as regulatory T cells (Tregs), are correspondingly upregulated in tumour cells to bind coinhibitory receptors, including PD-L1 and CTLA4 (19, 65) (Figure 3A). A consensus has been reached that early stage (not including stage IV) CRC and oesophageal adenocarcinoma with MSI-H status indeed have a higher rate of PD-L1 positive expression and high TMB at the same time compared with other tumours (66).




Figure 3 | Differences in the immune landscape between pMMR and dMMR in CRC (A) and the distribution (B) and characteristics (C) of different immune subgroups. CMS, Consensus molecular subgroup; CRC, Colorectal cancer; CTLA-4, Cytotoxic T-lymphocyte-associated antigen-4; DC, Dendritic cell; dMMR, Deficient mismatch repair; IFN-γ, Interferon gamma; MSI, Microsatellite instability; MSS, Microsatellite stability; PD-1, Programmed death-1; PD-L1, Programmed death-ligand 1; pMMR, Proficient mismatch repair; TCR, T-cell receptor.



Interestingly, a recent study further divided MSI-H CRC into two major categories: MSI-H1 and MSI-H2 (67). Better OS was observed in the MSI-H2 group than in the MSI-H1 group (P = 0.042). Immune microenvironment differences between the two groups of CRC mainly involved the distribution of M2 macrophages and the expression of PD-L2. The anti-inflammatory and immune suppression functions of enriched M2 macrophages and T-cell inhibition functions of PD-L2 leading to immune regulatory disorder may contribute to the poor survival in the MSI-H1 subset. This finding is consistent with the fact that approximately 40%-60% of MSI-positive tumour patients cannot benefit from ICIs treatment (68). High immune heterogeneity also exists in pMMR or microsatellite stability (MSS) CRC. Dienstmann et al. proposed four consensus molecular subgroups (CMSs), including CMS1 (MSI immune), CMS2 (canonical), CMS3 (metabolic) and CMS4 (mesenchymal) based on the gene expression of CRC (69). CMS2, characterized by WNT and MYC activation, has better survival than the other CMSs, while CMS1, with the biological features of strong activation of immune evasion pathways, has worse survival after recurrence. CMS1 and CMS3 decreased while CMS2 increased as the tumour location moved distally, and CMS2 accounted for most rectal cancers (Figure 3B). Another study further investigated the relationship between the CMSs and the immune subtypes (C1-C6) established by Thorsson et al. (68, 70). This study discovered that the IFN-γ–dominant subtype (C2) has enhanced activation of immune system pathways and dominates in CMS1 (53%), while the wound healing subgroup (C1), mainly depending on metabolic pathways, occupies most of CMS2 (91%), CMS3 (77%) and CMS4 (77%). CMS2 and the IFN-γ–dominant subtype share a similar immune status, including strong immune activation (higher proportions of activated CD8+ T cells, activated CD4+ T cells, Tregs, dendritic cells, and M1/M2 polarization) as well as the upregulation of immune checkpoints (CTLA-4 and PD-1/PD-L1), which means that these subgroups of CRC patients may benefit more from ICIs treatment. Galon et al. observed that approximately 45% of MSS CRCs and 65% of MSI-H CRCs had a higher Immunoscore, an effective indicator for CRC relapse prediction based on the expression of CD3+ and CD8+ T cells surrounding the tumour, which could achieve a favourable antitumour response, while the rest with a low Immunoscore may be unable to benefit from ICIs treatment (71). Therefore, differences in the immune landscape between MSI-H and non-MSI-H CRC were observed, but high immune heterogeneity also existed in their respective subgroups (Figure 3C).





Right regimens? NAICI strategies in CRC

Several large clinical studies have demonstrated survival advantages of MSI-H/dMMR mCRC treated with ICIs compared with traditional chemotherapy combined with or without ICIs therapy (19, 20, 49). The detection of MSI/MMR status for patients with an initial diagnosis of CRC recommended by the 2021 National Comprehensive Cancer Network (NCCN) guidelines makes the application of ICIs in early CRC possible (72, 73). In addition, the 2022 version of the NCCN guidelines also first recommend single PD-1 blockade (pembrolizumab) or a combination of anti-PD1 (nivolumab) and anti-CTL-4 (ipilimumab) as an alternative treatment for potentially resectable MSI-H/dMMR mCRC during the preoperative stage and MSI-H/dMMR cT4b colon cancer (74, 75). In terms of MSI-H/dMMR LACRC, several finished or ongoing clinical trials have explored the treatment efficacy of NAICI, and favourable outcomes have been achieved in some of these studies. MSS/pMMR CRC, accounting for approximately 85% of all CRC, benefit little from ICIs, which is a challenge for clinicians. Fortunately, the combination of ICIs and chemoradiotherapy has been widely applied in the neoadjuvant setting in recent clinical trials and has significantly improved tumour regression. Here, we summarize the clinical trials on the application of ICIs in the neoadjuvant treatment of CRC patients (Table 1).


Table 1 | Reported studies involving neoadjuvant immunotherapy trials in CRC.



Due to the special clinicopathological and molecular biological features of MSI-H/dMMR CRC, the early-stage patients of these subgroups could not benefit from adjuvant chemotherapy. The phase II clinical trial NICHE (NCT03026140) adopted the combination of nivolumab and ipilimumab as the neoadjuvant regimen to explore the NAICI treatment efficacy (21). The short-term outcomes showed that all of the dMMR status patients achieved a pathological response with tolerable adverse effects. This study preliminarily proves that nonmetastatic colon cancer patients could benefit from NAICI and indicates that NAICI has become more acceptable and has a potentially wide application in CRC, especially for those with dMMR status. A recent updated oral report of this study showed that the pCR rate increased to 69%, and the NICHE-2 study with a single arm also showed a similar pCR rate (67%) (80, 81). The NICOLE study (NCT04123925) investigated the treatment efficacy of single ICIs before surgery in early-stage colon cancer without detecting MMR status (82). The results showed that all patients underwent radical resection without delay. The outcomes of the two studies suggest that NAICI treatment with a combination of anti-PD-1 and anti-CTL-4 agents seems to achieve better tumour regression than the application of a single anti-PD-1 agent. In terms of survival, only the NICHE study reported that no recurrence occurred in dMMR colon cancer patients with a median follow-up of 32 months, while 6% patients with pMMR status suffered from relapse with a median follow-up of 28 months. The long-term survival results of these clinical trials are expected.

In LARC, several studies have investigated whether adding ICIs before surgery to the standard neoadjuvant treatment model could further improve the tumour regression rate. In the VOLTAGE-A study (NCT02948348), nivolumab consolidation treatment were added between the period of standard NACRT and radical surgery in LARC patients with MSS or MSI-H status (22). Thirty percent (11/37) and 60% (3/5) of LARC patients with MSS status and MSI-H status, respectively, achieved pCR. Immune-related adverse effects were tolerable, and no treatment-related deaths occurred. This study pioneered the use of NAICIs in the traditional standard neoadjuvant treatment of LARC. The PANDORA study (NCT04083365) added durvalumab NAICI consolidation immunotherapy in the traditional neoadjuvant treatment strategy of LARC, and the pCR rate reached 32.7% (18/55) (85). However, the improved pCR rate of this clinical trial does not seem to exceed that of the TIMING trial, where the pCR rate increased to 38% in the MSS status subgroup (26). Then, NSABP FR-2 (NCT03102047) study added a NAICI treatment regimen with durvalumab between NACRT and surgery, and the outcomes of this clinical trial obtained a pCR of 22.2% and a cCR of 31.1% in MSS rectal cancer patients (84). BFH-NCRTPD (NCT04911517) reached a similar CR rate of 58.3% with a small sample. Tislelizumab were added during NACRT and before operation in this study (78). The TNT treatment model significantly improves the tumour regression rate with tolerable advances in LARC. Therefore, this kind of treatment model also serves as a good platform for NAICI treatment research in CRC. Similar to the different timings of chemotherapy intervention in TNT, various NAICI application models also exist in different clinical trials. In the PKUCH 04 study (NCT04340401),.7 (33.3%) achieved pCR among 21 patients who underwent surgery, and 4 obtained cCR or near cCR among those who chose the “watch and wait” strategy (86). No severe adverse events were observed. A study by Li et al. retrospectively analysed the pCR rate in pMMR/MSS LARC patients treated with a combination of TNT and ICIs (89). The results showed that 6 patients achieved pCR (30%) among the 20 patients who underwent surgery, and 3 patients achieved cCR among the 4 patients who refused to undergo surgery. Nine patients with pCR or cCR suffered from mild chemoradiotherapy and immune-related adverse effects, and no severe adverse effects were observed in any of these patients. Another retrospective study with a similar TNT treatment model without adding ICIs in the same patient group also reported a pCR rate of 29%, which suggests that this kind of ICIs intervention model seems to provide an additional therapeutic benefits (90). Two phase II studies, AVANA (NCT03854799) and NRG-GI002 (NCT02921256), investigated tumour regression when single ICIs were added concurrently with NACRT in LARC (76, 83). The TNT treatment model was applied in both clinical trials. In the AVANA study, a total of 23% (22/96) of patients achieved pCR, and 61.5% (59/96) of patients obtained an MPR. Another randomized controlled study, NRG-GI002, adopted a similar concurrent NAICI application model for stage II-III rectal cancer patients with high risk in the experimental group. However, no significant difference in the pCR rate was observed between the experimental group (31.9%) and the control group (29.4%) without pembrolizumab treatment.

All of the clinical trials in LARC above suggest that the pCR rate was not significantly improved when an NAICI was added to the TNT model. A potential reason is that long-term neoadjuvant radiotherapy damages the local immune system, limiting the immune response and reducing the additional efficacy of immunotherapy besides the prolonged surgical interval. Short-term neoadjuvant radiotherapy reduces impaired immune function and has noninferior treatment efficacy compared with long-term regimens in LARC according to the STELLAR and RAPIDO trials (16, 31). A study by Zhang et al. (NCT04231552) explored the treatment model of short-term neoadjuvant radiotherapy (5×5 Gy) followed by chemotherapy and ICI treatment in LARC patients (88). pCR rate was significantly increased to 46%. The interval between neoadjuvant treatment and surgery was greatly decreased, and no severe immune-related adverse events were observed. The AVERECTAL study also applied short-term neoadjuvant radiotherapy and increased the cycles of mFOLFOX6 and ICI before surgery in LARC patients (77). The pCR rate in this study significantly improved to 37.5% compared with 16% in the previous control group. A recent oral report of TORCH (NCT04518280), in which short-course neoadjuvant radiotherapy was administered, also showed an amazingly high CR rate (CR rate: 81.8%, 9/11; pCR rate: 77.8%, 7/9) in MSS LARC (87). The short-term neoadjuvant radiotherapy model seems to have a higher probability of achieving pCR in LARC when combined with an NAICI. The ongoing PRIME-PR (NCT04621370) study is directly comparing the tumour regression difference between short-term and long-term neoadjuvant radiotherapy in the TNT treatment model with NAICI in LARC (91). The TORCH (NCT04518280) study is further investigating the optimal intervention timing of NAICI and neoadjuvant chemotherapy administration for short-term neoadjuvant radiotherapy in the same population (92). Additionally, the REGINA study (NCT04503694) explored the therapeutic effect of the combination of nivolumab and regorafenib when administered before and after standard preoperative short-course radiation therapy in LARC (79). A recent study (NCT04165772) demonstrated that NAICI therapy with single dostarlimab, a PD-1 inhibitor, followed by radiotherapy without chemotherapy also achieved favourable tumour regression in dMMR stage II-III LARC (93). A total of 12 patients were enrolled, and all these patients achieved cCR. These completed or ongoing studies are currently in clinical phase II with limited examples, and the results of these studies are worthy of reflection and expectation. More large-size clinical trials with optimized treatment strategies are warranted. These currently recruiting studies are summarized in Table 2.


Table 2 | Ongoing perspective studies involving neoadjuvant immunotherapy trials in resectable CRC.







Right patients? Potential biomarkers in NAICI

Currently, MSI/MMR status detection has been widely used for selecting potential patients who could benefit from immunotherapy in CRC and other solid tumours. A higher percentage of MSI-H/dMMR status subgroup patients benefited in terms of better tumour regression with NAICI treatment in the NICHE study and longer survival with first-line ICI treatment in the KEYNOTE-177 study (20, 21). MSI/MMR status seems to be an effective biomarker for predicting the response to immunotherapy, but only approximately 10% of localized CRCs and approximately 5% of mCRCs have MSI-H/dMMR status, and a few of MSS/pMMR CRC patients were also reported to benefit from ICI treatment (98, 99). Therefore, more precise and reliable predictors need to be identified. TMB, a biomarker measuring the somatic mutations per coding area of a tumour genome, may serve as a supplementary immunotherapy predictor in MSS/pMMR CRC (100). Similar to MSI-H/dMMR CRC, which have a 20 times higher mutation burden than non-MSI-H/pMMR CRC, a higher TMB is associated with a greater number of neoantigens produced and presented, enhancing immunogenicity and improving immunotherapeutic efficacy (101, 102). KEYNOTE-158 showed that the higher TMB subgroup shares a similar objective response rate regardless of MSI status in solid tumours (103). Then, two clinical trials preliminarily confirmed the treatment efficacy predictive value of TMB in CRC patients with MSS status who received immunotherapy (104, 105). TMB was detected in tumour tissue in the REGONIVO study, and a higher objective response rate (50% vs. 35.3%) and better median progression-free survival (12.5 vs. 7.9 months) were observed in the higher TMB group. Another CCTG CO.26 study also showed a better OS in CRC patients with TMB ≥ 28, in which plasma TMB was analysed with cfDNA in blood samples. Another tumor neoantigents related biomarker was POLE/POLD 1. Mutations in the POLE exonuclease domain disturbs the function of proofreading exonuclease activity required to replicate DNA with high fidelity and cause a high mutation burden in somatic cells (106). Most POLE-mutated CRCs have MSS or MSI-L statuses, while increased CD8+ T-cell infiltration, higher expression of T lymphocyte markers and effector cytokines, and upregulation of PD-1, PD-L1, and CTLA-4 could also be observed in these POLE-mutated CRCs (107, 108). Given that POLE-mutated CRCs have similar immune features to their MSI-H status counterparts, the application of immunotherapy deserves exploration, and therapeutic efficacy warrants investigation in POLE-mutated CRC.

Recently, B2M mutations were also found to be associated with clinical response in CRC patients treated with anti-PD-1 therapy. These mutations disturbed MHC class I antigen presentation, reduced T-cell activation, and contributed to immune escape. Different forms of B2M mutations showed the opposite prediction value in CRC. Primary B2M mutations were more frequently observed in MMR-deficient CRC, and complete B2M loss has a significant association with less recurrence and metastasis in CRC (109). However, acquired B2M mutations were reported to result in resistance to ICIs (65). Theoretically, PD-L1 expression could serve as a good clinical response predictor for tumours treated with anti-PD-1 therapy. The predictive value of PD-L1 expression has been confirmed in non-small cell lung cancer and gastric cancer, and PD-L1 detection with immunohistochemical staining has been widely used to guide the application of ICIs treatment in these tumours (110, 111). However, PD-L1 expression did not seem to be associated with prognosis in CRC patients (19, 49). Both of the two genes participate in the stimulation of immune effector cells, and the unusual prognostic role of the two genes in CRC treated with anti-PD1 therapy warrants further elucidation of the potential mechanism.

A previous study demonstrated that a higher density of tumour-infiltrating lymphocytes (TILs), especially CD8-positive T cells, surrounding CRC tumours was significantly associated with a better ICIs treatment response (112). In the NICHE study, CD8-positive T-cell infiltration (TCI) and CD8-positive PD-1-positive TCI were found to be higher in dMMR status colon cancer than that in its pMMR counterpart. Further molecular and immunophenotypic analyses revealed that CD8-positive PD-1-positive TCI could predict the ICIs treatment response in pMMR colon cancer and was considered an effective predictor for ICIs therapy (21). In addition to CD8-positive TCI, the density of CD3-positive T cells was also found to be a more favourable prognostic biomarker in CRC than common histopathological prognostic factors (43). The Immunoscore was proposed as a standardized method to assess the density of both intra- and extratumoral CD3-positive T cells and CD8-positive T cells in colon cancer (44). Its favourable prognostic predictive value has been validated in 3539 patients with stage I-III colon cancer from 14 expert centres in 13 countries. Further validation of the Immunoscore in CRC is ongoing in a multicentre clinical trial (NCT01688232). Another phase II study (NCT04262687) evaluated the treatment efficacy of a chemotherapy regimen of XELOX (xeloda and oxaliplatin) and bevacizumab combined with pembrolizumab in unresectable mCRC patients with an MSS status and a higher level of immune infiltration. More precise and reliable predictive biomarkers need to be identified to select potential patients who could benefit from ICIs treatment.





Right directions? Pitfalls and promise of NAICI in CRC

The current outcomes reported from completed or ongoing clinical trials have revealed that tumour regression benefits from the application of NAICI in locally advanced CRC, but the optimal timing and strategies of immunotherapy remain unknown, and beneficiary identification needs further exploration. Additionally, several concerns regarding ICIs treatment should not be ignored. One concern is that early progression of disease during the period of neoadjuvant treatment due to drug resistance may result in CRC patients losing their best surgical chances. As shown in the results of the PANDORA study, local and/or metastatic tumour progression occurred in 3 patients before surgery (85). The potential mechanisms of ICIs treatment resistance are complicated. Grasso et al. investigated the potential immune escape mechanisms in MSI-H/dMMR CRC patients (113). They found that genetic alterations influenced the multiple steps of immune activation. Changes in the WNT signalling pathway impaired immune recognition. Genetic alterations, including a biallelic loss of β2 microglobulin (β2M), an MHC class I component, and single-copy loss events in HLA molecules lead to antigen presentation defects. Alterations in immune response–related genes involved in T-cell reactions, B-cell differentiation and NK cell activity contributed to weakened immune function. These potential immune pathway changes may cause immune tolerance and intrinsic resistance to ICIs treatment. Among these various mechanisms, IFN-γ signalling was found to play a key role in immunotherapy resistance. IFN-γ signalling initiated by T cells could induce PD-L1 expression through JAK-STAT signalling and interfere with the combination of CTLA-4 and the costimulatory molecule B7. Melanoma patients with JAK-STAT signalling-related gene mutations experienced tumour recurrence after responding to anti-PD-1 therapy (114). IFN-γ signalling-related gene mutations caused a nonresponse to anti-CTLA-4 treatment (115).

Another concern is the immune-related adverse events (irAEs) that occur during NAICI treatment in CRC. Severe irAEs prolong the interval between neoadjuvant treatment and surgery, increase the possibility of potential distant metastasis, and even cause mortality. Theoretically, patients who receive NAICI treatment may be more vulnerable to severe irAEs due to the more functional immune system compared with late cancer. Colitis is the most common irAE in patients treated with ipilimumab monotherapy, while hypothyroidism, rash, and diarrhoea are more commonly observed in patients treated with nivolumab and pembrolizumab (116). A retrospective study by Han et al. reported that 58.3% of dMMR CRC patients were treated with anti-PD1 neoadjuvant monotherapy, including pembrolizumab or nivolumab, and 16.7% of these patients experienced grade 3-4 irAEs (117). A combination of anti-PD1 and anti-CTL-4 immune drugs was applied in the NICHE study; 13% of patients suffered from grade 3-4 immune treatment-related toxicity, and none of the patients delayed radical resection (21). In a study by Zhang et al., camrelizumab (anti-PD-1) and chemotherapy were applied after short-course radiotherapy, and no grade 3-4 irAEs were observed (77). Outcomes of these small sample clinical trials showed that severe irAEs, mainly colitis, that occurred during NAICI treatment in CRC were uncommon and manageable and did not affect the timing of surgery. However, the number of patients enrolled in these studies was limited, and potential irAEs still warrant full and serious consideration in daily practice.

Except for these pitfalls, the application of NAICI therapy further improves the possibility of organ preservation (OP) in LARC patients. For patients who achieve cCR after neoadjuvant treatment, whether rectal resection should be performed is controversial. Harba-Gamal et al. first proposed the watch and wait (W&W) strategy in 2004 (13). They advised carrying out close follow-up rather than performing total mesorectal excision for these cCR LARC patients. This strategy preserves functional issues and avoids the complications of surgery, including anal dysfunction and sexual dysfunction, which improves the quality of life of these patients. A secondary analysis of the OPRA clinical trial analysed the differences in survival and OP rates among LARC patients who achieved cCR, near complete response (nCR), or incomplete clinical response (iCR) after TNT treatment (118). cCR and nCR patients were assigned to the W&W strategy, while iCR patients were recommended to undergo total mesorectal excision. The outcome of this analysis demonstrated that the 3-year OP rates in cCR and nCR patients were 79% and 52%, respectively, and the 3-year DFS in the iCR group was lower than that in the other two groups. However, no significant difference in the 3-year OS was observed among these three subgroups. They recommended the W&W strategy as a feasible treatment model for LARC patients who achieved cCR or nCR after neoadjuvant therapy. Long-lasting benefits have been observed in several cancers if favourable immunotherapy efficacy was obtained from initial immune treatment (80, 119, 120). Maintenance immunotherapy may further improve the long-term OP and DFS rates in LARC patients who achieved cCR or nCR after NAICI therapy, especially for those in the MSI-H/dMMR subgroup. Further large sample size preclinical validation studies are warranted.






Future prospects

The optimal intervention timing of immunotherapy, ideal duration of ICIs, appropriate dose of immune drugs, and combination strategy of ICIs and cytotoxic agents before surgery are unknown now. A large number of early exploratory clinical trials are ongoing. The treatment model of short-course radiotherapy followed by 4-5 cycles of anti-PD1 therapy combined with fluorouracil- or its derivative-based chemotherapy before surgery in CRC seems to be more ideal according to reports to date. Screening of beneficiaries of immunotherapy remains based on the MSI/MMR status, while some MSI-H/dMMR CRC patients could not benefit from ICIs treatment, and some MSS/pMMR patients could achieve a good clinical response from immunotherapy. Therefore, response-associated genetic signatures covering neoantigen load, immune system response to tumour or antigen load and any defects in reaction initiation should be established (42). Pathological alterations, TME changes and potential mechanisms of ICIs resistance could be deeply investigated with residual viable tumour tissues obtained after NAICI therapy by surgical resection. Single-cell analysis of these tumour specimens could reveal immune evasion mechanisms from multiple dimensions. Findings from such studies may convert immunologically “cold” tumours to “hot” tumours and lead to the development of new treatment combinations to improve ICIs treatment efficacy. Robust biomarker identification will also reduce the risk of patients suffering from severe irAEs. Additionally, a higher level of tumour antigen-specific circulating T cells induced by NAICI could develop a long-lasting effector-memory T-cell pool (25, 121, 122). This finding may provide a potential survival benefit for patients treated with NAICI who achieved cCR or nCR if maintenance immunotherapy was administered without surgery.





Conclusion

The application of neoadjuvant therapy in CRC downsizes the tumours preoperatively and improves local and systemic control of the disease, but no significant OS benefit was observed in previous clinical trials (36–38). Favourable outcomes were obtained in dMMR mCRC patients from treatment with pembrolizumab monotherapy as first-line therapy. The administration of ICIs was pioneered in LACRC in the neoadjuvant setting, which yielded impressive results especially in MSI-H/dMMR patients (20). Possible reason is due to the enhanced T-cell activation when a more functional immune system encountered more antigenic exposure before operation. However, optimum NAICI treatment regimen establishment and effective biomarker identification for beneficiary screening need further exploration. In summary, greater cooperation between clinicians and tumour immunologists contributes to a deeper understanding of the mechanisms of action of ICIs and to the development of robust theoretical foundations for the improvement of ICIs treatment efficacy in cancers.
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Inroduction

Anti-CD40 agonistic antibody (αCD40), an activator of dendritic cells (DC) can enhance antigen presentation and activate cytotoxic T-cells against poorly immunogenic tumors. However, cancer immunotherapy trials also suggest that αCD40 is only moderately effective in patients, falling short of achieving clinical success. Identifying factors that decrease αCD40 immune-stimulating effects can aid the translation of this agent to clinical reality.





Method/Results

Here, we reveal that β-adrenergic signaling on DCs directly interferes with αCD40 efficacy in immunologically cold head and neck tumor model. We discovered that β-2 adrenergic receptor (β2AR) activation rewires CD40 signaling in DCs by directly inhibiting the phosphorylation of IκBα and indirectly by upregulating levels of phosphorylated-cAMP response element-binding protein (pCREB). Importantly, the addition of propranolol, a pan β-Blocker reprograms the CD40 pathways, inducing superior tumor regressions, increased infiltration of cytotoxic T-cells, and a reduced burden of regulatory T-cells in tumors compared to monotherapy.





Conclusion

Our study highlights an important mechanistic link between stress-induced β2AR signaling and reduced αCD40 efficacy in cold tumors, providing a new combinatorial approach to improve clinical outcomes in patients.
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1 Introduction

The unique ability of dendritic cells (DCs) to cross-present antigens to CD8+ T-cells makes them the most potent antigen-presenting cells (APCs) in anti-tumor immunity cascade. This is highly promising, but DCs with dysregulated CD receptor signaling fail to respond significantly to tumor antigens, resulting in poor antigen presentation and T-cell mediated tumor clearance. To overcome this challenge, the use of anti-CD40 agonistic antibody (αCD40), an activator of APCs has grown with the goal of enhancing the proportions of functional/activated DCs and subsequent activation of cytotoxic T-cells (1, 2). However, immunologically cold tumors can generate redundant immune evasive mechanisms to inhibit αCD40 immune activation by released tumor antigens, and clinical trials have shown that this approach is moderately effective as a monotherapy (3). Also, αCD40’s short circulatory half-life and toxicity can further limit its clinical utility (4–6). Thus, therapeutic approaches that increase sensitivity to αCD40 immunotherapy and thereby reduce the required treatment doses are needed to improve outcomes in patients with cold tumors. Herein, we aimed to dissect the role of β2-adrenergic signaling in αCD40 treatment, thereby providing a mechanistic and pharmacological basis to improve outcomes in clinical settings.

Adrenergic signaling mediated stress and anti-tumor immunity are intricately linked and demonstrate an inverse relationship. The sympathetic nervous system is closely associated with the body’s immune system since both primary and secondary lymphoid organs are permeated by post-ganglionic sympathetic neurons (7). The neurotransmitters (norepinephrine or NE) released from adrenergic neurons during stress can bind to the β2-adrenergic receptor (β2AR) present on tumor cell membranes. This binding activates anti-apoptotic pathways via adenylyl cyclase to induce rapid tumor growth rates, metastasis, chemo- and radio-resistance (8–11). The released NE also engages with macrophages, DCs, or T-cells to enhance macrophage polarization from M1 to M2 type, increases the production of anti-inflammatory cytokines, and reduces the proliferative capacities of cytotoxic T-cells (8, 12). Several studies have already demonstrated that β-ARs expressed on DCs decline pro-inflammatory cytokine secretion (13–16), antigen uptake (17), antigen presentation (18, 19), and migration capabilities (15, 20). What is not known is how the complementary activation mechanisms of αCD40 and β2AR influence DC effector functions, and whether targeting these signaling pathways concurrently would translate into superior tumor control relative to monotherapies.

Among the β2AR inhibitors, Propranolol, an FDA approved Pan-Beta blocker has been shown to improve outcomes of radiation (21), Immune checkpoint inhibitors (ICI) (22–24) & chemotherapies (25) in pre-clinical tumor models. Mechanistically, propranolol remodels tumor microenvironment by increasing the infiltration of effector CD8+ T-cells and declining suppressor cell populations. Propranolol hydrochloride is also being investigated in clinical trials as supportive therapy for prostate cancer (26) and stage IIIC-IV melanoma, and as part of combinatorial regimens of recurrent or metastatic urothelial cancer with anti-PD1 ICI (27), and radiation therapy for esophageal cancer (28). Based on these promising features, the aims of this study were two-fold. First, we assessed the implications of β-adrenergic signaling on DCs activation and maturation mediated by αCD40. Next, we evaluated the ability of propranolol to improve local αCD40 in-situ immunotherapy of poorly immunogenic head and neck tumors (MOC2). In-situ therapies utilize direct injection of immunostimulatory reagents into tumors to disrupt local immunosuppression, thereby reducing the dosage and associated toxicities. Our data shows that blocking β2AR can enhance the in-situ αCD40 efficacy against the MOC2 tumor model at suboptimal doses, thereby providing a translation basis of this approach for clinical use.




2 Materials

RPMI media (11875093), DMEM (11965092), Fetal bovine serum, FBS (10082147), Penicillin-Streptomycin, PenStrep (15140122), PBS (10010023), Collagenase IV (17104019), Pierce BCA Protein Assay (23228) were procured from ThermoFisher/Gibco, Waltham, MA, USA. Murine GM-CSF (315–03) was purchased from PeproTech, Cranbury, NJ, USA. Isoproterenol-HCL (16504), BSA (A7030) was purchased from MiliporeSigma, St. Louis, MO, USA. αCD40 (FGk45) from BioXcell West lebanon, NH. APC-Cy7 anti-CD45 (557659), Pe-Cy7 anti-CD45 (552848), BB515 anti-MHC-II (565254), BV421 anti-CD40 (562846) were purchased from BD Biosciences, San Jose, CA, USA. PerCP anti-CD3 (100326), BV785 anti-CD4 (100453), PE-Cy7 anti-CD8 (100722), APC-Cy7 anti-CD11c (117324), FITC anti-MHC-II (107605), PE anti-CD86 (105008), and ELISA MAX™ Deluxe Set Mouse IL-6 (431304), IL1b (432604) and IL-12 (433604) was procured from BioLegend, San Diego, CA, USA. TRIzol Reagent (15596026), PE anti-GranzymeB (12–8898–82), AF488 anti-FOXP3 (53–5773–82), unconjugated GAPDH (AM4300) antibody and MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) (M6494) were purchased from Invitrogen, Waltham, MA, USA. Unconjugated Phospho-IkBα (2859S), Phospho-CREB (9198S), IkBα (4814T) and CREB (9197T) antibodies were purchased from Cell Signaling Technology, Inc. Danvers, MA, USA. iScript™ gDNA Clear cDNA Synthesis Kit (1725034), iTaq Universal SYBR Green Supermix (1725124) was purchased from Bio-Rad, Hercules, CA, USA. IL-6, IL-1b, IL-10, and GAPDH primers were ordered from IDT, Coralville, IA, USA. The Quantikine™ Mouse IL-10 (M1000B) immunoassay was procured from R&D Systems, Inc., Minneapolis, MN, USA. Mouse OSCC (MOC2) cell line (EWL002-FP) was purchased from Kerafast, Boston, MA, USA.




3 Methods



3.1 Generation of tumor cell lysate, and bone marrow-derived Dendritic cells (BMDCs) for cytotoxicity and signaling studies

The lysate was generated by sonicating 10,000 MOC2 cells using Branson Sonifier 450 and centrifuging the lysate to harvest whole or partially lysed cells. The protein content of the whole lysate was determined using a BCA assay kit.

Female mice aged 8-12 weeks were utilized to generate bone marrow-derived DCs (BMDCs) through culturing of the harvested marrow cells with RPMI media that was enriched with FBS, Penicillin-Streptomycin, and GM-CSF. On the 5th day, the BMDCs were harvested, and their CD11c expression was confirmed using flow cytometry (≥80% CD11c+) and these cells were used for subsequent experiments as described in Figure 1. Briefly, the BMDCs were divided into two groups: naïve BMDCs (nDCs, untreated with tumor cell lysate) and induced DCs (iDCs, treated with tumor cell lysate). 25,000 BMDCs were treated with 1μM Isoproterenol (non-selective β2AR agonist, ISO), 10μg/ml αCD40 or 100 μg/ml tumor cells lysate and incubated for 48h in RPMI with 100ng/ml GM-CSF to assess cytotoxicity using the MTT assay (following manufacturer’s protocol), and for other mechanistic assays as described in following sections. For co-treatments, BMDCs were pretreated with 1μM ISO for 1h before being subjected to αCD40 or tumor cell lysate and incubated for 48h.




Figure 1 | A schematic representation of the in-vitro BMDC isolation and treatment plan is shown. Bone marrow cells derived from C57BL/6 female mice were cultured in DC conditioning media and the expression of CD11c was confirmed after 5 days of culture. BMDCs with ≥80% CD11c expression were categorized as naïve (nDCs) or induced DCs (iDCs) based on exposure to MOC2 tumor cell lysate. The cells were then treated with 1 μM ISO (a β2AR agonist) and 10 μg/ml αCD40 (a CD40 agonist) for 48 hours before analysis. Schematic created with BioRender.com.






3.2 In-vitro and in-vivo immune cell analysis using flow cytometry

Briefly, iDCs and nDCs were washed with cold FACS buffer (PBS + 2% FBS) and stained for 30mins on ice in dark for CD11c, MHC-II, CD86 & CD40. Cells were washed twice with cold FACS buffer before acquisition on BD™ LSRII instrument. For in-vivo studies, MOC2 tumor samples from mice were cut into ~1cm pieces and digested with 200 U/ml Collagenase IV solution. Digested tumors were passed through 70 μm cell strainers and incubated in RBC lysis buffer (Invitrogen) for 10min. Single-cell suspensions were washed with cold FACS buffers and stained for 30mins on ice in dark. Data was analyzed using Flowjo software v.10.8.1 (Treestar Inc., Ashland, OR, USA) and cells were gated as follows- CD45+ CD3+ (Total T-cells), CD45+ CD3+ CD4+ CD8- (TH, CD4+ T helper cells), CD45+ CD3+ CD8- CD4+ FOXP3+ (Treg, Regulatory T-cells), CD45+ CD3+ CD4- CD8+ (TC, CD8+ T-cells), CD45+ CD3+ CD4- CD8+ GZMB+ (Effector cytotoxic T-cells), CD45+ CD11c+ (DC, Dendritic cells), CD45+ CD11c+ MHC-II+ CD86+ (Activated DCs), CD45+ CD11c+ MHC-II+ CD40+ (Matured DCs). Channel gating (Figure S1) and compensations were done using unstained cells, single-stained cells, and appropriate FMOs.




3.3 RT-qPCR analysis for cytokine gene expression in nDC and iDCs

RNA was extracted from treated and untreated nDCs and iDCs using TRIzol reagent followed by DNase treatment. cDNA was prepared from 1μg of total RNA using cDNA synthesis kit following manufacturer protocol. SYBR green based real-time analysis was done to detect the expression of IL-1β, IL-6 & IL-10 genes using GAPDH as a housekeeping gene. PCR mixture contained 1μl cDNA, 10μl SYBR green master mix (2X), and 100nM of each reverse and forward primer in a total volume of 20μl. PCR was run using settings of 95°C for 15s and 60°C for 60s for 35 cycles, on 7500 Fast Real-Time PCR system, Applied Biosystem. ΔCT for the gene target was calculated by subtracting GAPDH CT values for each replicate and represented as 2^ΔCT in the bar graph. Primer sequences are given in Table 1.


Table 1 | Mouse primer sequences used for RT-PCR.






3.4 Western blot analysis of NFκB pathway targets and quantification of released cytokine

nDC and iDC were lysed and the total protein amount was estimated using BCA assay. An equal amount of cell lysate (30μg) was loaded on SDS-PAGE (BioRad, MiniPROTEAN Tetra System), and transferred to NC membrane (BioRad Trans-Blot Turbo) for 30min run at a constant voltage of 25V. Blots were blocked using 3% BSA solution for 1h at RT and stained with anti-pIkBα, anti-IkBα, anti-pCREB, and anti-CREB antibodies overnight at 4°C. Blots were washed in TBST buffer before incubating with appropriate secondary antibodies for 1h at RT, and imaged using BioRad, ChemiDoc™ MP Imaging System. Blots were stripped using mild stripping buffer (Glycine, pH2) and re-stained with anti-GAPDH antibody for 1h at RT following the above-mentioned procedure. To create intensity graphs, the intensities of pIkBα, IkBα, pCREB1, CREB, and GAPDH bands were measured using ImageJ software. The background intensities were subtracted from each blot. The intensities of pIkBα, IkBα, pCREB, or CREB were then normalized by dividing them with the GAPDH band intensities and represented as ratios of the phosphorylated to unphosphorylated IkBα or CREB on a bar graph. Data were analyzed using 2 independent BMDC experiments. ELISA was also performed to quantify the released cytokines, IL-6, IL-1β, IL-10 & IL-12, in 50μl of iDC culture supernatants following the manufacturer’s protocol.




3.5 MOC2 in-vivo study design

All animal associated procedures were approved by Oklahoma State University Animal Care and Use Committee. For tumor inoculation, MOC2 cells (purchased from Kerafast, Boston, MA, USA) cultured in DMEM media supplemented with 10% v/v FBS & 100U/ml PenStrep, harvested at 70-80% confluency were washed with sterile cold PBS before inoculations. 8-weeks old C57BL/6 female mice were injected subcutaneously with 1.5 X 105 MOC2 cells in the flank region. Propranolol-HCl (10 mg/kg B.W.) resuspended in sterile PBS was injected subcutaneously from day 5 onwards daily until mice euthanasia. Tumor volumes were measured daily using a caliper (3-in Digital caliper, UltraTECH) and calculated using the formula (L*W*W)/2. Once tumors reached an average volume of ~50 mm3, 30 μg of αCD40 antibody was injected intratumorally. Two doses were given 8 days apart, and mice were euthanized 4-wk post-inoculation. Tumors were harvested for immune cell analysis using flow cytometry.




3.6 Statistical analysis

All analyses were performed using Prism v.9.4.0 software (GraphPad Software Inc. La Jolla, CA, USA). Treatment groups were compared using Two-tailed Unpaired T-tests. For group analysis with multiple variables, One-way ANOVA with either Tukey or Bonferroni multiple comparison test, and Two-way ANOVA were used as applicable. P values less than 0.05 was considered significant and represented as * P <0.05, ** P <0.005, *** P <0.0005, **** P <0.0001.





4 Results



4.1 β2AR signaling reduced the surface expression of co-stimulatory molecules on nDCs and iDCs.

β2AR agonist treated nDCs showed significantly reduced CD11c+ expression and viability (~40%) relative to untreated control, but these effects were not observed upon exposure to MOC2 tumor lysates in iDCs (Figures 2A–C). Also, the MHC-II, CD86 & CD40 expressions significantly decreased in both nDCs and iDCs with ISO (Figures 2B, C, E & Figure S2), but the average fold decrease was more pronounced in iDCs compared to nDCs (~MHC-II [83% vs 74%], CD86 [70% vs 53%] & CD40 [80% vs 24.1%]; Figure 2D).




Figure 2 | The impact of ISO (1µM) treatment on the viability and surface expression of co-stimulatory molecules on CD11c+ expressing naïve DC (nDCs) and tumor lysate induced DCs (iDCs) was evaluated after 48 hours. (A) ISO reduced nDCs viability, while having no effect on iDCs. (B, C) Both nDCs and iDCs treated with ISO showed significant decreases in surface expression of co-stimulatory molecules, MHC-II+, CD86+ and CD40+. (D) iDCs exposed to ISO showed a higher decrease in MHC-II, CD86 and CD40 surface expression compared to nDCs. The fold change was calculated by comparing the ISO treated population to the respective control (untreated nDCs or lysate-only treated iDCs) using the formula [(ISO treated population/Control population)-1]. (E) The results are demonstrated by representative contour plots of MHC-II+, CD86+ and CD40+ cell populations, showing the intensity of ISO treated nDCs and iDCs overlaid with their respective controls. Statistical analysis was carried out using unpaired t-test, One-way ANOVA & Two-way ANOVA tests where applicable. P values less than 0.05 were considered significant. * P <0.05, ** P <0.005, *** P <0.0005, **** P <0.0001.






4.2 β2AR signaling reduced αCD40 priming abilities of nDCs and iDCs.

Unlike iDCs, nDCs that were co-treated with αCD40 and ISO showed significantly reduced cell viability compared to αCD40 alone (Figure 3A). Additionally, although the MHC-II and CD86 expression on CD11c+ cells and percentage of CD40+ cell modified similarly for nDCs and iDCs (Figure 3B, C & Figure S2), however, the MFI of CD40 expression on iDC was significantly reduced relative to nDC (Figure S2), indicating an overall decline in the αCD40 mediated priming of iDCs following β2AR activation (Figures 3D, E).




Figure 3 | Viability & frequencies of MHC-II+, CD86+ & CD40+ nDCs and iDCs exposed to 10 µg/ml αCD40 and 1µM ISO for 48h. (A) A significant decrease in the viability of αCD40 treated nDCs with ISO treatment was observed in absence of tumor lysate stimulation. (B, C). The population of MHC-II+ and CD86+ nDC and iDC was reduced with ISO and αCD40 co-treatment, however, CD40+ population remain unchanged in nDCs but reduced in iDCs. (D) Decrease in the surface expression of co-stimulatory molecules was significantly higher in αCD40-treated iDCs compared to nDCs. Fold change in a cell population with ISO treatment was calculated using αCD40 only treated nDCs and iDCs as control and using the formula: [(ISO treated population/Control population)-1]. (E) The results are demonstrated by representative contour plots of MHC-II+, CD86+ and CD40+ cell populations, showing the intensity of ISO treated nDCs and iDCs overlaid with their respective αCD40 treatment controls. Statistical analysis was carried out using unpaired T-test, One-way ANOVA & Two-way ANOVA tests where applicable. P values less than 0.05 were considered significant. *** P <0.0005, **** P <0.0001.






4.3 β2AR signaling reengineered CD40 signaling by inhibiting phosphorylation of IκBα subunit of the Ikk complex to alter cytokine production.

The activator of NFkB1 & NFkB2 complexes, i.e. IKK complex, was analyzed by targeting phosphorylated IkBα (pIkBα, Ser32) using western blot and represented as the ratio of phosphorylated and unphosphorylated IkBα band intensities. In both nDCs and iDCs, a significant increase in intracellular levels of pIkBα vs IkBα was observed with αCD40 treatment, but pIkBα levels declined significantly with αCD40+ISO cotreatment (~1.5-fold in nDCs and ~4-fold in iDCs). Also, the levels of phosphorylated CREB (pCREB, Ser133) relative to unphosphorylated CREB (CREB) decreased slightly in nDCs with αCD40 treatment, but this phenomenon was more evident in iDCs. The addition of ISO (± αCD40) significantly increased the levels of pCREB in both nDCs and iDCs (Figure 4A). To understand the association of IKK complex activation with cytokines production, the gene expression of IL-1b, IL-6 & IL-10 in iDCs was quantified. Expression of IL-10 decreased, and IL-1b & IL-6 increased in presence of αCD40 in iDCs. In contrast, ISO significantly decreased the expression of IL-1b and IL-6 and increased the expression of IL-10 in αCD40 treated iDCs. (Figure 4B). These were similarly observed in culture supernatant with significant decreases in pro-inflammatory cytokine levels of IL-1β, IL-6, and IL-12 and an increase in anti-inflammatory IL-10 levels in αCD40+ISO treated iDCs relative to αCD40 treated cells (Figure 4C).




Figure 4 | Analysis of Phosphorylated IkBα and CREB levels in nDCs and iDCs treated with ISO (1µM) and αCD40 (10 µg/ml) for 48h. (A) Western blots showed reduced pIkBα levels compared to unphosphorylated IkBα in the presence of ISO in both αCD40 treated nDCs and iDCs. ISO treatment increased pCREB levels in both nDCs and iDCs, with or without αCD40 treatment. The ratio of phosphorylated to unphosphorylated forms is shown as the intensity graphs. Respective GAPDH blots used to normalize the band intensities are shown in Figures S4A, B and the normalized band intensities are summarized in Figure S5C. (B) Gene expression analysis revealed that αCD40+ISO treatment significantly decreased IL-1β & IL-6 levels in iDCs compared to αCD40 treatment alone, and increased IL-10 expression in these cells. The results are expressed as 2^ΔCT with respect to GAPDH levels. (C) The release of IL-1β, IL-6 & IL-10 in the culture supernatant of co-treated iDCs showed a similar trend, with αCD40-mediated increase in released IL-12 significantly declining with ISO treatment. Statistical analysis was carried out using One-way ANOVA. P values less than 0.05 were considered significant. * P <0.05, ** P <0.005, *** P <0.0005, **** P <0.0001.






4.4 αCD40 and propranolol combination achieved superior MOC2 tumor suppression and induction of anti-tumor immunity

Propranolol mediated efficacy of αCD40 in-situ vaccination (ISV) in the MOC2 model was evaluated by comparing tumor growth up to 4 weeks post-inoculation (see Figure 5A schematic). αCD40 and propranolol induced partial to moderate reduction of tumor growth compared to the untreated control, but the combined treatment achieved a significant suppression of tumor growth rates compared to the control (p<0.05; Figure 5B). We also evaluated the percentage of T-cells and their functional counterparts in the tumor. Data showed a significant increase in the frequency of tumor-infiltrating CD45+ CD3+ T-cells in the combination regimen compared to control which was not observed with monotherapies (Figure 5C). Notably, a significantly higher infiltration of CD8+ T-cells in Prop+αCD40 treated tumors (~24%) relative to untreated tumors (9%) and αCD40 (~15%) was noted. A significantly higher numbers of CD8+ T cells vs CD4+ T cells was observed with combination treatment compared to control and Prop alone treated tumors. A non-statistically significant decrease in regulatory T-cells (CD4+ Foxp3+) populations and an increase in cytotoxic T-cells (CD8+ GZMB+) was observed with all therapies compared to control but their ratio demonstrated a significantly higher number of cytotoxic T-cells vs Tregs in αCD40 and Prop+αCD40 groups compared to the untreated control. Further, the addition of Prop enhanced CD45+ CD11c+ cells by 2.5-fold in treated tumors compared to untreated and αCD40 treated tumors (Figure 5D). Additionally, the mean population of MHC-II & CD86 double-positive cells increased from ~11% in untreated tumors to ~13% in αCD40, and ~16% in Prop+αCD40 & Prop alone treatments. Importantly, the MHC-II+ CD40+ double-positive DCs in Prop+αCD40 treated tumors showed the highest enhancement (~3-fold, p<0.05) vs untreated tumors, and Prop and αCD40 monotherapies (~2-fold). (All immune cell population data are presented in Supplementary Table 1.)




Figure 5 | Treatment design of the murine efficacy and immune-evaluation study. (A) Propranolol (10mg/kg of BW) was administered subcutaneously daily 5 days post-inoculation. Two 30 µg αCD40 intratumoral injections were administered at 8 days intervals in the tumor (~50 mm3 volume). Mean tumor volume and anti-tumor immune cells were compared on day 28 post-inoculation (Timeline created with BioRender.com). (B) The combination of Prop+αCD40 demonstrated a significant reduction in tumor volume compared to the control on day 28 post-inoculation, while monotherapies did not show any significant differences. These results suggest that the combination therapy of Prop+αCD40 is more effective in reducing tumor growth compared to either Prop or αCD40 alone. Immune cells infiltrating MOC2 tumors (n=5 mice/group) analyzed by flow cytometry showed superior immunomodulation with Prop+αCD40. (C) Frequencies of CD3+ T-cells, especially CD8+ T-cells infiltrating tumors were enhanced at the highest level by combination treatment vs untreated control and monotherapies. The ratio of cytotoxic T-cells (CD8+ GZMB+) to T regulatory cells (CD4+ Foxp3+) was increased significantly in αCD40 treated groups relative to the control. (D) CD11c+, MHC-II+ CD86+ double positive (gated at CD45+ CD11c+) & MHC-II+ CD40+ double positive (gated at CD45+ CD11c+) dendritic cell frequencies showed significant enhancements in the presence of Prop and αCD40. Statistical analysis was carried out using One-way ANOVA & Two-way ANOVA multiple comparison tests. P values less than 0.05 were considered significant. * P <0.05, ** P <0.005, *** P <0.0005, **** P <0.0001. ns, nonsignificant.







5 Discussion

Prior research has shown that NE-mediated adrenergic receptor activation inhibits the activation, differentiation, and effector functions of T-cells (29–32) and modulates the cytokines and chemokines production from macrophages, monocytes, and DCs (7, 33, 34). β2AR signaling can also polarize macrophages from M1 to M2 type, thereby enhancing anti-inflammatory cytokines like IL-10, IL-4 & IL-13, and decreasing pro-inflammatory cytokines like INFγ, TNFα, IL1β, CCL2, CCL3 and CCL4 to cause tumor progression (35–39). Considering that CD40 pathways mainly impact APCs, the reported roles of β2AR signaling on macrophages and DCs piqued our interest in understanding their ability to modulate their functions and impact therapeutic outcomes. We found that β2AR signaling limits DCs function in the presence of tumor antigens by decreasing the expression of MHC-II, CD86, and CD40.

Our data disagrees with a previous study (40) that showed no effects on MHC-II & CD86 expression in NE and LPS stimulated DCs. We believe that unlike LPS that works via TLR4, DAMPs & PAMPs present in tumor cell lysate can induce DC activations through multiple signaling mechanisms (TLR3, TLR4, RAGE, etc.) on DCs (41, 42), thereby generating dramatic different immunoactivities with β2AR activation vs LPS alone. To demonstrate this, we compared the stimulation of BMDCs with two types of cancer cell lysates (B16F10 melanoma and MOC2 oral squamous carcinoma) to that of LPS treatments. Our results showed that LPS-treated BMDCs did not exhibit any changes in MHC-2 and CD86 surface expression, while BMDC stimulation with B16F10 and MOC2 tumor cell lysates resulted in differential MHC-2 expression in response to ISO treatment (as shown in Figure S3). While we did not investigate the specific mechanisms behind the differences in MHC-2 and CD86 expression on DCs with the various types of cell lysates, our data still provides strong evidence that the expression of immunomodulatory markers on DCs is dependent on the composition of the ligand/antigen pool.

The use of Pan Beta-blocker like propranolol enhances the efficacy of immunotherapy by blocking β2AR signaling on progenitor and functional immune cells to result in better therapeutic outcomes (22, 27, 31). We looked at the effects of β2AR activation on DCs in presence of αCD40 in BMDCs. β2AR signaling can regulate NFκB pathways by inhibiting phosphorylation of IkBα through enhanced β-Arrestin2 protein production (43, 44). We found that activation of β2AR on αCD40 treated DCs significantly decreased the levels of pIkBα and enhanced the accumulation of unphosphorylated IkBα in cells, thereby suggesting the suppression of DC maturation and CD40-mediated NFκB activation. β2AR signaling has also been shown to activate cAMP/PKA pathways and subsequent CREB phosphorylation. We observed higher levels of pCREB in ISO treated nDCs and iDCs (Figure 4A). Phosphorylated (p) CREB can compete with activated NFκB for the DNA binding sites. Thus, we propose that pCREB may indirectly interfere with αCD40 mediated DC priming (see Figure 6 schematic), to decrease the production of pro-inflammatory cytokines and co-stimulatory molecules (e.g. decreased IL-6 and IL-1B expression and enhanced IL-10 production in iDCs) (45, 46). We noticed similar trends in the cytokines produced in the culture supernatants. The ability of DCs to activate T cells is often evaluated by measuring IL-12 production and co-stimulatory molecules (47, 48), so we examined the IL-12 released from these cells and found that ISO treatment had a significant impact on the release of IL-12 from αCD40-treated induced DCs (iDCs). Thus, we propose that activation of β2AR signaling in αCD40-treated naïve and induced DCs transforms the DC population into an immune-tolerant type, both by blocking NFκB activation and indirectly promoting CREB activation.




Figure 6 | Proposed mechanism of β2AR signaling mediated re-engineering of CD40-CD40L signaling in DCs. An increase in intracellular pIkBα (pIkBα) level with αCD40 treatment is reversed by β2AR signaling, thereby resulting in an altered cytokine production and immuno-retardation of anti-tumor response. Adapted from “NF-KB Signaling Pathway”, by BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-templates.



Propranolol has been shown to improve the functions of naïve and activated immune cells (22, 27, 31). Since β2AR activation subverted αCD40 signaling in BMDCs, we also investigated the effects of pharmacological β2AR blocking on therapeutic outcomes of αCD40 in immunologically cold MOC2 tumors (49). Despite the improvements made in the potency of CD40 monoclonal antibodies (mAbs) through approaches such as engineering the Fc region, the use of αCD40 immunotherapy in clinics is still faced with challenges due to its associated toxicities. These toxicities include liver damage, low platelet count, cytokine release syndrome (CRS), and hyper-immune activation (2, 50, 51). Also, the widespread expression of the CD40 receptor on both immune and non-immune cells in tumors and other organs leads to broad activation of CD40-expressing cells, limiting the treatment dose of αCD40 mAbs and causing non-specific toxicity. Therefore, we employed a lower dose of αCD40 antibody (30µg; 2X) with Propranolol via intratumoral route to overcome the dose-limiting toxicities associated with higher quantities of αCD40 (4). β-blocker with αCD40 treatment significantly suppressed tumor growth at suboptimal doses compared to untreated control, and the outcomes were comparable to a prior report administering higher αCD40 dosage (50µg) and greater frequency (3X) of treatment in the melanoma model (52). MOC2 tumors show a high presence of Tregs and minimal populations of CD8 T-cells (53, 54). Blocking β2AR in mice tumor models can increase lymphocyte infiltration, and lower M1 to M2 polarization of macrophage and Treg population (22, 30, 55, 56). Our findings demonstrate that the combination of Prop+αCD40 effectively modulates the tumor microenvironment, leading to a pronounced increase in CD8+ T cell and cytotoxic T cell infiltration, and a reduction in Tregs compared to tumors treated with monotherapies or untreated control. Surface expression of MHC and co-stimulatory molecules on DCs are known to correlate with enhanced T cell activation and its effector functions (57–61). Blocking β2AR signaling with Prop significantly increased intratumoral CD11c+ populations, and when combined with αCD40 treatment, the number of double-positive MHC-II+ CD40+ DCs significantly increased. This suggests that the combination treatment facilitated robust anti-tumor immune cell priming and maturation. The increased presence of dendritic cells in the tumor microenvironment, facilitated by Prop treatment, provided a stronger foundation for αCD40 immune therapy. As a result, the combination treatment showed a significant improvement in adaptive anti-tumor immunity compared to control, unlike monotherapies. For in-vivo studies, our goal was to include a true untreated control to simulate clinical conditions and evaluate the immunological synergism between αCD40 & Propranolol. PBS is not a standard treatment for head and neck tumors and other types of tumors. Therefore, previous pre-clinical studies, including ours, have used untreated controls relative to PBS to assess the effectiveness of in-situ vaccination or parenteral treatment (52, 62–64). Additionally, studies by Hu et al., Singh et al., and others have shown that PBS or non-relevant/isotype control antibody treatments do not enhance tumor control compared to propranolol or αCD40 alone (64–68). Future studies may include PBS (or an isotype control antibody) to further confirm the feasibility of the proposed combination therapy in the MOC2 murine model.

Thus, our investigation provides the foundational basis for improving αCD40 immunotherapy by the use of β-blockers. This combination can be particularly relevant for cold TMEs and can reverse β2AR signaling mediated tumor cell survival seen previously (69, 70). We found that the combination of Prop+αCD40 enhanced therapeutic and anti-tumor immune responses compared to control, however, some changes were not statistically different from monotherapies. Further studies are needed to optimize treatment dosages and timelines to achieve a pronounced tumor remission. Gender-specific differences in β-blocker response and immune cell characteristics should also be explored to gain a deeper understanding of the therapeutic outcomes (71).
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Supplementary Figure 1 | Gating strategy used for the analysis of BMDCs.

Supplementary Figure 2 | Mean fluorescence intensities of different surface markers, MHC-II (A), CD86 (B), and CD40 (C) analyzed on CD11c gated BMDCs. Population percentage is shown in Figure 2 and Figure 3. Statistical analysis was carried out using One-way ANOVA. P values less than 0.05 were considered significant. * P <0.05, *** P <0.0005, **** P <0.0001.

Supplementary Figure 3 | MHC-II and CD86 expression on CD11c+ BMDCs under different stimulation. (A) 10,000 BMDC (>80% CD11c+) were stimulated with 1 µg/ml LPS and in combination with 10 µg/ml αCD40 for 48h showed a significant increase in MHC-II and CD86 expression. Upon ISO treatment, LPS alone stimulated BMDCs demonstrated no change in MHC-II and CD86 expression whereas it decreased in LPS+αCD40 treated BMDCs. (B) BMDCs treated with 100 µg/ml B16F10 tumor cell lysate showed a significant decrease in MHC-II expression which increased with the addition of αCD40. With ISO treatment, MHC-II expression further increased in these cells whereas CD86 expression decreased. (C) BMDCs treated with 100 µg/ml MOC2 tumor cell lysate alone and with αCD40 showed a similar pattern of MHC-II expression as B16F10 lysate stimulated cells but MHC-II and CD86 expression decreased upon ISO treatment. Statistical analysis was carried out using One-way ANOVA. P values less than 0.05 were considered significant. * P <0.05, ** P <0.005, *** P <0.0005, **** P <0.0001.

Supplementary Figure 4 | Western blots of phosphorylated and unphosphorylated IkBα (A) & CREB (B), presented in Figure 4A, are shown with their respective GAPDH blots used for normalization. (C) Table summarizing normalized band intensities of target proteins represented as a ratio of phosphorylated and unphosphorylated forms of IkBα & CREB in Figure 4A.

Supplementary Table 1 | Frequencies of immune cells analyzed in murine MOC2 tumor model treated with β2AR antagonist (Prop) and CD40 agonist (αCD40).
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Background

Selective cancer cell recognition is the most challenging objective in the targeted delivery of anti-cancer agents. Extruded specific cancer cell membrane coated nanoparticles, exploiting the potential of homotypic binding along with certain protein-receptor interactions, have recently proven to be the method of choice for targeted delivery of anti-cancer drugs. Prediction of the selective targeting efficiency of the cancer cell membrane encapsulated nanoparticles (CCMEN) is the most critical aspect in selecting this strategy as a method of delivery.



Materials and methods

A probabilistic model based on binding scores and differential expression levels of Glioblastoma cancer cells (GCC) membrane proteins (factors and receptors) was implemented on python 3.9.1. Conditional binding efficiency (CBE) was derived for each combination of protein involved in the interactions. Selective propensities and Odds ratios in favour of cancer cells interactions were determined for all the possible combination of surface proteins for ‘k’ degree of interaction. The model was experimentally validated by two types of Test cultures.



Results

Several Glioblastoma cell surface antigens were identified from literature and databases. Those were screened based on the relevance, availability of expression levels and crystal structure in public databases. High priority eleven surface antigens were selected for probabilistic modelling. A new term, Break-even point (BEP) was defined as a characteristic of the typical cancer cell membrane encapsulated delivery agents. The model predictions lie within ±7% of the experimentally observed values for both experimental test culture types.



Conclusion

The implemented probabilistic model efficiently predicted the directional preference of the exposed nanoparticle coated with cancer cell membrane (in this case GCC membrane). This model, however, is developed and validated for glioblastoma, can be easily tailored for any type of cancer involving CCMEN as delivery agents for potential cancer immunotherapy. This probabilistic model would help in the development of future cancer immunotherapeutic with greater specificity.
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Introduction

Cancer cell targeting is the most critical step towards its successful therapy. Researchers have employed a myriad of techniques to achieve this selective targeting thereby alleviating undesirable consequences (1–4). Recently, biodegradable nanoparticles coated with extruded target cancer cell membranes, were employed to selectively identify target cancer cells. This specificity originates from homotypic binding of differentially expressed extracellular regions of transmembrane proteins (5–7). Glioma cells are well known for differential expression of several membrane associated surface antigens/proteins (8, 9). This characterizes GBM (Glioblastoma multiforme) cell as suitable candidate/s for selective identification built on homotypic interaction of cell surface proteins/antigens (10–13). Nanoparticles coated with extruded cell membranes from glioma cells, harboring similar levels of differentially expressed surface antigens/proteins, was employed by several researchers to selectively target GBM cells (14–17). Glioma cell surface harbors several receptor-factor complexes. These surface receptor-factor couples possess high affinity for each other. These heterotypic surface interactions are critical for progression and/or inhibition of glioma cell proliferation (9). Hetero-complexes of surface-receptor couples are well defined and explored by several studies (8, 10–16). These hetero complexes (involving receptor- factor couple) may offer significant hinderance to the homotypic selective force exploited by the Cancer cell membrane encapsulated nanoparticles (CCMEN) employed for selectively differentiating healthy cells from GBM cells. The magnitude and direction (favour or opposition) of heterotypic interaction play decisive role in determining the selective potential of the CCMEN. The magnitude (or the strength) and direction of the heterotypic interactions depends upon the differential expression pattern of the receptor-factor couples in glioma cells w.r.t healthy cells. Several studies report expression levels of such receptor-factor couples (18–20). Expression levels may also be extracted from databases such as Gene Expression Omnibus (GEO, 21), Human Protein Atlas (HPA, 22) and The Cancer Genome Atlas (TCGA, 23).

Probabilistic models have been developed for patient-specific combination cancer treatments based on sequencing data and functional assay of the drug (24). Other approachesinvolve the application of probabilistic models for the prediction of the metastatic spread of the tumor (25). In the present study we have encoded a probabilistic model in python 3.9.1 based on the binding potential and expression levels of the surface receptors/proteins (SP) on Glioblastoma cancer cells (GCC), Normal healthy cells (NHC) and their corresponding protein Factors (F). The objective of this model is not only to determine the directional preference of the exposed CCMEN population, but also to characterize the CCMEN for a range of degree of interaction of SP. This model, however, is developed and validated for Glioblastoma, can be easily tailored for any type of cancer involving CCMEN as delivery agents.



Materials and methods



Expression levels

Normalized surface gene (receptors) and secreted factors (gene) expression levels for healthy normal brain cells were determined from the Human Protein Atlas (HPA) and GEO (Gene Expression Omnibus) datasets. Secreted levels of the IL-13 (Interleukin-13) for normal healthy brain cells was considered as a baseline (since it has the minimum expression level) and all other gene expression levels (factors and receptors) were represented w.r.t to IL-13. Over/repressed levels of genes (receptors and factors) were determined from the GEO series GSE147352. This series includes 85 adult (age range from 22-81 years) grade Glioblastoma tissues, 18 lower grade glioma tissues and 15 normal brain tissues characterized by rRNA-depleted total RNAseq. Only 85 adult grade glioblastoma and 15 normal brain tissues were included in this study. Altered glioblastoma levels of gene expression was represented as folds (Table 1) for each gene considered in this study.


Table 1 | Expression Levels and Glioblastoma fold change.






Determination of binding efficiency (Intrinsic affinities)

RCSB Protein data bank (PDB) database was used to retrieve three-dimensional structure of surface protein as well as their respective ligand/s. Discovery studio suit was used to optimize the three-dimensional structures. We removed unwanted redundant molecules. All the protein-protein interactions involving native receptor-factor complex are redocking results since these are available in either protein databank or other predicted databases, all receptor-receptor and non-native cross receptor-factor interactions were determined by performing protein-protein docking. Haddock 2.4 online server (https://wenmr.science.uu.nl/haddock2.4/) was used to do docking and to predict the strength of interaction between ligand-protein as well as protein-protein. The best dock was selected that was based on two parameters i.e Haddock score and Z-score. Prodigy webserver (https://wenmr.science.uu.nl/prodigy/) was used to find out binding affinity between ligand-protein as well as protein-protein. The intrinsic binding scores (BS) are reported in database repository RDO_datasets (link provided in Database availability statement)




Probabilistic model

A probabilistic model was developed to determine the interaction probabilities (and eventually odds ratios) for the receptor (R) surface proteins (SP) and their combinations present on the glioma CCMEN. The interaction probabilities (P) of individual and combinations of SP receptors on CCMEN were determined towards GCC, NHC and F. The model has the following assumptions:

	1. A specific SP or their combination undergoes interaction with the SP on any of the following: GCC only, GCC + F, NHC only, NHC + F or F only.

	2. A SP or their combination cannot interact with the SP on both GCC and NHC simultaneously.

	3. Atleast one SP interacts with any one instance of the SP of the following: GCC only or NHC only or F only or GCC + F or NHC + F.

	4. Interaction of the SP or their combination with the secreted “F only” represents no interaction with either GCC or NHC.

	5. No Factor-Factor interactions are considered in this study

	6. All other interactions were assumed to result in zero net preference to the specific cell or Factor type.



Probabilities were derived from the conditional binding efficiency (CBE) of surface proteins on CCMEN towards the SP on cell type (GCC or NHC) and/or F. CBE were derived from the BS. Since CBE depends upon the protein type and its conditional expression level (Glioblastoma positive: GCC/F or Negative: NHC; Table 1). Final CBE values were derived from the following Eq.1

 

Where,

MIN = select the lower value among the choices.

SPNEX = Surface Protein normal/native expression level

SPFC = Surface Protein Fold change (Glioblastoma positive: GCC/F or Negative: NHC)

The model assumes that any number of surface protein types on CCMEN may undergo interaction with the SP of GCC/NHC or F. The degree of interaction (k) is defined as the number of SP on CCMEN undergoing interaction simultaneously. Probabilities were calculated for degree of interactions ranging from one to n (n =11) proteins considered in this study (Table 1). Except for single protein interaction, several combinations of proteins may be derived depending upon the degree of interaction. The number of possible combinations (PC) for a given degree of interaction (k) is given by the following equation (Eq.2)

 

Where,

n! = factorial of total number of protein types considered in the study (11 in this case).

k! = factorial of degree of interaction (range from 1 to 11)

Probabilities (P) were calculated for each combination assuming null to full factor interactions. The degree of factor interaction (kF) is defined as the number of factors interacting with a certain combination of degree k (0 ≥ kF ≥ k). Binding strengths (BST) and probabilities were calculated for each type of combination. BSTGCC and PGCC of interaction towards GCC, BSTNHC and PNHC of interaction towards NHC and BSTF and PF of interaction towards F. Each combination is further subdivided based on number of factors interacting for a given combination (kF). The subclasses range from zero F interaction (Full cell type Interaction: GCC/NHC) to full F Interaction (zero cell type Interaction: F). BST and P of interaction was determined for each class and its subdivision. The hierarchy of probabilistic model classes and subclasses is represented in the flowchart (Figure 1).




Figure 1 | Probabilistic Model.



(PGCC: probability of Interaction with GCC, PNHC: probability of Interaction with NHC, PF: probability of Interaction with F, n=11)

The model was implemented in python (3.9.1).




Conditional expected value calculation

Expected value (E(x)) of a random variable x is defined as the sum of the probability-weighted average of all the possible realization of the discreet variable. The Expected value is the arithmetic mean of several independently selected outcomes. In this case the expected values of binding strength were determined (from the probabilistic model discussed above) for each class (k) and subclass (kF) based on their respective conditional probabilities (Conditional probability is defined as the likelihood of an event or outcome occurring, based on the occurrence of a previous event or outcome, in this case depending class: k and corresponding subclass: kF)

	

Here:E(x)k,kF is the expected value of the kth class and kF subclass; n=11.

  is the conditional probability value of the ith combination for the kth class and subclass kF.

  is the binding strength of the individual or specific combination of SP for the kth class and subclass kF.




Determination of selective propensities

Selective propensity (Sp) is defined as the affinity of the SP on CCMEN or their combination for a particular degree of protein interaction (k and subclass kF) towards SP on GCC, NHC or F. Sp for a typical SP combination (for a specific k and kF) were derived by representing the BSTs (for GCC, NHC and F) as vectors on the x, y and z axis in a three-dimensional space (Figure 2). Sp, GCC/NHC/F: selective propensity towards GCC/NHC/F is given by Eq.3-5




Figure 2 | Probability distribution @k interactions; P:Probability, CP: conditional probability.



 

Here  , x-axis represents GCC

 

Here  , x-axis represents NHC

 

Here  , x-axis represents F

  was determined as the ratio of the resultant vector Rx, (calculated by Eq.6-11) with the BST for GCC/NHC/F on the x-axis (x-axis was cycled through BSTs for GCC, NHC and F sequentially)

 

 

 

 

 

 

Sp is directly proportional to the pull of the SP or their combination towards the axis of interest (x-axis). Selective propensities (Sp) of each protein type or their combination for a particular degree of interaction (k and for their subclasses kF) were derived from Eq.3-5.




Experimental validation of model predictions

An In vitro validation experiment was designed to determine the accuracy of the probabilistic model prediction for GCC binding efficiency of the exposed CCMEN population. The initial (exposed) and final concentration of the CCMEN was determined in terms of Na+/K+ ATPase α-1 cell surface receptor concentration (µg/mL). This receptor is present on the glioblastoma cell membrane encapsulating the HSA-Nanoparticle (described in the database repository RDO_datasets). The concentration was determined by direct binding ELISA for Na+/K+ ATPase α-1 cell surface receptor.

Standard plot for Na+/K+ ATPase α-1 is given in database repository RDO_datasets: Standard Plot. The ln fitting equation (Eq.12) with R² = 0.9158 is given as

 

Overnight culture of Glioblastoma cancer cells (GCC cells) 10,000 (U87MG) or both: GCC cells and peripheral blood mononuclear cells (PBMCs) in a ratio of 1:1 (5000:5000) were prepared separately in a total volume of 200 μl of complete RPMI medium. CCMEN (5 µg/ml) was added to the Test cultures: Test culture I: GCC + F (released from GCC cells) and Test culture II: GCC + NHC + F (released from GCC and NHC cells) and incubated for 30 mins (duration standardized previously data not provided here). The contents of the test culture were centrifuged after incubation to separate the supernatant for Test culture I and Test culture II. The supernatant was subjected to direct binding ELISA for Na+/K+ ATPase α-1 cell surface receptor (refer to database repository RDO_datasets for details). The fraction of CCMEN population binding the GCC was determined from Eq. 13.

 

Note:- All the experiments were performed in triplicate and average value were reported.




Preparation of CCMEN (CCM-c/m-HSA-Cis NPs)

Synthesize of CCMEN was carried out using a previously reported extrusion approach with slight modifications (6, 26). First, cell membrane was isolated from a glioblastoma cancer cell line U87MG. Second, a dual delivery mode HSA NPs was synthesised using cationic HSA (c-HSA) and manno-pyranoside HSA (m-HSA). Both c-HSA (5 mg; 10%) and m-HSA (10 mg; 20%) were mixed together using distilled water. Five gram of cisplatin (free base form) was added to 50 ml of distilled water, and then this was added to the above mixture of albumin in a ratio of 1% w/v in total 10 ml. The mixture will be emulsified using centrifugation at 10,000 rpm for 2 minutes. The pellet was collected and homogenized using a glass homogenizer resulting primary emulsion. Furthermore, a high-pressure homogenizer was used and primary emulsion was passed through (7-9 times) at a pressure of 20,000 psi to get c/m-HSA-Cis NPs. c/m-HSA-Cis NPs were passed through a 200 nm filter. Filtered c/m-HSA-Cis NPs were stored at −80°C for future experiments. Finally, isolated cancer cell membrane (CCM) was 10-15 times extruded physically using a 400 nm polycarbonate membrane and the resulting vesicles were mixed with c/m-HSA-Cis NPs. The mixture was further extruded through a 200 nm polycarbonate membrane to get the final product CCM-c/m-HSA-Cis NPs.




Results

A probabilistic model was implemented in python to predict the fraction of CCMEN directed towards specific cell type (GCC/NHC) or protein F. Both tabular and graphical results were generated from this tool. The tabular results were presented as.csv files. Several types of.csv files were generated. BST_k_GCC/NHC/F.csv files represent the calculated binding strength for all the possible combinations of the SP of CCMEN towards SP of GCC/NHC/F for k degree of interaction (1≤k ≤ 11). Column headers: Prot_comb represents the receptor numeric code for the specific protein combination (refer to Table 1 for numeric receptor code: R_code), BST@kf = N is the binding strength for N factor interaction (0≤N≤k). BST@k_interactions.csv file tabulates the overall binding strengths (summation of BST for all combinations) of SP on CCMEN for k interaction (1≤k ≤ 11) towards GCC (first row), NHC (second row) and Factors (third row). P_k_GCC/NHC/F.csv tabulate the absolute probability of interaction derived from the probabilistic model for all the possible combinations of the SP of CCMEN towards SP of GCC/NHC/F for k degree of interaction (1≤k ≤ 11). Column header: P@kf = N is the probability of binding of the specific protein combination (refer to Table 1 for numeric receptor code: R_code) for N factor interaction (0≤N≤k). P@K_interactions.csv file tabulates the overall absolute probabilities of binding (summation of probabilities for all combinations) of SP on CCMEN for k interaction (1≤k ≤ 11) towards GCC (first row), NHC (second row) and Factors (third row). The distribution of overall binding probabilities as a function of 1≤k ≤ 11 is given in Figure 2. SP_k_GCC/NHC/F.csv tabulate the selective propensity (as discussed in methods section) of all the possible combinations of the SP of CCMEN towards SP of GCC/NHC/F for k degree of interaction (1≤k ≤ 11). Column headers: Sp_,prot_comb represents the average selective propensity of the specific SP combination towards GCC/NHC/F, Sp@kf = N is the selective propensity of the specific SP combination for N factor interactions. SP@K_interactions.csv file tabulates the overall selective propensity of binding (summation of selective propensities for all combinations from BST@k_interactions.csv) for SP on CCMEN@k interaction (1≥k ≤ 11) towards GCC (first row), NHC (second row) and Factors (third row).

EBST_k_GCC/NHC/F.csv files reports the probabilistic Expected Value E(x)k,kF for BSTk,kF (binding strength for k interaction and kF factor interactions) towards GCC/NHC/F. Column headers: EBST_Overall is the overall probabilistic E(x)kof binding strength for k degree of interaction towards GCC/NHC/F, EBST@kf=N is the probabilistic E(x)k,kF of binding strength for k degree of interaction and N Factor interactions towards GCC/NHC/F. EBST_k_interactions.csv summarizes the E(x)k of BST for GCC, NHC and F for 1≤k≤n. ESP_k_GCC/NHC/F.csv files tabulates the probabilistic E(x)k,kF of selective propensity towards GCC/NHC/F. Column headers: EBST_Overall is the overall probabilistic E(x)k of Sp for k degree of interaction towards GCC/NHC/F, EBST@kf=N is the probabilistic E(x)k,kF of Sp for k degree of interaction and N Factor interactions towards GCC/NHC/F. ESP_k_interactions.csv summarizes the E(x)k of Sp for GCC, NHC and F for 1≤k≤n. E(x)k results for BST and Sp are reported in database repository RDO_datasets (link provided in Database availability statement).

Sp for individual surface receptor protein (Table 1) on CCMEN were determined as function of their average respective CBEs towards GCC, NHC and F (Eq. 3-11), Figures 3A–C presents the unscaled Sp,GCC, Sp,NHC and Sp,F of individual surface receptor protein as vectors in a 3D interstitial space. The 2D red plane represents threshold boundary below which the arrows parallel to x-axis represents the individual protein directed towards cell type/proteins on the x-axis. The labels on the three axis (x, y and z) represents arbitrary positional coordinates within the interstitial space.     and   were determined for all possible k interactions (1≤k≤n=11; Figures 3D–F, File: SP@K_interactions.csv).   and   were determined for all possible k interactions (1≤k≤n=11) and factor interactions kF (0≤kF≤11). Figure 4 presents the distribution for the   in contrast to  up till three factor interactions (rest are provided in database repository RDO_datasets). 3D quiver plots were also determined for   and reported in in database repository RDO_datasets.




Figure 3 | Individual Protein vs Degree of interaction quiver plots; 3D S_p plot for Individual surface proteins towards (A) GCC, (B) NHC and (C) F; 3D S_p plot @k interactions towards (D) GCC, (E) NHC and (F) F.






Figure 4 | Distribution of   Vs   (A–D).   (E–H).  . (A) zero Factors; (B) 1 Factor; (C) 2 Factors; (D) 3 Factors; (E) zero Factors; (F) 1 Factor; (G) 2 Factors; (H) 3 Factors.



Fraction of population having   and   > 45° and the respective odds ratios in favour of GCC (Figure 5A) and F (Figure 5B) of the fractional population were determined for all classes of interaction level (1≤k≥11) and their corresponding subclass (leaves of network) of factor interaction (0≤kF ≤ 11). This was reported as Kamada-kawai network plots (Figures 5A,B). The size of nodes corresponds to the fractional population of CCMEN encapsulated nanoparticle (directed towards GCC: Figure 5A and towards F: Figure 5B) for the specific class ‘k’ (Intermediary nodes; refer to color codes in the figure for specific degree of interaction) and/or subclass ‘kF’ (leaf nodes; refer to color codes in the figure for specific degree of factor interaction). Each node label (Figure 5A) = odds ratio of the fractional population in favour GCC interaction for the specific class ‘k’ and subclass ‘kF’/fraction of population directed towards GCC for the specific class ‘k’ and subclass ‘kF’. Each node label (Figure 5B) = odds ratio of the fractional population in favour of F interaction for the specific class ‘k’ and subclass ‘kF’/fraction of population directed towards F for the specific class ‘k’ and subclass ‘kF’. Kamada-kawai network plots for   > 45° and the respective odds ratios in favour of NHC of the fractional population of CCMEN encapsulated nanoparticle directed towards NHC are provided as in database repository RDO_datasets. E(x)k,sp and E(x)k,sp for a particular k degree of interactions are given in Figure 6. The horizontal bar for E(x)k,sp represents the threshold (E(x)k,sp≥ sp=45°) required propensity to be directed towards x-axis (cycled through GCC, NHC and F).




Figure 5 | (A) Network plot of class wise fractional distribution of   and corresponding odds ratio: node label = odds ratio of the fractional population in favour GCC interaction for the specific class ‘k’ and subclass ‘kF’/fraction of population directed towards GCC for the specific class ‘k’ and subclass ‘kF’. (B) Network plot of class wise fractional distribution of   and corresponding odds ratio: node label = odds ratio of the fractional population in favour of F interaction for the specific class ‘k’ and subclass ‘kF’/fraction of population directed towards F for the specific class ‘k’ and subclass ‘kF’.






Figure 6 | Probabilistic Expected Directional preference. (A) 3D Sp plot @k interactions towards (B) Resultant E(x)kof Sp,k (C) comparison of E(x)kof Sp,k for GCC, NHC and F.



The distribution of resultant E(x)kof Sp,k towards GCC is portrayed in Figure 6C. resultant E(x)kprofile of Sp,k towards NHC and F are provided in in database repository RDO_datasets. Ultimate directional preference (GCC, NHC, F and NNDP) of the CCMEN (Figure 5A, B). NNDP corresponds to the fraction of nanoparticles having no net directional preference (NNDP) and hence their fate is unpredictable. The GCC, NHC and F fraction of nanoparticle have a net directional preference towards the GCC, NHC and F respectively.



Discussion

This study and associated python tool were designed to determine the fraction of CCMEN directed towards the cancer cell (in this case GCC, NHC and extracellular Factors F). This was derived by implementing a probabilistic model (discussed in the methods section) based on the CBE of the of surface receptor proteins on CCMEN for GCC, NHC and F. Eq. 1 explains the derivation of CBE from BS. BS is multiplied with the expression fold change of the contributing (R-R or R-F) proteins having the lower fold change of the two interacting proteins. This magnify/reduce the BS as a function of expression level simultaneously keeping it within the bounds defined by the lower expression fold change. Three types of CBEs were derived: CBE for interaction of SP on CCMEN and GCC (input file: cmcc.csv), CBE for interaction of SP on CCMEN and NHC (input file: cmnc.csv) and CBE for interaction of SP on CCMEN and F (input file: cmf.csv). The probabilistic model reveals the BST and corresponding probabilities of all the possible ways (combinations) the CCMEN may interact with the GCC, NHC and/or F (model assumptions discussed before). Figure 2 highlight the probability distribution profile of CCMEN interaction with GCC, NHC and F. The distribution is mildly left skewed normal with peak at k=6. More than 80% of the exposed CCMEN population have protein interactions ranging from 5 to 8 surface receptors. It is interesting to note that the conditional probability (CPk) for interaction of SP on CCMEN with GCC follows an inverse relationship with k (Figure 2). CPk corresponds to the fractional population of CCMEN for a specific k. For k≥5 the fractional population directed towards Factors dominates over the fractional population targeting GCC. This point of intersection defined here as the Break-even point (BEP) corresponds to the first instance of CPk,GCC falling below either of the other two (CPk, NHC or CPk, F). Higher is the value of BEP more is the fraction of CCMEN directed towards the cancer cells (in this case GCC). BEP ranges from 0 to n. Hence, BEP is hereby suggested as a critical scale for measurement of cancer cell targeting efficiency of CCMEN for given surface antigens (receptors).

Individual Sp for all the surface receptor proteins (except Tfr2 and ITGA2B, Table 1) on CCMEN are directed towards GCC. (Tfr2: towards NHC, and ITGA2B: no net directional preference, Figure 3A-C). However, a sharp contrast is observed in the directional preference of the CCMEN population obtained as a consequence of the real probabilistic picture (based on all possible combinations) from the probabilistic model. The dominant GCC directional preference of CCMEN fades away gradually when the k≥5 (Figures 3D–F). This may be accounted to the proportionally growing population of CCMEN interacting with the factors, with increasing “k”. A detailed picture of the distribution of   (Figures 4A–D) and   (Figures 4E–H) reveals the effect of increasing factor interaction for all degrees of k (1≥k ≤ 11, kF ≤ 3, distribution for kF≥4 available in database repository RDO_datasets. It is obvious, that higher factor interactions are only possible at higher k values. It is important to note that the increase in the fractional population of CCMEN directed towards F (with increasing kF) does not exactly correspond to the fractional loss of CCMEN population directed towards GCC. This fractional loss is distributed into three types of CCMEN population having different directional preferences. Type1: Directed towards F; Type2: Directed towards NHC (negligible in this case) and Type3: No Net directional preference (NNDP). CCMEN classified under NNDP category have almost equal propensities towards the three: GCC, NHC and F.  ,   and   for CCMENs under NNDP are always < than the threshold 45° (red 2D plane) for all k and kF values. As per the assumption no. 3 (refer to methods section: probabilistic model assumptions) NNDP population may be equally distributed among the three fates: GCC, NHC and F. In this case, NNDP population corresponds to 3% of the exposed CCMEN. GCC, NHC and F each will get an equal share of ~ 1%. This will be added up to the respective fractional population directed towards GCC, NHC and F derived from the model.

Kamada-kawai network plots (Figures 5A,B) reveal the fractional selective preference of each class (k: Intermediary nodes) and its corresponding subclass (kF: Leaf Nodes). No direct proportionality is observed between odds ratio in favour of GCC and F interaction (nodes label: numerator; Figures 5A, B respectively) and fraction of population directed towards GCC and F (node labels: denominator; Figures 5A, B respectively). The fraction of CCMEN population directed towards GCC falls sharply as the degree of interaction increases. The odds ratio falls below 1 for kF ≥3 (for all k). The resultant conditional expected directional preference (E(x)kof Sp,k (refer to Methods section) for GCC (Figure 6B) exactly resemble the gross directional preference (Figure 6A). E(x)kof Sp,k for F increases gradually (as ‘k’ tends to 11) and jumps over the threshold (sp=45°) for k≥6 (Figure 6C). Since the E(x)5of Sp,5 for GCC, NHC and F falls short of the threshold this class (k =5) may be designated as the class with the highest NNDP population (Figure 6C). The overall odds ratio in favour of GCC interaction is almost double (1.87) for a CCMEN fractional population of 37% (directed towards GCC). This odds ratio prescribes a good fidelity of the selective preference of this fraction of population towards GCC. This population primarily corresponds to subclass 0≥kF < 4 (Figure 5A). 60% of the total exposed population of CCMEN is directed towards F with significantly high odds in favour of F interaction (3.58). This fraction of population primarily corresponds to subclass 5≥kF < 11 (Figure 5B). NHC appears to attract a negligible fraction of population (provided in database repository RDO_datasets). The present model has the following shortcomings, this model considers only three type of interactions i.e to GCC, NHC and Factors however in realistic scenarios there will be more interactions such as with certain immuno/inflammatory markers. The upcoming upgraded model will be more comprehensive and will include case specific interactions in addition to the present three dimensional. The upcoming model will be able to handle customised N-dimensional interactions. This model does not include Factor-Factor interactions. The upgraded model will be able to handle this type of interactions as well. As and when the model becomes more comprehensive in upcoming upgraded version it will be able to determine the net directional preference of more and more particle fraction thereby reducing the particles within NNDP fraction. The final prediction of the exposed CCMEN population (for Test culture type II, Figure 5A): GCC = 38% (37P_model + 1NNDP)@Odds ratio in favour of GCC=1.87, NHC = 1% (0 P_model + 1NNDP))@Odds ratio in favour of NHC=1.5 and F = 61% (60P_model + 1NNDP))@Odds ratio in favour of F=3.58. The model prediction for percentage/fraction of CCMEN (exposed) population directed towards GCC (for Test culture type I): GCC = 39% (39P_model + 0NNDP))@Odds ratio in favour of GCC=4.63, NHC = Absent in Test culture type I and F = 61% (61P_model + 0NNDP)@Odds ratio in favour of F >5. Model predictions for test culture I were derived by supplying a zero matrix for NHC input file of CBE values (cmnc.csv). The fraction of CCMEN population directed towards GCC, F and NHC were determined experimentally as discussed in methods section (Experimental validation of model predictions: Eq 13). The model predictions lie within ±7% of the experimentally observed values for both (Test culture I and II). The probabilistic model efficiently predicts the directional preference of the nanoparticle population.



Conclusion

A probabilistic model based on binding scores and expression levels was implemented on python 3.9.1. The implemented probabilistic model efficiently predicted the directional preference (39%) of the exposed CCMEN towards Glioblastoma cancer cells. It is recommended to selectively include those surface antigen on the membrane encapsulated nanoparticles which enhance the value of BEP. Higher the value of BEP more is the fraction of CCMEN directed towards the Cancer cells. Present model may be applied to determine the directional preference of an entity (e.g Nanoparticle coated with cancer cell membrane) under the influence of three directional forces in three dimensions. However, upcoming versions will be able to deal with ‘N’ number of forces representing different attractive entities for Cancer cell membrane coated Nanoparticles in hyperspace.
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Neoadjuvant chemotherapy (NAC) may alter the immune landscape of patients with early breast cancer (BC), potentially setting the scene for more effective implementation of checkpoint-targeted immunotherapy. This issue has been investigated in the current study in which alterations in the plasma concentrations of 16 soluble co-stimulatory and co-inhibitory, immune checkpoints were measured sequentially in a cohort of newly diagnosed, early BC patients (n=72), pre-treatment, post-NAC and post-surgery using a Multiplex® bead array platform. Relative to a group of healthy control subjects (n=45), the median pre-treatment levels of five co-stimulatory (CD27, CD40, GITRL, ICOS, GITR) and three co-inhibitory (TIM-3, CTLA-4, PD-L1) soluble checkpoints were significantly lower in the BC patients vs. controls (p<0.021-p<0.0001; and p<0.008-p<0.00001, respectively). Following NAC, the plasma levels of six soluble co-stimulatory checkpoints (CD28, CD40, ICOS, CD27, CD80, GITR), all involved in activation of CD8+ cytotoxic T cells, were significantly increased (p<0.04-p<0.00001), comparable with control values and remained at these levels post-surgery. Of the soluble co-inhibitory checkpoints, three (LAG-3, PD-L1, TIM-3) increased significantly post-NAC, reaching levels significantly greater than those of the control group. PD-1 remained unchanged, while BTLA and CTLA-4 decreased significantly (p<0.03 and p<0.00001, respectively). Normalization of soluble co-stimulatory immune checkpoints is seemingly indicative of reversal of systemic immune dysregulation following administration of NAC in early BC, while recovery of immune homeostasis may explain the increased levels of several negative checkpoint proteins, albeit with the exceptions of CTLA-4 and PD-1. Although a pathological complete response (pCR) was documented in 61% of patients (mostly triple-negative BC), surprisingly, none of the soluble immune checkpoints correlated with the pCR, either pre-treatment or post-NAC. Nevertheless, in the case of the co-stimulatory ICMs, these novel findings are indicative of the immune-restorative potential of NAC in early BC, while in the case of the co-inhibitory ICMs, elevated levels of soluble PD-L1, LAG-3 and TIM-3 post-NAC underscore the augmentative immunotherapeutic promise of targeting these molecules, either individually or in combination, as a strategy, which may contribute to the improved management of early BC.




Keywords: breast cancer, co-inhibitory checkpoints, co-stimulatory checkpoints, cytotoxic T cells, immunotherapy, immune dysregulation, neoadjuvant chemotherapy




Introduction

Notwithstanding the existence of profound immune dysregulation in advanced metastatic breast cancer (BC), it is now well recognized that early disease is also associated with both localized and systemic immune dysfunction (1–4). In the tumor microenvironment (TME), macrophages of the M2-like immunosuppressive phenotype appear to predominate (5–7), where they effectively exclude cytotoxic CD8+ T cells from reaching their tumor targets (8). In the case of systemic immunosuppression in early BC, prominent mechanisms include decreased numbers and/or activation of conventional dendritic cells (1, 3, 4), as well as increased numbers of monocytes with an M2-like phenotype (6, 9).

Recently, soluble co-inhibitory immune checkpoint molecules (ICMs) have been implicated as being potential mediators of the systemic immune dysregulation, which is associated with certain types of malignancy (10, 11). Prominent among these soluble co-inhibitory ICMs are: i) cytotoxic T-lymphocyte-associated protein (CTLA-4); ii) programmed cell death protein 1 (PD-1) and its ligand, PD-L1; iii) lymphocyte activation gene 3 (LAG-3); and iv) T cell immunoglobulin and mucin-domain-containing protein 3 (TIM-3) (12). On the other hand, less is known about alterations in the systemic levels of co-stimulatory ICMs measured prior to and following treatment of various types of malignancy. Although the origins of soluble systemic ICMs remain unclear, leakage from the TME seems plausible. In this setting, soluble co-inhibitory ICMs may originate from tumor cells per se, as well as from structural cells such as cancer-associated fibroblasts and cells of the innate and adaptive immune systems recruited to the TME (13, 14). Soluble variant isoforms of the ICMs, which lack transmembrane domains, may arise from alternative RNA splicing, or, alternatively, by proteolytic detachment from cell membranes (10, 12). Importantly, soluble co-inhibitory ICMs appear to retain their biological activities (10, 12).

In the setting of early BC, neoadjuvant chemotherapy (NAC) preceding surgical excision of residual tumor tissue remains a cornerstone of the treatment of this malignancy and strategies to improve the clinical efficacy and safety of this pre-operative procedure are ongoing, including evaluation of the combination of co-inhibitory PD-L1-targeted immunotherapy with chemotherapy (15). Notably, however, the involvement of the various types of soluble ICMs as potential contributors to systemic immune dysregulation in early BC remains largely unexplored, as does the role of NAC and subsequent surgical resection in alleviating cancer-related immune dysfunction.

In accordance with our primary hypothesis, we have therefore compared the plasma concentrations of eight co-stimulatory, six co-inhibitory, and two dual-active ICMs in a cohort of early BC patients with those of a group of healthy control subjects, as well as the effects of NAC and surgery on the plasma levels of these immunoregulatory proteins. This is a follow-up to our previous study in which we reported that the plasma levels of a number of systemic soluble co-stimulatory and co-inhibitory ICMs were significantly decreased in a cohort of early BC patients relative to those of healthy controls, indicative of tumor-related immune dysregulation (16).



Patients and controls

Seventy-two female patients of the original cohort (n=98) (16) with early BC attending the Medical Oncology Centre of Rosebank, Johannesburg, South Africa, who had completed treatment (NAC) and surgery were deemed eligible for recruitment to the study. Eligibility criteria included: i) age ≥18 years; ii) Eastern Cooperative Oncology Group (ECOG) performance status (PS) of 0, 1, or 2; iii) histologically confirmed BC (17) classified as clinical stage I, II or III according to the AJCC Breast Staging 8th Edition (18); iv) normal bone marrow, liver and renal function; v) NAC with anthracycline (A) and/or a taxane (T)-based chemotherapy regimen. Human epidermal growth factor receptor 2 (Her2) -positive patients received neoadjuvant trastuzumab-based treatment.

Exclusion criteria were as follows: i) prior systemic chemotherapy for BC within five years; ii) a history of any other malignancy during the preceding five years, with the exception of basal cell or squamous cell carcinoma of the skin treated with local resection only, as well as carcinoma in situ of the cervix; iii) patients with confirmed stage IV disease; iv) known seropositivity for human immunodeficiency virus (HIV) and/or hepatitis B or hepatitis C viruses; v) uncontrolled intercurrent illness including, but not limited to, active infection, symptomatic congestive heart failure, unstable angina pectoris, cardiac arrhythmia or psychiatric illness/social situations that would limit compliance with study requirements; vi) pregnancy or breast feeding; and vii) otherwise not deemed to be a good study candidate according to the sole discretion of the principal investigator (BLR).

The group of healthy female control participants (n=45, mean age = 49.9 years; range 24–70 years) was recruited almost exclusively from the female personnel of the Medical Oncology Centre of Rosebank and the Faculty of Health Sciences, University of Pretoria. Exclusion criteria included: i) those with uncontrolled medical conditions; and ii) any potential participant deemed unwell by the qualified nursing sister in attendance on the day of venepuncture. Immunohistochemical staining was performed for ER, PR, Her2, and Ki67. Fluorescence in situ hybridization (FISH) was used to confirm Her2 positivity. Clinical assessment of the primary tumor and lymph nodes was done using bi-dimensional caliper measurements of the primary tumor and axillary nodes. The lymph node positivity at presentation was assessed clinically, radiologically, or by sentinel lymph node biopsy. Sonographic assessments of the primary tumor and lymph nodes were performed regularly. The pathological complete response (pCR) was defined as the complete disappearance of invasive cancer in the breast and the absence of tumor cells in the axillary lymph nodes.



Ethics committee clearance

Permission to undertake this study and to draw blood from patients with early BC and from matched, healthy control subjects was granted by the Research Ethics Committee of the Faculty of Health Sciences, University of Pretoria, in full compliance with the World Medical Association Declaration of Helsinki 2013. Two submissions were approved: firstly, the BC study, and secondly, a submission in respect of the healthy control subjects (respective Approval Numbers 517/2017 and 762/2020). Prior, written informed consent was obtained from all participants.



Methods

Whole blood samples of 20 mL and 10 mL volumes were collected in ethylenediaminetetraacetic acid (EDTA)-containing vacutainers from the BC patients and control subjects, respectively, and the plasma promptly separated, aliquoted and stored at -80°C until the plasma concentrations of the various soluble co-inhibitory and co-stimulatory immune checkpoints were measured.




Soluble immune checkpoints

A Human Immuno-Oncology Checkpoint Protein Panel (Milliplex® MAP Kit, Merck, KGaA, Darmstadt, Germany; catalogue number HCKP1-11K-PX17) was used to simultaneously determine the plasma concentrations of 16 soluble immune checkpoint molecules namely, cluster of differentiation (CD)27, CD28, CD40, CD80, CD86, glucocorticoid-induced tumor necrosis factor receptor family-related protein (GITR) and its ligand GITRL, inducible T cell costimulator (ICOS), B and T lymphocyte attenuator (BTLA), herpes virus entry mediator (HVEM), Toll-like receptor (TLR)-2, CTLA-4, PD-1, PD-L1, LAG-3 and TIM-3. All reagents were provided by the manufacturer and the experimental protocol was followed as per the manufacturer’s instructions. Briefly, plasma samples were thawed at room temperature and diluted at a ratio of 1:2 in assay buffer provided. Diluted plasma samples, standards and controls (25 μL) were added to the appropriately designated wells followed by the addition of the conjugated beads (25 μL). The plate was sealed with a foil cover and incubated for two hours at room temperature (25°C) with gentle agitation.

Following the incubation period, the plate was washed three times with 200 μL wash buffer using a Bio-Plex Pro Wash Station Magnetic Plate Washer (Bio-Rad Laboratories Inc., Hercules, CA, USA). Thereafter, 25 μL of detection antibodies were added to each well. The plate was sealed and incubated as described above for one hour at 25°C. This was followed by the addition of 25 μL streptavidin-phycoerythrin to each well. The plate was sealed again and incubated for a final 30 minutes as described above. The plate was then washed a further three times with 200 μL wash buffer. Sheath fluid (150 μL) was added to all wells and the beads were resuspended on a plate shaker for two minutes prior to being assayed on a Bio-Plex Suspension Array platform (Bio-Rad Laboratories Inc., Hercules, CA, USA). Bio-Plex Manager software 6.0 was used for bead acquisition and analysis of median fluorescence intensity. The results are reported as picograms (pg)/milliliter (mL) plasma.




Pathological complete response

As mentioned above, the pCR was defined as the complete disappearance of invasive cancer in the breast and the absence of tumor in the axillary lymph nodes.




Statistical analysis

The primary hypothesis was that significant differences exist in the plasma levels of soluble ICMs of newly diagnosed, early BC patients measured pre-treatment, post-NAC and post-surgery. Data, presented as the median values with 95% confidence intervals, was prospectively obtained and levels of ICMs measured at the different stages of treatment were compared in the cohort of BC patients, as well as with those of healthy controls using the non-parametric Mann-Whitney U-test. Descriptive statistics were used to tabulate patient characteristics. A p value of < 0.05 was considered statistically significant. The area under the receiver-operating curve (AUC) was used as a measure of the discriminatory abilities of the soluble ICMs. The Youden index, a summary measure of the receiver -operating curve (ROC), was used as an agnostic method for choosing an optimal cut-off value on the biomarker value to illustrate potential clinical usefulness. NCSS software version 11 for Windows (USA) was used for statistical analyses.




Results



Patient demographics, breast cancer subtypes

The plasma levels of soluble ICMs were measured in 72 patients with early BC receiving NAC. Patient characteristics are summarized in Table 1. The patients had a median age of 54 years (range 29 – 85 years), of which 63.9% were post-menopausal, 34.7% pre-menopausal and 1.4% peri-menopausal. The predominant biological subtype was triple -negative BC (TNBC) (70.8%), with the remaining subtypes being Her2- positive (13.9%), luminal-A (1.4%) and luminal-B (12.5%). One patient had TNBC and luminal-B (1.4%). The tumor size was classified as follows: T1 patients (29.2%), T2 patients (58.3%), T3 patients 8.3% and T4 patients 4.2%. Half of the patients had nodal involvement (50%).


Table 1 | Demographic and clinical data of the cohort of newly diagnosed early breast cancer patients.






Soluble immune checkpoints

Comparisons between the plasma concentrations of the soluble co-stimulatory, co-inhibitory and dual ICMs for: i) the cohort of BC patients prior to initiation of NAC relative to those of the healthy control subjects; and ii) pre-treatment versus post-NAC are shown in Tables 2, 3, respectively, with the results expressed as the median values with 95% confidence limits. With respect to comparisons, the pre-treatment plasma concentrations of the soluble ICMs for the cohort of BC patients relative to those of the healthy control subjects, all of these were either significantly or numerically decreased, as reported previously (16). In the case of the eight soluble co-stimulatory ICMs, five of these, CD27, CD40, ICOS, GITR and GITRL, were significantly decreased (p<0.021-p<0.0001), while CD28, CD80 and CD86, were numerically decreased, but not significantly so (Table 2). Of the six co-inhibitory ICMs, three, namely CTLA-4, PD-L1 and TIM-3, were significantly decreased (p<0.008-p<0.00001) in the group of BC patients, while BTLA, LAG-3 and TIM-3 were numerically, but not significantly decreased. Of the two dual-active soluble ICMs, both HVEM and TLR-2 were lower in the group of BC patients, with only the former attaining statistical significance (p<0.0004).


Table 2 | Comparison between newly diagnosed early breast cancer patients and control subjects with respect to the plasma concentrations of the soluble co-stimulatory, co-inhibitory and dual-activity immune checkpoints.




Table 3 | Comparison of the concentrations of the soluble co-stimulatory, co-inhibitory and dual-activity immune checkpoints measured in the plasma of the cohort of early breast cancer patients before and after implementation of neoadjuvant chemotherapy (NAC).



As shown in Table 3, following NAC, the plasma concentrations of six of the soluble co-stimulatory ICMs (CD27, CD28, CD40, CD 80, ICOS, and GITR increased significantly (p<0.04-p<0.00001) to levels comparable with those of the control group, while GITRL was essentially unchanged and CD86 numerically lower. Of the soluble co-inhibitory ICMs, the plasma concentrations of three of these molecules (PD-L1, LAG-3, TIM-3) increased significantly (all p<0.00001) (Table 3). Levels of PD-1 remained similar to pre-treatment levels, while those of BTLA and CTLA-4 were significantly lower (p<0.03 and p<0.00001, respectively) (Table 3). Of the two dual-active soluble ICMs, the plasma concentrations of TLR-2 and HVEM increased significantly post-NAC (p<0.02 and p<0.00001, respectively) relative to pre-treatment values.

Notably, as shown in Table 4, the post-NAC plasma levels of PD-L1 and those of LAG-3 and TIM-3 in particular, were also significantly higher than those of the control group (percentage increases of 43.5, 209% and 97.6% for PD-L1, LAG-3 and TIM-3, respectively), with the levels of HVEM also being significantly higher (77%) than those of the control group (Table 4).


Table 4 | Comparison of the plasma concentrations of the soluble co-inhibitory immune checkpoints, PD-L1, LAG-3 and TIM-3 and the soluble dual-activity checkpoint, HVEM, measured in the group of healthy control subjects and the cohort of early breast cancer patients post-neoadjuvant chemotherapy (NAC).



As shown in Table 5, on completion of NAC, no further statistically significant increases in the plasma concentrations of any of the 16 soluble ICMs were detected following surgical resection of residual tumor tissue. This observation seemingly indicates that NAC is the primary driver of alterations in the plasma levels of both co-stimulatory and co-inhibitory ICMs in our cohort of early BC patients.


Table 5 | Comparison of the plasma concentrations of the soluble co-stimulatory, co-inhibitory and dual-activity immune checkpoints measured in the plasma of the cohort of early breast cancer patients post-NAC and post-surgery.



Graphical representations depicting the progressive changes in the median plasma concentrations of each of the 16 ICMs throughout the course of NAC (pre-treatment, post-NAC and post-surgery) in relation to the corresponding median values of the control subjects are shown in Figure 1 (CD27, CD80, ICOS, GITR) and Figure 2 (LAG-3, PD-L1, TIM-3), and Supplementary Figure 1 (CD28, CD40, CD86, GITRL), Supplementary Figure 2 (BTLA, CTLA-4, PD-1) and Supplementary Figure 3 (TLR-2, HVEM).




Figure 1 | Box and whisker plots depicting the progressive changes in the median plasma concentrations (with 95% confidence limits) of four co-stimulatory immune checkpoints (CD27, CD80, ICOS and GITR) throughout the course of neoadjuvant chemotherapy (NAC) (pre-treatment/diagnosis, post-NAC and post-surgery) in relation to the corresponding median values of the control subjects. The p values represent the comparison between the pre-treatment/diagnosis and post-NAC values.






Figure 2 | Box and whisker plots depicting the progressive changes in the median plasma concentrations (with 95% confidence limits) of three co-inhibitory immune checkpoints (PD-L1, TIM-3 and LAG-3) throughout the course of neoadjuvant chemotherapy (NAC) (pre-treatment/diagnosis, post-NAC and post-surgery) in relation to the corresponding median values of the control subjects. The p values represent the comparison between the pre-treatment/diagnosis and post-NAC values.






Response to neoadjuvant chemotherapy

Patients received taxane and/or anthracycline/alkylating agent-based NAC. Patients who tested positive for Her2 also received trastuzumab. There were 44 pCRs (61%) in the entire cohort. The pCR rates for Her2-positive disease, luminal disease and TNBC were 80%, 30% and 65%, respectively. An example of a patient who attained a pCR is shown in Supplementary Figures 4–6. None of the soluble ICMs was predictive or prognostic for pCR in this patient cohort. Patients were recruited between 24 Jan 2018 to 18 Sep 2019. Follow-up continued, and the database was updated for this analysis until January 2020. Five patients relapsed, and one died at a median follow-up of 364 days (79 to 643). The progression-free survival (PFS) and overall survival (OS) data will be reported separately at maturity.




Discussion

In a forerunner to the current study, we recently reported that the plasma concentrations of a large group of soluble ICMs, comprising both co-stimulatory and co-inhibitory proteins, were significantly decreased in treatment-naïve, newly-diagnosed patients with early BC (n=98), relative to those of a cohort of healthy control subjects (n=45) (16). The current study is a follow-up to our earlier investigation and was designed to explore the immune-restorative potential of implementation of NAC and subsequent surgical resection of residual tumor tissue in the same, albeit somewhat smaller, cohort of early BC patients who completed both NAC and surgery (n=72). In terms of realization of our primary objectives, the following represent the most significant and novel findings: i) the plasma concentrations of five soluble co-stimulatory ICMs (CD27, CD40, GITRL, ICOS, GITR) were significantly lower than those of the control group pre-treatment, while those of CD28, CD80 and CD86 were numerically decreased, but not significantly so; ii) post-NAC, the plasma concentrations of six soluble co-stimulatory immune checkpoints (CD27, CD28, CD40, CD80, ICOS, GITR), all of which are involved in the activation of anti-tumor cytotoxic T cells (12), normalized; iii) recovery of the plasma levels of these six ICMs remained essentially unchanged following surgical resection; iv) the levels of three soluble co-inhibitory ICMs (PD-L1, LAG-3 and TIM-3) were also significantly lower in the cohort of early BC patients and increased significantly in magnitude relative to pre-treatment levels post-NAC, with no further augmentation post-surgery. Notably, and somewhat concerningly, the plasma levels of these three co-inhibitory ICMs were significantly higher, especially in the case of LAG-3 and TIM-3, than those of the control group.

Of the other soluble co-inhibitory ICMs, BTLA and CTLA-4 did not respond to NAC, remaining significantly decreased relative to their pre-treatment values, while the median level of soluble PD-1, which was comparable in both groups, remained unchanged. In the case of the persistently low levels of soluble CTLA-4, it is noteworthy that taxane has been reported to deplete the numbers of regulatory T cells (Tregs), a major cellular source of this ICM (19). However, further follow-up studies are necessary to establish if soluble CTLA-4 levels increase over time. Of the two dual-active soluble ICMs, the pre-treatment level of HVEM was significantly lower than that of the corresponding median control value, recovering post-NAC to values, which were considerably higher than those of the control group. In the case of soluble TLR-2, the median pre-treatment value for this dual-active ICM was comparable with that of the control group, increasing modestly, albeit significantly, post-NAC.

With respect to potential mechanisms that contribute to the increased systemic concentrations of the six soluble co-stimulatory ICMs following implementation of NAC in our cohort of early BC patients, it is noteworthy that the components of NAC, namely anthracycline, taxane, cyclophosphamide and platinum-based agents, are all effective inducers of immunogenic cell death, a process which restores anti-tumor immunity in the TME (20, 21). In this context, our findings are somewhat similar to a recently published study by Dong et al. (22). These authors reported that administration of the immunomodulatory agent, sorafenib, to patients with advanced hepatocellular carcinoma (n=53) resulted in significant increases in the median plasma concentrations of 11/16 of the soluble co-inhibitory and co-stimulatory ICMs tested, an effect which was evident after two weeks of therapy. Differences between our study and that of Dong et al., include the types of malignancy investigated, as well as types and duration of anticancer therapy; another notable difference between the two studies relates to the apparent absence of a group of healthy control subjects in the study reported by Dong et al. (22).

Given that the increases in the median plasma concentrations of the soluble co-stimulatory ICMs, together with associated clinical improvement in our BC patient cohort, may be linked to immunogenic cell death induced by NAC, the corresponding increases in the levels of the soluble co-inhibitory ICMs, PD-L1, LAG-3 and TIM-3, relative to those of the control group, do seem somewhat counterintuitive. Although this may relate to restoration of a balance in immune homeostasis, the unexpectedly high increases in the plasma levels of these co-inhibitory ICMs may, however, compromise the efficacy of therapeutic monoclonal antibodies (mAbs). In this context, it is noteworthy that persistently elevated plasma levels of soluble LAG-3 and TIM-3, like PD-L1, are associated with decreased survival in patients with various types of advanced malignancies (23–26).

Current approaches in the treatment of early BC include NAC, which in the case of TNBC in particular, may also incorporate PD-1/PD-L1 blockading mAbs as mentioned above (15). Against this background, two recently published, randomized, placebo-controlled clinical trials in early TNBC are noteworthy, namely the IMpassion031(n=333 patients) and KEYNOTE-522 (n=1174 patients) trials, which evaluated the clinical efficacy of addition of co-inhibitory ICM-targeted immunotherapy with either atezolizumab (PD-L1-targeted mAb) or pembrolizumab (PD-1-targeted mAb) in combination with NAC, relative to that of placebo + NAC, respectively (27, 28). The authors reported significantly improved pCR responses and event-free survival rates, irrespective of tumor PD-L1 positivity, in the Impassion031 and KEYNOTE-522 clinical trials, respectively (27, 28). These observations have been confirmed in two recent systematic reviews and meta-analyses. The first of these, which encompassed six randomized controlled trials focused on early TNBC (n=2142 patients), reported that NAC in combination with PD-1/PD-L1 inhibitors also resulted in improved pCR rates and event-free survival (29). The second included eight randomized controlled trials, encompassing 4901 patients with both early and metastatic TNBC (four trials in each category) (30). The authors of this study reported improved OS and PFS in patients treated with immunotherapy together with chemotherapy relative to those treated with chemotherapy alone (30). Taken together, these various studies are consistent with a beneficial, immune-restorative interaction between NAC and co-inhibitory ICM-targeted immunotherapy.

Although these and other studies document significant advances that have been made in treating TNBC patients (27–37), the magnitude of this benefit, as well as long-term survival, do, however, remain relatively low. Moreover, most of the clinical research in the field of immunotherapy has been focused on targeting PD-L1. Limitations of our study include sample size, diversity of BC subtypes and data collected from a single institution. Moreover, different therapeutic PD-1/PD-L1 therapeutic monoclonal antibodies require different companion tests. Some assays involve determination of PD-L1 levels on the tumor cells, some on immune cells and some on both cell types. An additional caveat is that only PD-L1 is extensively used in clinical practice. Problematically, however, some tumor types respond to immunotherapy independently of PD-L1 expression. Clearly, additional research of the type described in the current study, investigating additional checkpoints and additional pathways is required to improve long-term outcomes. These include discerning insights into the mechanisms of resistance against immune checkpoint blockade and the cell types involved, as well as the identification of novel, reliable targets and biomarkers to predict responsiveness to treatment. Importantly, the results of the present study indicate, that co-inhibitory ICMs other than PD-L1, specifically LAG-3 and TIM-3, are also prominent in early BC patients following implementation of NAC and should therefore be considered as potential targets for future investigation in these patients as an adjunctive strategy to improve outcomes.



Conclusions

We previously described a state of systemic immune quiescence and immune dysregulation in patients with early BC, which was associated with decreased levels of soluble co-stimulatory and co-inhibitory ICMs. In the current follow-up study, we focused on the effect of NAC and surgery on the levels of these various ICMs. Novel findings originating from the current study include substantial increases in the levels of the majority of the soluble ICMs post-NAC, which did not change significantly post-surgery. Improvement in the levels of six of the co-stimulatory ICMs is indicative of immune- restoration, as all of these are involved in the activation of anti-tumor cytotoxic T cells. In the case of the co-inhibitory ICMs, we observed substantial increases in the levels of LAG-3, TIM-3 and PD-L1, identifying these ICMs as potential future targets in the management of TNBC. Although none of the 16 measured soluble plasma ICMs correlated with the pCR, an extended follow-up study involving a larger number of early BC patients is necessary to demonstrate possible associations of these soluble ICMs with OS and PFS.
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Supplementary Figure 1 | Box and whisker plots depicting the progressive changes in the median plasma concentrations (with 95% confidence limits) of three co-inhibitory immune checkpoints (BTLA, CTLA-4 and PD-1) throughout the course of neoadjuvant chemotherapy (NAC) (pre-treatment/diagnosis, post-NAC and post-surgery) in relation to the corresponding median values of the control subjects. The p values represent the comparison between pre-treatment/diagnosis and post-NAC values.

Supplementary Figure 2 | Box and whisker plots depicting the progressive changes in the median plasma concentrations (with 95% confidence limits) of the remaining four co-stimulatory immune checkpoints (CD28, CD40, CD86 and GITRL) throughout the course of neoadjuvant chemotherapy (NAC) (pre-treatment/diagnosis, post-NAC and post-surgery) in relation to the corresponding median values of the control subjects. The p values represent the comparison between the pre-treatment/diagnosis and post-NAC values.

Supplementary Figure 3 | Box and whisker plots depicting the progressive changes in the median plasma concentrations (with 95% confidence limits) of the two dual-activity immune checkpoints (TLR-2 and HVEM) throughout the course of neoadjuvant chemotherapy (NAC) (pre-treatment/diagnosis, post-NAC and post-surgery) in relation to the corresponding median values of the control subjects. The p values represent the comparison between the pre-treatment/diagnosis and post-NAC values.

Supplementary Figure 4 | Histological photomicrographs of pre-treatment tissue of a patient who attained a pathological complete response. (A) x20 Magnification: Core biopsy hematoxylin and eosin (H&E) stained slide breast carcinoma no special type (NST), prior to therapy. (B) X10 Magnification: Positive E-Cadherin immunoperoxidase stain of tumor confirming ductal differentiation. (C) x20 Magnification: Estrogen receptor immunoperoxidase stain of tumor, showing no staining (ER negative).

Supplementary Figure 5 | Histological photomicrographs of pre-treatment tissue of a patient who attained a pathological complete response. (A) x20 Magnification: Progesterone receptor immunoperoxidase stain of tumor (PR negative). (B) x20 Magnification: HER2 immunoperoxidase stain of tumor (HER2 negative). (C) x20 Magnification :Ki67 immunoperoxidase stain of tumor (90% of tumor cells staining positive).

Supplementary Figure 6 | Histological photomicrographs of post-surgery tissue obtained during surgery of a patient who attained a pathological complete response. (A) X10 Magnification: Tumor bed post chemotherapy showing stromal fibrosis and dystrophic calcification with NO tumor cells H&E. (B) X10 Magnification: Tumor bed post chemotherapy showing loose fibrovascular response and elastosis with NO tumor cells H&E. (C) x20 Magnification: MNF116 (broad pancytokeratin) immunoperoxidase stain of tumor bed post chemotherapy showing NO residual staining tumor cells.
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Anaplastic thyroid carcinoma, BRAF non-V600, NRAS, combination immunotherapy and targeted therapy, case report. Anaplastic thyroid carcinoma (ATC) is a rare type of thyroid cancer with a mortality rate near 100%. BRAF V600 and NRAS mutations are the most common drivers of ATC. While patients with BRAF V600-mutated ATC can be treated with BRAF-targeted therapy, there is no effective treatment for ATC driven by NRAS or non-V600 BRAF mutations. For patients with untargetable driver mutations, immunotherapy provides an alternative treatment option. Here, we present a metastatic ATC patient with PD-L1 positive (tumor proportion score of 60%) tumor and NRAS Q61R/BRAF D594N mutations, who progressed on PD-1 antibody sintilimab plus angiogenesis inhibitor anlotinib. The class 3 BRAF mutant D594N is sensitive to the inhibition of MEK inhibitor trametinib, and its oncogenic activity also depends on CRAF, which can be inhibited by BRAF inhibitor dabrafenib. For these reasons, the patient received a salvage treatment regime of dabrafenib, trametinib, and sintilimab, which resulted in a complete pathological response. To our best knowledge, this is the first report of successful treatment of ATC patients with concurrent NRAS/BRAF non-V600 mutations with the combination of immunotherapy and targeted therapy. Further investigation is required to decipher the mechanism by which the combination of dabrafenib/trametinib with PD-1 antibody overcomes initial immunotherapy resistance likely mediated by concurrent BRAF and NRAS mutations.
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Background

Anaplastic thyroid carcinoma (ATC) is one of the most aggressive solid tumors with a disease-specific mortality rate near 100% (1). Genomic profiling studies revealed that the major drivers of ATC are TP53, TERT, BRAF, and NRAS mutations (2). While ATC patients with BRAF V600 mutation are eligible for BRAF-targeted therapy, there is no effective treatment for NRAS-mutated ATC patients (1).

In the past decade, cancer immunotherapy has shifted the paradigm of cancer treatment. Based on the results of the KEYNOTE-158 trial, FDA approved PD-1 antibody pembrolizumab as a treatment option for patients with TMB-H (≥ 10 mut/Mb) solid tumors, which was also endorsed by the NCCN thyroid cancer guideline for ATC treatment (1). Of note, the KETNOTE-158 trial only included two patients with thyroid cancer. Recently, an investigational PD-1 antibody spartalizumab showed promising efficacy in a phase 2 trial of ATC, in which spartalizumab achieved an overall response rate (ORR) of 29% and 35% in the PD-L1 positive and high PD-L1 (≥ 50%) subgroups, respectively (3). Responses were seen in BRAF wild-type and BRAF-mutant patients. These results indicated that PD-1 antibody might be a treatment option for ATC patients with high PD-L1 expression, irrespective of their BRAF mutation status.

Both immune checkpoint blockade (ICB) and BRAF-targeted therapies have been approved for the treatment of BRAF V600-mutant melanoma (4). Of note, abnormal activation of the MAPK signaling can result in tumor-intrinsic resistance to ICB through the modulation of tumor microenvironment (TME) (5). The triplet combination of BRAF inhibitor (BRAFi), MEK inhibitor (MEKi), and PD-1/L1 antibodies have been tested in clinical trials of BRAF V600-mutant melanoma (6–8). Although the triplet regimes did not improve the response rate compared with the doublets, they improved the duration of response. Furthermore, two triplets improved progression-free survival (PFS) in the IMspire150 and KEYNOTE-022 trials (6, 7). Therefore, the NCCN guideline for cutaneous melanoma recommended two triplets regimes (vemurafenib/cobimetinib/atezolizumab and dabrafenib/trametinib/pembrolizumab) as first-line therapy options for unresectable or metastatic melanoma patients with BRAF V600 mutation (4).

According to the mechanisms of activation, BRAF mutants can be classified into three groups (9). Class 1 and 2 mutants function as RAS-independent monomers and dimers, respectively (9). Class 3 mutants have impaired kinase activity, and their oncogenic activity depends on RAS and CRAF (9). Because coexisting BRAF mutations synergize with RAS mutations in the amplification of downstream MAPK signaling, the treatment of solid tumors with coexisting BRAF/RAS mutations is more challenging than those with BRAF or RAS mutations alone. Here, we presented a PD-L1-positive metastatic ATC patient with coexisting NRAS and class 3 BRAF mutations. After progression on PD-1 antibody sintilimab plus an angiogenesis inhibitor anlotinib, she achieved a pathological complete response with the triplet regime of BRAFi dabrafenib, MEKi trametinib, and a domestic PD-1 antibody sintilimab (Figure 1A).




Figure 1 | Case summary. (A) Summary of disease course and treatment procedure. pCR, pathological complete response; SD, stable disease; PD, progressive disease; mo, months. (B) H&E, TG, BRAF V600E and PD-L1 staining of the primary tumor. Scale bars: 50 µm. H&E: hematoxylin and eosin. (C) Representative images showing disease recurrence/progression on sintilimab plus anlotonib, and the patient’s response to the triplet regime of sintilimab, dabrafenib, and trametinib.







Case presentation

A 61-year-old female presented with a rapidly enlarging neck mass in November 2021. Contrast-enhanced computed tomography (CT) revealed a 1.9×1.8 cm nodule and a 3.2×2.6 cm nodule in the left and right thyroid lobes, respectively. She underwent surgical resection of partial thyroid right lobe and thyroid left lobe mass on Jan 25th, 2022. Postoperative histopathological examination confirmed multifocal anaplastic thyroid carcinoma with areas of necrosis and calcifications in the right lobe, and nodular goiter in the left. Immunohistochemical (IHC) staining was positive for Ki-67 (80%), Vimentin, TTF-1, P53, Cyclin D1, Pax-8, TG (weak, 1+), BRAF V600E (weak, 1+), and negative for AE1/AE3, CD56, Calcitonin, LCA, and HMB45 (Figure 1B). Two months later, a progressively enlarging mass appeared in her right neck, indicating disease progression (Figure 1A). PET-CT imaging revealed multiple hypoechoic nodules in cervical region VI, with the largest located in the center of 4.0×2.8 cm (Figures 1C, 2A). The patient was then referred to our hospital. She had a poor Eastern Cooperative Oncology Group (ECOG) performance status of 2, difficulty in breathing, and choking with deglutition.




Figure 2 | Computed tomography images showing the patient’ recurrence (A), as well as response to the triplet regime of sintilimab, dabrafenib, and trametinib after 20 (B), 60 (C) days of treatment.



Because radical surgery was not suitable, the patient was treated with anlotinib (10mg, QD, 2 weeks on/1 week off), a multi-targeted tyrosine kinase inhibitor targeting tumor angiogenesis and proliferation from May 13th. The lesion soon shrank by about 20%, and the patient’s skin color returned to normal. Genetic testing of the resected tumor tissue with a multi-gene next-generation sequencing (NGS) panel (Onco Panscan™, Genetron Health) revealed a tumor mutational burden of 1.41 mutations per megabase (mut/Mb), microsatellite status stable (MSS), TERT promoter mutation, an NRAS Q61R mutation with a variant allele fraction (VAF) of 10.6%, and a BRAF D594N mutation with a VAF of 12.6% (Table 1). PD-L1 IHC assay (PD-L1 IHC 22C3 pharmDx assay, Agilent Technologies, Carpinteria, CA, USA) showed a TPS of 60% and a CPS of 80 (Figure 1B). We previously reported the successful treatment of a PD-L1-positive, NRAS Q61R-mutated metastatic ATC patient with sintilimab plus an angiogenesis inhibitor anlotinib (10). Given the similarity of these two ATC patients, sintilimab (200 mg, Q3W) was added on May 21st, 2022. Unfortunately, disease progression occurred, including neck mass enlargement to 4.4×3.0 cm, the reappearance of breathing difficulty, and choking with deglutition. And this doublet regime was left off after one cycle (Figures 1A, C).


Table 1 | Summary of NGS analysis.



MAPK signaling amplification driven by class 3 BRAF mutant D594N is sensitive to the inhibition of trametinib (9). Furthermore, the oncogenic activity of class 3 BRAF mutants depends on CRAF (11), which can be inhibited with dabrafenib (12). Of note, the efficacy of dabrafenib plus trametinib has not been established in NRAS-driven solid tumors. Given the coexistence of NRAS Q61R and BRAF D594N mutations, the patient was then treated with a salvage regime consisting of dabrafenib (75 mg, BID), trametinib (2 mg, QD), and sintilimab (200mg, Q3W) from Jun 10th, 2022. After nine days, regression of all metastases in the bilateral neck was noted, and breathing/swallowing returned to normal (Figures 1A, C). After one cycle, the neck mass continued to shrink, and the ulcerated area was healed (Figures 1C, 2B). Fever (39.5°C) was the only adverse event observed during this triplet regime treatment. Her temperature returned to normal within 24 hours of taking off dabrafenib. The triplet regime was resumed after her temperature remained normal for 24 hours, and no subsequent fever occurred. After two cycles (six weeks) of treatment, radical surgery was evaluated as feasible (Figures 1C, 2C). The patient discontinued dabrafenib and trametinib on Aug 11th, 2022. And bilateral residual thyroidectomy plus neck lymph node dissection were performed the next day. Postoperative pathology indicated that she had a pathological complete response (pCR). Given the high risk of ATC patients with concomitant BRAF/RAS and TERT mutations (13), she continued on the triplet regime from Sep 20th and remained in remission with an excellent quality of life until the last follow-up in March 2023 (Figure 1A).





Discussion

The three major histological types of thyroid cancers are differentiated thyroid carcinoma (DTC), medullary thyroid carcinoma (MTC), and anaplastic thyroid carcinoma (ATC) (1). DTC represents more than 95% of thyroid cancer cases and has a very good prognosis. In contrast, ATC patients have a poor prognosis with a historical median overall survival (OS) of four months (14). ATC responds poorly to conventional thyroid cancer treatment options including surgery, radiation therapy, chemotherapy, and radioactive iodine (RAI) therapy (1). The NCCN guideline for thyroid carcinoma recommended that ATC patients with locally resectable disease can be treated with multimodal therapy, and those with actionable mutations (BRAF, NTRK, ALK, RET, MSI, dMMR, TMB-H) can be treated with targeted therapy or immunotherapy (1).

Recent genomic profiling studies revealed that activating BRAF and RAS mutations are major drivers of thyroid cancer. The TCGA study characterized the landscape of papillary thyroid carcinoma (PTC), the most common type of thyroid cancer (15). Among 496 PTC patients, 60% carried BRAF mutations, and 13% had RAS mutations. Compared to PTC, genomic studies of large ATC cohorts are rare. In one study of 126 ATC patients, 45% had BRAF alterations (all V600E except for 1 deletion), and 24% had RAS mutations (13). In another ATC cohort (n = 196), 41% had BRAF mutations and 27% had RAS mutations (2). Interestingly, the latter study also observed non-V600 BRAF mutations in PTC, one precursor of ATC. These rare BRAF alterations include BRAF fusions, K601E, G469A, V600_K601delinsE, V600_K601>D, V600_W604>R, and V600_S605>D. Of note, BRAF V600E and RAS mutations are mutually exclusive in these thyroid cancer cohorts.

Abnormal activation of the RAF-RAS-MAPK signaling pathway is identified in more than 30% of human cancers (16). BRAF is an established therapeutic target in colorectal cancer (CRC), non-small cell lung cancer (NSCLC), melanoma, and ATC (17). Recently, FDA granted accelerated approval of dabrafenib in combination with trametinib for the treatment of almost all BRAF V600-mutated solid tumors. In contrast, there is no effective therapy for NRAS-mutated solid tumors. Furthermore, coexisting NRAS mutations can result in resistance to dabrafenib/trametinib (18, 19). Therefore, the treatment of solid tumors driven by NRAS mutation alone or in combination with BRAF mutations represents a clinical challenge.

Recent pieces of evidence indicated that immunotherapy could be an effective treatment option for ATC. In a single-center study, PD-1 antibody pembrolizumab or nivolumab achieved an overall response rate (ORR) of 16% in 13 advanced or metastatic ATC patients, including seven patients with BRAF V600E mutations (20). And responses were ongoing in four individuals. Similarly, in a phase 2 trial of advanced/metastatic ATC (n = 42), an investigational PD-1 antibody spartalizumab achieved an overall ORR of 19%, including three complete responses (CRs) and five partial responses (PRs) (3).

Given the poor prognosis and limited therapeutic options of ATC, several multitargeted tyrosine kinase inhibitors (TKIs) including sorafenib, sunitinib, imatinib, and pazopanib have been evaluated in clinical trials with unsatisfactory results. Anlotinib is a novel multitarget TKI which has been approved in China for the treatment of medullary thyroid cancer (MTC), (NSCLC), small cell lung cancer (SCLC), soft tissue sarcoma (STS) and radioactive iodine-refractory differentiated thyroid cancer (RAIR-DTC) (21, 22). In a single-arm phase 2 trial, neoadjuvant anlotinib therapy achieved an ORR of 76.9% in patients with advanced thyroid cancer (23). As most patients treated with TKI will develop resistance, the combination of PD-1 antibodies with TKIs has been proposed as a strategy to overcome TKI resistance in cancer patients. In a retrospective study at the MD Anderson Cancer Center, the addition of pembrolizumab to TKIs resulted in a best overall response (BOR) of 42% in ATC patients who progressed on TKIs (24). Sintilimab is a PD-1 antibody approved in China for the treatment of NSCLC, Hodgin’s lymphoma, hepatocellular carcinoma, and esophageal squamous cell carcinoma (ESCC) (25). Recently, the combination of sintilimab and anlotinib has shown promising antitumor activity and tolerable safety profiles in cervical cancer, endometrial cancer, hepatocellular carcinoma, and biliary tract cancer (26–29).

Previously, we reported that sintilimab plus anlotinib achieved a remarkable response in a metastatic NRAS-mutated ATC patient with high PD-L1 expression (10). In this study, our patient briefly responded to anlotinib but quickly developed resistance to sintilimab plus anlotinib. We suspected that the distinct responses to sintilimab plus anlotinib in these two PD-L1-positive, NRAS-mutated ATC patients could be mediated by the class 3 BRAF mutation D594N, which synergizes with RAS mutations in the amplification of downstream MAPK signaling (9). The oncogenic activity of class 3 BRAF mutants depends on the kinase activity of CRAF (9), which can be inhibited by BRAFi dabrafenib. Furthermore, class 3 BRAF mutants are sensitive to the inhibition of MEKi trametinib (9). Although the antitumor activity of MAPK-targeted therapy has not been established in NRAS-mutated solid tumors, this approach could counteract the synergistic effect of coexisting NRAS/BRAF mutations and render the tumor sensitive to immunotherapy.

Activation of the MAPK pathway plays a key role in tumor-intrinsic resistance to immune checkpoint blockade (30). In patients with triple-negative breast cancer, activation of the RAS-MAPK pathway was associated with reduced tumor-infiltrating lymphocytes (TILs) (31). However, trametinib treatment upregulated the expression of PD-L1 and MHC-I/II in mouse mammary tumor-derived cell lines in vitro and in vivo. Similarly, in BRAF V600-mutant melanoma, hyperactivated MAPK signaling inhibits T cell infiltration through the production of VEGF, which was reversed by the administration of a BRAFi (32). Other studies showed that the addition of dabrafenib/trametinib to immune checkpoint blockade (ICB) resulted in higher antitumor activity than ICB alone (33, 34). These preclinical and clinical studies led to the hypothesis that the combination of immunotherapy and MAPK-targeted therapy might provide better clinical benefits than each alone. The efficacy of BRAFi/MEKi plus PD-1/PD-L1 antibody triplets in BRAF-mutated solid tumors has been tested in three pivotal trials of melanoma (IMspire150, KEYNOTE-022, COMBI-i). Based on the results of the IMspire150 trial, FDA approved the combination of BRAFi vemurafenib, MEKi cobimetinib, and PD-L1 antibody atezolizumab for the treatment of BRAF V600-mutated melanoma. Because class 3 BRAF mutants were resistant to vemurafenib but sensitive to trametinib, we selected the dabrafenib/trametinib doublet to combine with sintilimab as the salvage therapy for our patient, which achieved a complete pathological response.

In addition to triplet therapy, optimal sequencing of immunotherapy and targeted therapy represents another strategy to improve outcomes for patients with BRAF-mutated solid tumors. In murine models of BRAF/NRAS-driven melanoma, anti-PD-1/L1 antibody lead-in before MAPK inhibitor combination optimized antitumor activity by promoting T cell clonal expansion and macrophage polarization (35). Consistently, results of two trials (DREAMseq and SECOMBIT) showed that nivolumab/ipilimumab followed by BRAFi/MEKi doublets led to superior overall survival in patients with advanced BRAF-mutant melanoma when compared with the opposite treatment sequence (36, 37). Similarly, data from the phase 3 NEMO trial revealed that previous immunotherapy led to better clinical benefits of MEKi binimetinib in patients with NRAS-mutant melanoma (38). While these results were obtained in patients with BRAF/NRAS-mutant melanoma, we can not rule out the possibility that a brief preceding immunotherapy of our patient may also contribute to her response to the BRAFi/MEKi/PD-1 antibody triplet regime.

Given this patient’s remarkable response, further investigation is required to explore the potential of the BRAFi/MEKi/PD-1 antibody triplet in patients with NRAS- or BRAF-mutated solid tumors refractory to immunotherapy and BRAF-targeted therapy. Furthermore, clinical trials of sequential immunotherapy and targeted therapy in ATC should be pursued.
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Background

The genesis of SMAC mimetic drugs is founded on the observation that many cancers amplify IAP proteins to facilitate their survival, and therefore removal of these pathways would re-sensitize the cells towards apoptosis. It has become increasingly clear that SMAC mimetics also interface with the immune system in a modulatory manner. Suppression of IAP function by SMAC mimetics activates the non-canonical NF-κB pathway which can augment T cell function, opening the possibility of using SMAC mimetics to enhance immunotherapeutics.





Methods

We have investigated the SMAC mimetic LCL161, which promotes degradation of cIAP-1 and cIAP-2, as an agent for delivering transient costimulation to engineered BMCA-specific human TAC T cells. In doing so we also sought to understand the cellular and molecular effects of LCL161 on T cell biology.





Results

LCL161 activated the non-canonical NF-κB pathway and enhanced antigen-driven TAC T cell proliferation and survival. Transcriptional profiling from TAC T cells treated with LCL161 revealed differential expression of costimulatory and apoptosis-related proteins, namely CD30 and FAIM3. We hypothesized that regulation of these genes by LCL161 may influence the drug’s effects on T cells. We reversed the differential expression through genetic engineering and observed impaired costimulation by LCL161, particularly when CD30 was deleted. While LCL161 can provide a costimulatory signal to TAC T cells following exposure to isolated antigen, we did not observe a similar pattern when TAC T cells were stimulated with myeloma cells expressing the target antigen. We questioned whether FasL expression by myeloma cells may antagonize the costimulatory effects of LCL161. Fas-KO TAC T cells displayed superior expansion following antigen stimulation in the presence of LCL161, suggesting a role for Fas-related T cell death in limiting the magnitude of the T cell response to antigen in the presence of LCL161.





Conclusions

Our results demonstrate that LCL161 provides costimulation to TAC T cells exposed to antigen alone, however LCL161 did not enhance TAC T cell anti-tumor function when challenged with myeloma cells and may be limited due to sensitization of T cells towards Fas-mediated apoptosis.





Keywords: SMAC mimetics, engineered T cells, LCL161, multiple myeloma, cancer immunotherapy, adoptive T cell therapies





Introduction

T lymphocytes have robust anti-tumor capabilities, which has established them as a leading cellular candidate for adoptive cell therapy of cancer. However, naturally occurring anti-tumor T cells are rare due to immunological tolerance mechanisms that prevent self-reactivity. Synthetic biology has overcome this issue through the development of synthetic antigen receptors that can be engineered into T cells to redirect them towards a chosen antigen. We have developed a TCR-based synthetic receptor designed to co-opt TCR signaling, known as the T cell antigen coupler (TAC), which yields potent anti-tumor T cells with reduced off-tumor toxicity (1). The activation signal transduced through the TAC receptor results in robust cytotoxicity against tumor cells, cytokine expression, and cellular proliferation.

T cell activation can be enhanced with costimulatory signaling (2). Many synthetic antigen receptors, like chimeric antigen receptors (CARs), have incorporated costimulation into the receptor for greater benefit (3, 4). However, it remains unknown whether non-canonical signaling delivered through CARs, where the TCR signaling domain is physically linked to costimulatory signaling components, contributes to the serious toxicities associated with CAR-engineered T cell therapy (5). The TAC receptor was purpose-built to deliver a canonical T cell activation signal and, hence, does not incorporate costimulatory elements into the receptor design. We recognize that provision of costimulation may enhance TAC T cell function, and thus, are pursuing chemical biology strategies to do so via small molecule drugs that would enable temporal and titratable costimulation without compromising the basal T cell state.

Second mitochondria-derived activator of caspases (SMAC) mimetics are relatively novel drugs under investigation as anti-cancer agents, and several have proven tolerability in clinical trials. These compounds regulate both intrinsic and extrinsic apoptosis pathways, which are dysregulated in many cancers (6, 7). SMAC mimetics have been shown to impact NF-κB signaling pathways, resulting in T cell costimulation through non-canonical NF-κB (ncNF-κB) activation (8), and subsequent increased T cell survival (9). Current data indicates that combination of SMAC mimetics with anti-tumor T cells can result in combinatorial tumor cell killing through sensitization of tumor cells to TNFα (10, 11). However, little research has been conducted on the impact of SMAC mimetics on the engineered T cell product themselves.

Here we have investigated the use of the monovalent SMAC mimetic LCL161 as an agent for delivering transient costimulation to anti-myeloma TAC T cells and to understand what subsequent changes are occurring within the T cells. We confirmed the costimulatory effects of LCL161 under conditions where TAC T cells are stimulated with antigen alone and observed enhanced survival and proliferation of T cells. However, these effects were not tied directly to the magnitude of ncNF-κB activation and we further characterized the contributions of apoptosis-related proteins, CD30, FAIM3, and Fas, to the costimulatory outcomes. Under conditions where the T cells were co-cultured with myeloma cells, we failed to see an anti-tumor benefit of LCL161 except at doses that potentiate T cell death. Deletion of Fas enhanced the survival of T cells in the presence of LCL161 and lead to enhanced expansion. Thus, although LCL161 can provide costimulation to TAC T cells, these costimulatory properties did not enhance the anti-myeloma effect of non-edited TAC T cells.





Results




LCL161-mediated costimulation of TAC T cells

T cell costimulation is multi-faceted and results in several downstream functional changes. Proliferative capacity and survival are two key parameters augmented by costimulation that are positively associated with clinical success of adoptive T cell therapy (12, 13), and thus were used as our primary functional readouts. To characterize the costimulatory properties of LCL161, a dye-dilution proliferation assay using CellTrace Violet was used. To determine the dose of LCL161 that provided optimal costimulation, we stimulated non-engineered T cells and engineered BCMA-specific TAC T cells (14) through the TCR or TAC receptor alone using plate-bound agonistic anti-CD3 or 6-7 µm diameter polystyrene microbeads coated with BCMA, respectively. Both non-engineered and TAC-engineered T cells demonstrated increased entry into division and increased cell yield and viability after stimulation in the presence of increasing concentrations of LCL161, which plateaued between 0.5-1 μM (Supplemental Figure 1). Therefore, we selected a concentration of 0.625 μM LCL161 for further experiments.

We noted donor variation in the degree of costimulation engendered by LCL161. Therefore, we generated TAC T cells from a series of healthy and myeloma donors to garner broad insights regarding the influence of donor on the biological outcomes (Supplemental Figure 2, Supplemental Table 1).

Treatment of T cells with LCL161 should initiate ncNF-κB signaling by conversion of NF-κB2 p100 precursor to the active p52 subunit (8). TAC T cells were stimulated with plate-bound BCMA in the presence of 0.625 μM LCL161 or vehicle for 24 – 72 hours, after which the p52/p100 ratio were determined by western blot. The amount of immobilized BCMA was determined by serial dilution in a dye-dilution proliferation assay and a concentration of 0.05 µg/mL was chosen as it provided relatively weak stimulation to readily visualize LCL161 costimulation (data not shown). Stimulation with antigen and vehicle resulted in a limited increase in the p52/p100 ratio, whereas antigenic stimulation alongside LCL161 resulted in significantly greater conversion of p100 to p52 amongst all donors (Figure 1B) indicating activation of the signaling pathway. The relative conversion of p100 to p52 varied among the T cell products tested, indicating donor variability (Figure 1C).




Figure 1 | LCL161 activates the ncNF-κB signaling pathway in TAC T cells. 0.5x106 TAC T cells were stimulated on plates coated with 0.05 ng/mL BCMA-Fc and either DMSO or 0.625 µM LCL161. Cells were collected and lysates were processed, ran on 4-20% polyacrylamide gels, and immunoblotted for NF-κB2 p100/p52. (A) Representative western blot indicating levels of NF-κB2 p100 and p52. (B-C) Signal quantification and normalization using Li-Cor Empiria software. NF-κB2 p100 and p52 signal was quantified and normalized to total protein loaded per lane and a ratio was calculated. (B) n=5. **p<0.01 as calculated by two-tailed paired t test. (C) data from individual donors in (B) These data represent 2 independent experiments.



Given the variability in ncNF-κB signaling when TAC T cells from different donors were stimulated with target in the presence of LCL161, we assessed the proliferation and survival of TAC T cells from the donors shown in Figure 1. TAC T cells stimulated with BCMA-coated beads and 0.625 μM LCL161 displayed significantly greater viability, total live cell yield, and overall percentage of cells entering division than those stimulated with beads and vehicle alone (Figures 2A, B). While all donors displayed some enhancement in these parameters in the presence of LCL161, the effect again varied among the donors (Supplemental Figure 3). We examined the relationship between p100 to p52 conversion and the proliferation metrics by creating a simple proliferation composite score (pc) that averages the three metrics we have examined ( ). We then compared this composite score to the area-under-the-curve of the p52:p100 ratio plots and found that there was no relationship between the absolute magnitude of NF-κB2 activation and the level of proliferation and survival enhancement delivered by LCL161 (Figure 2C, Supplemental Figure 4).




Figure 2 | LCL161 treatment amplifies proliferation and enhances survival of antigen-stimulated TAC T cells. CTV-labelled TAC T cells were stimulated with Protein G polystyrene beads loaded with 50 ng BCMA-Fc/million beads at an E:T of 1:1 for 96 hours in the presence of 0.625 µM LCL161 or DMSO. T cells were harvested and stained for flow cytometric analysis. (A) representative flow plots with proliferation modeling, and (B) analyzed proliferation data from 5 donors, n=6; *p<0.05, **p<0.01 as calculated by two-tailed paired t test. These data represent 3 independent experiments. (C) Composite proliferation score was calculated as the average of the three proliferation parameters and compared to the area under the curve of the p52:p100 ratio curves in Figure 1C. A simple regression was calculated to determine linear fit.







CD30 and FAIM3 are implicated in the costimulatory role of LCL161

To gain insight into the mechanism(s) by which LCL161 influences T cell biology we performed transcriptional profiling on TAC T cells from three donors (HN18, MM16, and L10) stimulated with BCMA-coated microbeads alongside LCL161 or vehicle for 24 or 72 hrs. After stimulation, RNA was collected and analyzed using the Clariom-S Pico human genechip, which covers >20,500 genes. We primarily observed differential expression of genes related to immune function and activation (Supplemental Figure 5; data available at GEO, GSE227986). Of particular interest to us were two genes highly affected by LCL161, FCMR (encoding FAIM3) and TNFRSF8 (encoding CD30) (Figure 3A). FAIM3 (15, 16) and CD30 (17–19) are both involved in regulation of costimulation and apoptosis pathways in T cells and contribute to a balance of survival and death signaling. We confirmed the transcript data by measuring the surface expression of CD30 and FAIM3 on TAC T cells following stimulation with antigen and increasing concentration of LCL161. Indeed, we observed that antigen-mediated stimulation of TAC T cells in the presence LCL161 resulted in up- and down-regulation of CD30 and FAIM3, respectively, in CD8+ TAC T cells (Figure 3B). A similar observation was seen with CD4+ TAC T cells (data not shown).




Figure 3 | FAIM3 and CD30 mediate, in part, the costimulatory mechanisms of LCL161 in enhancing TAC T cell proliferation. (A) Cryopreserved TAC T cells were thawed into complete media, rested for 24 hrs, then 5x105 T cells were stimulated by 0.05 μg/mL plate-bound BCMA antigen for 24 or 72 hrs in the presence of DMSO or LCL161. After stimulation, cells were collected, homogenized, and RNA was collected. Transcripts were assessed using a Clariom-S Pico human genechip. n=3, 1 per donor (HN18, L10, MM16). Volcano plots of the 24 and 72 hour Clariom data were generated using a p-value threshold of 0.05 (red dots) and fold change of 1.75 (red or green dots). (B) Thawed and rested cryopreserved TAC T cells were stimulated for 72 hrs with BCMA-coated microbeads and LCL161 or vehicle. Cells were collected, stained, and analyzed by flow cytometry for FAIM3 and CD30 expression. (C) Schematic diagram of FAIM3 cDNA separated by a T2A sequence upstream of the TAC receptor within the lentiviral vector. (D) TNFRSF8 was deleted by triple gRNA editing with CRISPR/Cas9, schematic indicates the sequence of gRNA (in red) and cut sites on the targeted exon. (E-H) BCMA TAC T cells ± FAIM3 overexpression (OE) were cultured as normal and edited on day 3 with CD30 multi-guide or negative control gRNA/Cas9 RNP by Neon electroporation. T cells were then cultured until day 14-15 and utilized fresh in assays. (E) TAC T cell genomic DNA was collected on day 13-14 of culture by extraction with Lucigen DNA extraction solution. The TNFRSF8 exon 6 locus was amplified by PCR, sequenced by sanger sequencing, and indel frequency was computed using Synthego ICE. (F-G) BCMA TAC T cells ± FAIM3 OE were stimulated using 1 μg/mL plate-bound agonistic anti-CD3 antibody ± 5 μM LCL161 for 24 hrs (donor L10) or 72 hrs (donors L3 and L6). After stimulation T cells were collected and stained for (F) CD30 and (G) FAIM3 expression and analyzed by flow cytometry. (H) CTV-labelled TAC T cells were stimulated with 0.625 μM LCL161 and BCMA-coated microbeads at an E:T 1:1 for 96 hrs then analyzed by flow cytometry. Data was modeled using FCS Express 7 and values were normalized to wildtype TAC T cells. n=3. The data in panel B represent 1 independent experiment. The data in panels E – H represent 3 independent experiments.



We sought to investigate the roles of these proteins in LCL161-mediated costimulation. We speculated that reversing the LCL161-mediated repression and induction of FAIM3 and CD30, respectively, would alter the costimulatory effects of the drug. To investigate how these receptors influence the proliferative capacity and survival of T cells during extended stimulation, we genetically engineered our BCMA TAC T cells. To force constitutive expression of FCMR (FAIM3 OE), we inserted a copy of the cDNA upstream of the TAC receptor in the lentiviral vector used to engineer the T cells (Figure 3C). To remove TNFRSF8 expression (CD30 KO), we deleted the gene using CRISPR/Cas9 with a triple gRNA approach (Figure 3D). As a control, we exposed BCMA TAC T cells to a non-targeting gRNA/Cas9 RNP to account for any effect of gRNA/Cas9 or electroporation on the T cells. We used genotyping to determine CD30 gene-disruption (Figure 3E) and phenotypic analysis to determine CD30 absence and FAIM3 forced surface expression (Figure 3F, G). To do so, we stimulated TAC T cells with anti-CD3 and high dose LCL161 to maximally induce CD30 and repress FAIM3. Under the effects of LCL161 we noted a marked reduction in CD30 expression on the cell surface of the gene-edited TAC T cells compared to controls (Figure 3F), although we were unable to achieve complete knock down of CD30 despite extensive optimization of the knock-out protocol. Similarly, forced expression of FAIM3 was successful and surface expression was maintained in the presence of LCL161 during stimulation (Figure 3G). Next, we evaluated the effects of CD3O knockout and/or constitutive FAIM3 on TAC T cell proliferation and survival following stimulation with antigen-coated microbeads in the presence of LCL161. Disruption of CD30 had a profound negative impact on the proliferative capacity of TAC T cells in multiple donors, even though we did not achieve complete disruption of the CD30 gene (Figure 3H). The effect of FAIM3 was variable; constitutive expression of FAIM3 impaired cell expansion of TAC T cells generated from donors L10 and L3 but had no impact on TAC T cells derived from donor L6. The combination of CD30-disruption and forced expression of FAIM3 also yielded variable outcomes as the combination further impaired the cell yield from Donor L10 TAC T cells, revealed no combinatorial effect with TAC T cells from Donor L3 and, in the case of TAC T cells from Donor L6, overexpression of FAIM3 counteracted the effects of CD30 deletion. These results demonstrate that the costimulatory effects of LCL161 on TAC T cells are CD30-dependent, while the role of FAIM3 in LCL161-mediated costimulation is variable and donor-dependent.





LCL161-mediated costimulation impairs TAC T cell expansion in co-culture with myeloma cells

To assess whether LCL161 could provide costimulatory benefit when TAC T cells were co-cultured with myeloma cells, we stimulated T cells with BCMA+ MM.1S myeloma tumor cells in the presence or absence of 0.625 µM LCL161. The absolute proliferative response of the TAC T cells to the myeloma cell line was much more robust than the antigen-coated beads (Figure 4A; data from Figure 2 is included as a point of reference). Although MM.1S stimulation gave an overall stronger proliferative signal, the combination of LCL161 and MM.1S stimulation resulted in reduced expansion of the TAC T cells, which manifest as a decrease in TAC T cell numbers at the end of the co-culture, and there was no augmentation of survival or cells entering division as previously observed with bead stimulation (Figure 4B). These data reveal that while LCL161 costimulation was important when TAC T cells were stimulated with antigen alone, there may be opposing signals delivered by the tumor cells which mitigate the beneficial impacts of the LCL161.




Figure 4 | LCL161 does not enhance TAC T cell survival and proliferation when co-cultured with myeloma cells in vitro and is independent of Fas. (A-B) Thawed and rested cryopreserved BCMA TAC T cells were stimulated 1:1 with MM.1S tumor cells or BCMA-coated microbeads in the presence of 0.625 μM LCL161 for 96 hrs. Absolute cell count was enumerated using counting beads during flow cytometric analysis. The bead proliferation data displayed in (A) is shared in Figure 2B. (B) Proliferation metrics from TAC T cells stimulated with MM.1S cells were normalized to the vehicle control. (C) Cultured MM.1S and RPMI 8226 myeloma cells were stained for FasL expression and analyzed by flow cytometry. (D–F) BCMA TAC T cells were cultured as normal and edited on day 3 with Fas multi-guide or negative control gRNA/Cas9 RNP by Neon electroporation. T cells were then cultured until day 14-15 and utilized fresh in assays. n=4. (D) BCMA TAC T cells edited with mock or Fas RNP were stained for Fas expression on day 13-14 and analyzed by flow cytometry. (E) Mock or Fas-edited TAC T cells were stimulated 1:1 with MM.1S tumor cells or BCMA-coated microbeads and in the presence of 0.625 μM LCL161 or vehicle for 96 hrs. After stimulation, samples were stained, mixed with counting beads, and analyzed by flow cytometry. Proliferation metrics were modeled using FCS Express 7 software. Mean absolute change between mock and Fas KO is reported above each condition. (F) Mock or Fas-edited TAC T cells were stimulated 1:1 with MM.1S tumor cells or BCMA-coated microbeads and in the presence of 0.625 μM LCL161 or vehicle for 72 hrs. After stimulation, cells were stained for live/dead, fixed, and finally stained for phosphatidylserine (PS) on the outer membrane. Cells were analyzed by flow cytometry. Early apoptotic cells were defined as live/dead-, PS+, late/full apoptotic cells were defined as live/dead+, PS+. Pie charts represent mean values, with mean + standard deviation written outside the pie slice. n=3. These data represent 3 independent experiments. ns: not significant, *p<0.05, **p<0.01, and ***p<0.001 as calculated by paired t test with Holm-Šídák method.



T cell expansion can be limited by Fas-mediated death (20), and the reduced apoptosis threshold as a result of LCL161 targeting of IAPs may underpin the negative effects of LCL161 in the context of the T cell:myeloma cell cultures. Indeed, we confirmed that the tumor lines used in this study uniformly expressed FasL (Figure 4C). To address the possibility that Fas signaling mitigates the beneficial effects of LCL161, we removed Fas from the TAC T cells by CRISPR-mediated gene-editing. Here, we reproducibly achieved a high efficiency KO at >80% in all cases (Figure 4D). The removal of Fas in the TAC T cells enhanced total cell yield, viability, and cells entering division of TAC T cells in the presence of 0.625 µM LCL161 when T cells were stimulated with antigen alone (“Beads”; Figure 4E). This effect was greater in cells treated with LCL161 rather than DMSO. Furthermore, we observed that the incidence of apoptotic T cells was reduced following stimulation with antigen alone in the presence of LCL161 when Fas was disrupted, supporting a role for Fas in limiting the costimulatory effects of LCL161, presumably through fratricide (“Beads”; Figure 4F). Removal of Fas from the TAC T cells did improve cell yield following stimulation with MM.1S, but did not impact viability, cell division or incidence of apoptosis in LCL161 treated T cells compared to DMSO (“MM.1S”; Figures 4E–F).





LCL161 enhancement of TAC T cell anti-tumor cytotoxicity is accompanied by T cell toxicity

Although we did not observe enhanced proliferation or survival on TAC T cells stimulated with myeloma tumor cell lines in vitro, we wondered if LCL161 would augment T cell-mediated cytotoxicity against myeloma cells. To this end, TAC T cells were co-cultured with myeloma cells in the presence of LCL161 and tumor viability was assessed. Enhanced killing of the tumor cells was only observed with high concentrations of LCL161 tested (5 μM; Figure 5A). In fact, a small change in concentration to 2.5 μM failed to provide enhanced killing (Figure 5B). Inhibition of the IAPs in tumor cells is predicted to result in increased sensitivity to TNF-mediated cell death by switching TNFα signaling from activation of the classical NF-κB pathway towards caspase-8 mediated apoptosis (21, 22), and we have observed that TAC T cell produce large amounts of TNFα upon stimulation by myeloma cell lines (Figure 5C). To address whether LCL161 augments TAC T cell killing through sensitization of the multiple myeloma tumor cells to TNFα, we cultured MM.1S or RPMI 8226 cell lines with 5 μM LCL161 +/- recombinant human TNF. MM.1S cells displayed a modest increase to cell death when treated with both LCL161 and TNF, whereas RPMI 8226 cells remained largely unaffected (Figure 5D). This was not entirely unexpected as there is considerable heterogeneity in susceptibility of MM cell lines to LCL161 (23), which may be in part be due to deletions of cIAP1/2 or other NF-κB-associated factors that occur in some multiple myelomas (24, 25). Investigating these two cell lines further showed a complete basal absence of cIAP2 and p100 in the RPMI 8226 cells (Supplemental Figure 6), which may explain the lack of sensitization to TNFα. Thus, the increased killing of the myeloma cell lines in the presence of higher concentration of LCL161 (5 μM) is likely due to something other than sensitization of TNFα-mediated killing.




Figure 5 | LCL161 sensitizes multiple myeloma cells to T cell cytotoxicity at higher doses. (A) 5x105 tumor cells were co-cultured with TAC T cells and 5 μM LCL161 or vehicle, in biological triplicate at various E:T for 24 hrs. After co-culture, cytotoxicity was measured through flow analysis and normalized to tumor-only controls; data shown as mean and SD. Data were generated with T cells from 3 different donors (L5, L6, L9) run independently in 1 experiment (B). Luciferase-based cytotoxicity assay of TAC T cells co-cultured with effLuc+ myeloma cell lines for 48 hours in the presence of vehicle or LCL161. Samples were run in triplicate and normalized to tumor-only cell controls; data shown as mean and SEM. Data were generated with T cells from 3 different donors (L6, L7, L9) run independently in 1 experiment. (C) TAC T cells were stimulated with MM.1S cells at an E:T ratio of 1:1 in the presence of either DMSO or LCL161 for 24 hours and TNFα levels were measured in the supernatant. The data reflects technical triplicates (D) Multiple myeloma cell lines were incubated with DMSO or LCL161, in the presence of TNFα for 48 hrs. Cells were harvested, stained for viability, and analyzed by flow cytometry. The data reflects technical triplicates.



The results in Figure 2 indicated that maximal costimulation of the T cells is achieved with an LCL161 concentration below 1 μM, however the results in Figure 5 indicated that concentrations of 5 µM were required to observe enhanced killing of myeloma tumor cells. We, therefore, explored the effect of 5 µM LCL161 on TAC T cells. While we observed that this high concentration of LCL161 could significantly enhance the percent of T cells that entered division (Figure 6A), we also noted a concomitant increase in activation induced cell death (AICD). We excluded strictly dead/necrotic cells and measured the portion of live TAC T cells that were sensitized by 5 μM LCL161 towards apoptosis by measuring active caspase-3 expression and the presence of phosphatidylserine on the outer membrane leaflet of TAC T cells stimulated with antigen-loaded beads for 48 hrs. We observed a trend towards increased proportion of stimulated TAC T cells entering apoptosis and decreased viability (Figure 6B). We questioned whether this observation might be explained by a second IAP target of LCL161, X-linked IAP (XIAP). As XIAP is a regulator of caspase-3, -7, and -9 related apoptotic pathways (26), depression of caspase-inhibition by XIAP at high concentrations of LCL161 may further potentiate T cells towards death (27). We stimulated T cells from two healthy donors (M12 and L15) with plate-bound BCMA-Fc and 5 μM LCL161 for 72 hours and examined the levels of XIAP within these cells, but we did not observe any difference in XIAP levels (Supplemental Figure 7). We questioned if the impact of Fas is more pronounced with high dose LCL161 due to sensitization of TAC T cells towards death at the 5 μM dose. Fas KO-TAC T cells were stimulated with antigen-coated beads or MM.1S myeloma cells and we assessed proliferative capacity, viability, and susceptibility to apoptosis in the presence of 5 μM LCL161 (Figures 6C–D). The deletion of Fas again manifested greater enhancement to proliferation and viability, and reduction to apoptosis in bead-stimulated T cells than MM.1S stimulated T cells. The mean absolute change in proliferation metrics and viability of Fas-deleted TAC T cells stimulated with bead-based antigen in the presence of 5 μM LCL161 was greater than previously measured at the lower 0.625 μM dose, suggesting that Fas limits T cell expansion under these conditions. Similar to the observation with 0.625 μM LCL161, TAC T cells stimulated with myeloma cells in the presence of 5 μM displayed enhanced accumulation of TAC T cell at the end of the culture period but no significant improvement to viability, which points to a mechanism unrelated to Fas.




Figure 6 | High dose LCL161 initiates activation induced cell death in stimulated TAC T cells that is responsive to Fas KO only in the case of antigen-alone stimulation. (A) TAC T cells labeled with CellTrace Violet were cultured with loaded beads at an E:T of 1:1 for 96 hrs. T cells were harvested and stained for flow cytometric analysis. Proliferation metrics were modeled with FCS Express 7. Proliferation and division indices are a measure of the average number of cells any or a dividing cell generates, respectively. Paired and unpaired parametric t tests with Holm-Šídák correction was used to calculate statistical significance; ns, P>0.05, *P<=0.05, **P<= 0.01. n=8, comprising 5 different donors generated in 7 independent experiments (B) TAC T cells were stimulated with protein G polystyrene beads coated with antigen-loaded microbeads for 48 hrs. Viability and proportion of apoptotic cells as defined by live/dead, phosphatidylserine and active-caspase 3 staining. Viable cells are defined as live/dead negative, and apoptotic cells defined as active caspase3+ and PS+. Data represent T cell products from 3 donors produced in 3 independent experiments. (C) CTV-labeled mock or Fas-edited TAC T cells stimulated 1:1 with MM.1S tumor cells or BCMA-coated microbeads and in the presence of 5 μM LCL161 or vehicle for 96 hrs. After stimulation, samples were stained, mixed with counting beads, and analyzed by flow cytometry. Proliferation metrics were modeled using FCS Express 7 software. Mean absolute change between mock and Fas KO is reported above each condition. Data were generated with T cells from 4 donors (L15, M12, M28, M46) produced in 3 independent experiments. (D) Mock or Fas-edited TAC T cells were stimulated 1:1 with MM.1S tumor cells or BCMA-coated microbeads and in the presence of 5 μM LCL161 or vehicle for 72 hrs. After stimulation, cells were stained for live/dead, fixed, and finally stained for phosphatidylserine. Cells were analyzed by flow cytometry. Early apoptotic cells were defined as live/dead-, PS+, late/full apoptotic cells were defined as live/dead+, PS+. Pie charts represent mean values, with mean + SD written outside the pie slice. Data were generated with T cells from 3 donors (M12, M28, M46) produced in 2 independent experiments.








Discussion

Unlike chimeric antigen receptors which require the inclusion of costimulation domains for optimal function (3), TAC receptors provide robust anti-tumor immunity without the need for engineered costimulation. Indeed, other synthetic receptor strategies that utilize TCR-centric designs also show potent function in the absence of costimulation (28, 29). These properties notwithstanding, costimulation promotes survival, greater proliferative capacity (30), and memory formation/persistence (31) – important traits for anti-tumor engineered T cell products (32). Herein we investigated a strategy for controlled and transient druggable delivery of costimulation using the clinical candidate, LCL161. We observed an enhancement to TAC T cell survival and proliferative capacity that was restricted at higher doses of LCL161, partially through a Fas-mediated mechanism (Figure 7).




Figure 7 | A summarized overview of the observations and postulated mechanisms of LCL161-effects on TAC T cell biology.



Our study employed engineered TAC T cells from both healthy donors and multiple myeloma patient donors to broaden the applicability and relevance of our findings. A reductionist antigen-on-bead system allowed us to fine tune signaling events and stringently study the effects of LCL161 on our engineered TAC T cells. Costimulation from IAP antagonism is mediated through the ncNF-κB pathway (8), an observation we corroborated. Low dose LCL161 potentiated processing of NF-κB2 p100 to p52 that increased for at least 72 hrs following TAC-mediated stimulation. Functionally, low dose LCL161 provided functional improvements to T cells measured by enhanced survival and expansion. We noted that the extent to which the LCL161 enhanced survival and expansion did not appear to correlate with the ratio of p100 to p52 conversion; for example, donor HN18 displayed little enhancement of proliferation with LCL161 yet strongly activated the ncNF-κB pathway. While the exact mechanism underpinning this donor-to-donor variability remains unclear, genechip transcriptional profiling identified numerous targets which led us to investigate in more detail the roles of CD30 and FAIM3 in LCL161-mediated enhancement of TAC T cell proliferation. How these receptors function is not fully elucidated within the field of T cell biology; research is mixed with some studies showing a pro-apoptotic capacity (17, 18), and others showing a costimulatory or survival property (15, 16, 19). CD30 is a well-known TNFRSF member that plays a pivotal role in T cell activation as well as providing survival signals for lymphomas that is cIAP-dependent (33). Indeed, SMAC mimetic treatment has been shown to provide similar cellular signals as CD30, intersecting on canonical and ncNF-κB signaling (34, 35). Our data with CD30 KO clearly demonstrated its requirement in enhancing proliferation and survival in the context of LCL161 treatment. The impact of FAIM3 overexpression was less clear due to donor variation, but the data indicated a trend towards restricting proliferation when it is constitutively expressed in TAC T cells. A recent report suggested that costimulation via FAIM3 was dependent on the availability of its ligand, IgM (16). We reasoned that bovine IgM present in our culture medium may not provide an appropriate ligand, so we added exogenous human IgM to our culture medium but found no additive effects with the FAIM3 overexpressing cells (data not shown).

Although we observed a slight enhancement to TAC T cell-mediated killing of multiple myeloma cells in vitro at high doses of LCL161 (5 μM), this effect did not persist with a 2-fold reduction in concentration. Indeed, we expanded our investigation to in vivo studies and similarly observed no benefit in anti-tumor activity of TAC T cells against system MM.1S xenografts (described in our recent publication (14)) when mice were concomitantly treated with either 25 or 75 mg/kg LCL161 (data not shown). Our data indicate that the negative effects of the drug on the T cell population need to be carefully considered. A balance between the costimulatory effects of LCL161 and unwanted induction of AICD in the T cells became evident as we titrated the dose of drug on activated T cells, an observation previously seen with non-engineered T cells at high doses of LCL161 (36). We suspected that knockdown of both cIAP1/2 and XIAP at higher doses of LCL161 could render the T cells more susceptible to full caspase-3 activation and subsequent cell death (27). This may be exacerbated by TNFα produced by the TAC T cells, which can further potentiate death signaling in the absence of cIAP1/2 (22, 37). We did not observe increased knockdown of XIAP at increasing LCL161 doses 72 hrs after antigenic stimulation. However, it is possible that XIAP is competitively inhibited rather than degraded, and thus is not suppressing caspase-activation or death signaling. Indeed, the apoptotic sensitization in the T cells may be transduced through death-receptor pathways as XIAP is known to restrict Fas-mediated apoptosis (38). As activated T cells express Fas and FasL for regulation and immune homeostasis (39), we speculated that expression of FasL on the tumor cells contributed to the restricted ability of LCL161 to enhance TAC T cell survival and proliferation in the context of myeloma cell stimulation. In addition to this, T cell fratricide through Fas-FasL interactions with neighbouring T cells would compound this effect. To address this, we knocked out expression of Fas on our TAC T cells and showed a reduction to T cell toxicity at the low and high doses of LCL161 with bead stimulation, supporting our hypothesis that LCL161 does reduce the threshold to apoptosis in activated T cells through Fas-driven fratricide. However, this effect did not translate as clearly to MM.1S cell-based stimulation which indicates that other factors or mediators are likely involved in the restriction of LCL161-mediated proliferative enhancement with myeloma cell lines. Fas-deletion recovers the loss of TAC T cell yield observed following MM.1S stimulation in the presence of 5 μM LCL161, which supports the hypothesis that the decline in T cell yield following stimulation with MM.1S is mediated, at least in part, through Fas signaling. Nevertheless, even in the absence of Fas, we do not observe an increase in TAC T cell viability or proliferation in the presence of LCL161, which suggests that LCL161-mediated costimulation is inconsequential in the presence of the full complement of adhesion molecules and costimulatory ligands (such as LFA-3 [40)] found on the myeloma cells. Indeed, we have detected CD137L and CD86 on RPMI 8226 and MM.1S cells by flow cytometry (data not shown).

Given that the myeloma lines RPMI 8226 and MM1S were resistant to LCL161 (23) and TNFα, we were able to tune our investigations to draw conclusions under the lens of a TAC T cell-centric observation and understand the impact on T cell biology. Our study highlights several pathways and mechanisms by which LCL161 integrates into T cell proliferation and survival, expanding our understanding of SMAC mimetics as enhancers of anti-cancer immunity (41). Additional refinement to SMAC mimetic small molecule drugs through medicinal chemistry, or development of direct cIAP1/2 antagonists, could increase the therapeutic threshold between costimulatory effects and unwanted sensitization to AICD. Beyond their use as drugs to activate costimulation in the context of cell therapy, the evidence that LCL161 can enhance T cell proliferation ex vivo in response to a reductionist stimulation suggests that small-molecule IAP antagonists may be of use during the manufacturing of engineered T cells through enhancement of proliferation.





Methods




Cell lines

Human myeloma cell lines RPMI-8226 (CCL-115; purchased from ATCC (Manassas, VA) and MM.1S (kindly provided by Dr. Kelvin Lee, Roswell Park Cancer Institute, NY) were cultured in RPMI 1640 (Gibco (Thermo Fisher Scientific), Waltham, MA), supplemented with 10% FBS (Gibco), 2 mM L-glutamine (BioShop Canada Inc., Burlington, ON, Canada), 10 mM HEPES (Roche Diagnostics, Laval, QC, Canada), 1 mM sodium pyruvate (Sigma-Aldrich Canada Co. (Millipore Sigma), Oakville, ON, Canada), 1 mM nonessential amino acids (Gibco), 100 U/mL penicillin (Gibco), and 100 µg/mL streptomycin (Gibco). To generate luciferase-expressing cell lines, parental RPMI 8226 or MM.1S cell lines were transduced with lentivirus encoding enhanced firefly luciferase (effLuc) (42) as well as puromycin N-acetyltransferase at an MOI 10 and selected in culture media supplemented with 8 µg/mL puromycin (InvivoGen, San Diego, CA). HEK293T cells (kindly provided by Dr. Megan Levings, University of British Columbia, Canada) were cultured in DMEM (Gibco), supplemented with 10% FBS (Gibco), 2 mM L-glutamine (BioShop), 10 mM HEPES (Roche Diagnostics), 100 U/mL penicillin (Gibco), and 100 µg/mL streptomycin (Gibco), or 0.1 mg/mL normocin (InvivoGen). All cells were cultured at 37°C, 95% ambient air, 5% CO2, and routinely tested for mycoplasma contamination using the PlasmoTest detection kit (InvivoGen, San Diego, CA, USA).





Lentivirus production

Lentivirus encoding the BCMA-specific TAC receptor and truncated NGFR transduction marker (14) with or without FAIM3 was produced as previously described (43) using a third generation packaging system (44). Briefly, 12 x 106 HEK293T cells plated on a 15-cm dish (NUNC (Thermo Fisher Scientific)) were transfected with plasmids pRSV-REV (6.25 μg), pMD2.G (9 μg), pMDLg-pRRE (12.5 μg), and pCCL BCMA TAC (32 μg) encapsulated with Lipofectamine 2000 (Thermo Fisher Scientific) in Opti-MEM media (Gibco). 12-16 hours post-transfection, media was exchanged with HEK293 media supplemented with 1 mM sodium butyrate (Sigma-Aldrich). 24-36 hours later, supernatant was harvested, filtered through a 0.45 μm asymmetric polyethersulfone filter (Thermo Fisher Scientific) to remove cellular debris. Viral particles were then concentrated using an Amicon Ultra 15 100 kDa centrifugal filter (Millipore Sigma) and stored at -80°C. Viral titre (TU/mL) was determined post-thaw by serial dilution and transduction of HEK293T cells, and enumeration of percent NGFR+ cells by flow cytometry.





Generation of engineered human T cells

Peripheral blood mononuclear cells (PBMCs) were obtained from healthy or myeloma patient donors who provided informed written consent in accordance with the Hamilton Integrated Research Ethics Board, or were collected from commercial leukapheresis products (HemaCare, Northridge, CA and STEMCELL Technologies, Vancouver, BC, Canada). In the case of leukapheresis products, samples were transported at room temperature and processed within 24 hrs of collection. Whole blood was collected from donors using BD CPT sodium heparin collection tubes (BD Biosciences). PBMCs were isolated from blood or leukapheresis by Ficoll-Paque Plus gradient centrifugation (Cytiva, Vancouver, BC, Canada) and cryopreserved in inactivated human AB serum (Corning, Corning, NY) containing 10% DMSO (Sigma-Aldrich), or in CryoStor10 (STEMCELL Technologies) for healthy donors, and RPMI (Gibco) containing 12.5% human serum albumin (Sigma-Aldrich) and 10% DMSO (Sigma-Aldrich) for myeloma patient donors. Samples were cryopreserved in an isopropanol controlled-rate freezer (Thermo Fisher Scientific) at -80°C for 24-72 hrs prior to long term storage in liquid nitrogen. Post-thaw, PBMCs were activated with 25 μL ImmunoCult soluble anti-CD3/28/2 tetrameric complexes (STEMCELL Technologies) per mL PBMC, and cultured in RPMI 1640 (Gibco) containing 10% FBS (Gibco), 2 mM L-glutamine (BioShop), 10 mM HEPES (Roche), 1 mM sodium pyruvate (Sigma-Aldrich), 1 mM non-essential amino acids (Gibco), 55 μM β-mercaptoethanol (Gibco), 100 U/mL penicillin (Gibco), 100 μg/mL streptomycin (Gibco), 1.5 ng/mL rhL-2 and 10 ng/mL rhIL-7 (PeproTech, Cranbury, NJ). 16-24 hours later, activated T cells were transduced with lentivirus at an MOI of 1-2. T cells edited by CRISPR/Cas9 were washed with 1x PBS on day 3 to remove soluble activator, otherwise T cells were washed on day 4. Transduced cells were enriched with the EasySep Human CD271 Positive Selection Kit II (STEMCELL Technologies) on day 7-10 of culture. Culture yields were enumerated every 2-3d and supplemented with cytokine-containing media to dilute cultures to ~ 1.0×106 cells/mL. Engineered T cell products were expanded for a total culture period of 14-15 days prior to use. In some cases, TAC T cell products were cryopreserved prior to use. In short, after culture cells were cryopreserved in CryoStor10 according to manufacturer’s directions at 20×106 cells/mL (for downstream in vitro assays). Prior to use of cryopreserved TAC T cell products in any in vitro assay, cells were thawed according to manufacturer’s directions and rested for 24 hrs in cytokine-containing media (as above). Mean viability and recovery were 85.5% ( ± 7.2% std. dev.; 95% CI [83.2, 87.7]) and 57.2% ( ± 16.4% std. dev.; 95% CI [52.1, 62.3]), n=42.

All assays were performed in T cell medium without cytokines; FBS lots were assessed compared to previous lots to ensure similar T cell manufacturing (expansion, viability, cryopreservation) and functionality (proliferation, cytotoxicity, and cytokine production).





CRISPR/Cas9 editing of T cells

T cell gene-editing was accomplished by electroporation of complexed gRNA/Cas9 ribonucleoprotein (RNP). To generate RNP, a triple sgRNA pool (Synthego, Redwood City, CA, USA) or negative control gRNA (IDT, Newark, NJ, USA) was complexed with 20 pmol Alt-R HiFi Cas9 V3 (IDT) at a 3:1 sgRNA , Cas9 molar ratio for 10-15 min at room temperature. Prior to electroporation activated T cells were pooled and washed with 1x PBS. 5x105 T cells per electroporation were resuspended in buffer T (Thermo Fisher Scientific) and mixed with complexed RNP (20 pmol on a Cas9 basis) and shocked using a NEON electroporation system (Thermo Fisher Scientific) set to 1600 V, 10 ms pulse width, and 3 pulses. Immediately after electroporation, T cells were dispensed into antibiotic-free T cell medium containing rhIL-2 and rhIL-7. To edit the TNFRSF8 gene, exon 6 was targeted with sgRNAs with sequences (5’ – 3’), AAATTACCTGGATCTGAACT, AGCTGCTTCTAAACTGACGA, and ACACCGGGGTGGGCTTGGCC. To edit the FAS gene, exon 2 was targeted with sgRNAs with sequence (5’ – 3’), CACUUGGGCAUUAACACUUU, UACAGUUGAGACUCAGAACU, and GUGUAACAUACCUGGAGGAC. Genomic DNA was collected from T cells on d14/15 with QuickExtract DNA extraction solution 1.0 (Lucigen, Hoddesdon, UK) following manufacturers instructions, and targeted exons were amplified by PCR and sequenced by sanger sequencing. Indel analysis was performed by Synthego ICE (45) with PCR/sequencing primers (5’ – 3’) for TNFRSF8 exon 6, CTCCCCCTCATCTCAAGAGCTATC and TGAGCCTCAAACCAAAGCAAGA; FAS exon 2 TGAAGAACCTGAGATCCAAACTGCT and TGGTAGATCCTAATCAGTTTTGACATGA.





Flow cytometry

Flow cytometry data were collected with BD LSR II (V/B/R or V/B/YG/R laser configuration), BD LSR Fortessa (V/B/R laser configuration) or Beckman Coulter CytoFLEX LX (NUV/V/YG/B/R laser configuration) and analyzed using FCS Express v7 Software (DeNovo Software, Pasadena, CA).





Phenotypic characterization of T cell products

Surface expression of BCMA TAC constructs was determined by staining with recombinant human BCMA-Fc protein (R&D Systems, Minneapolis, MN), followed by goat anti-human IgG (to detect BCMA-Fc) and antibodies against markers CD4, CD8α, CD30, FAIM3, Fas, and/or NGFR. Antibody-fluorochrome combinations, cat #, and RRID# are indicated in the table following the materials section. Unless otherwise stated, all stains were done at room temperature for 30 minutes in PBS + 2% BSA + 2.5 mM EDTA. Staining was assessed by flow cytometry.

Transduction efficiency of TAC T cells was evaluated by co-expression of the TAC receptor and truncated NGFR in bulk, CD4, and/or CD8 populations (refer to Supplemental Figure 8 for gating strategy). Knockout of Fas was similarly detected (refer to Supplemental Figure 9).

To assess expression of FAIM3 and CD30 of unedited TAC T cells in response to LCL161, 72-hour cell stimulation with BCMA-coated microbeads and LCL161 (5 μM) or vehicle was used. FAIM3 expression was abrogated in response to stimulation, whereas CD30 expression required stimulation (refer to Supplemental Figure 10 for gating strategy). To assess expression of FAIM3 and CD30 on CD30-edited and/or FAIM3 overexpressing TAC T cells 72-hour stimulation with 1 μg/mL plate-bound agonistic anti-CD3 (clone, OKT3) and LCL161 (5 μM) or vehicle was utilized (refer to Supplemental Figure 11 for gating strategy).





In vitro cytotoxicity assay

For luciferase-based cytotoxicity assays TAC T cells were co-cultured in triplicate with 2.5x104 luciferase-expressing RPMI 8226 or MM.1S cells in the presence of DMSO or LCL161 at indicated effector:target ratios for 48 hours at 37°C in opaque-white flat-bottom 96-well microplates. Following co-culture, 0.15 mg/mL D-Luciferin (Perkin Elmer, Waltham, MA) was added, and luminescence was measured with an open filter using a SpectraMax i3 (Molecular Devices, San Jose, CA) plate reader. Tumor cell viability was calculated as  . For flow-based cytotoxicity assays, engineered T cells were co-cultured with 2.5x104 RPMI 8226 or MM.1S cells with DMSO or LCL161 at indicated effector:target ratios for 24 hrs at 37°C. Following co-culture, samples were stained for NGFR, CD138, and viability and CD138+NGFR- cell viability was utilized as a measure of tumor cell survival.





Microbead antigen loading

Protein G-conjugated ~6-7 μm polystyrene beads (Spherotech, Lake Forest, IL, USA) were coated with 50 ng BCMA-Fc chimera protein (R&D Systems, Minneapolis, MN, USA) per 106 beads in PBS + 0.1% BSA at a concentration of 5x106 beads/mL and incubated rotating overnight at 4°C. Immediately prior to use, beads were resuspended in T cell medium without cytokines to achieve the desired effector:target ratio.





Proliferation assay

Engineered T cells were labelled with CellTrace Violet dye (Thermo Fisher Scientific) and stimulated with MM.1S tumor targets or antigen-coated microbeads at a 1:1 effector:target ratio (non-stimulated control wells were also plated to determine undivided peak for proliferation modeling). After 4 days at 37°C, co-cultures were stained with Live/Dead Fixable stain and antibodies against markers CD8α, CD4, NGFR, CD3, and/or CD138, and mixed with absolute counting beads (Thermo Fisher Scientific). Flow cytometry data were acquired as indicated above, refer to Supplemental Figure 12 for gating strategy. Results were analysed using Proliferation Plots in FCS Express 7. In short, non-stimulated control T cells were used to identify and fix a Starting Generation within Proliferation Fit Options. Proliferation Fit Statistics were used to calculate the percent of original cells that divided (percent divided). Absolute cell yield was calculated as,  .





Clariom-S RNA transcriptome analysis

5x105 TAC T cells were stimulated with 0.05 μg/mL plate-bound BCMA-Fc antigen in a 24-well plate in the presence of 0.625 μM LCL161 or DMSO for 24 or 72 hrs. After stimulation, T cells were collected, washed with 1x PBS to remove media, then processed to collect total RNA. For the 24 hour stimulation, dead cells were removed using the Miltenyi Dead Cell removal kit. Briefly, T cells were homogenized by centrifugation through QIAshredder columns (QIAGEN, Hilden, Germany), and RNA was purified from the resultant lysates by RNeasy Mini Plus (QIAGEN) RNA purification kit as per manufacturer’s instructions. Purified RNA was assessed for quality above RIN>7 by NanoDrop OneC spectrophotometry (Thermo Fisher Scientific) and 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA). Total RNA was hybridized using a Clariom-S Pico genechip (refer to GEO accession #GSE227986 for further details), and resultant data was analyzed using the Transcriptome Analysis Console (Thermo Fisher Scientific) to determine differential gene analysis (DGA) between DMSO and LCL161 group with donor as a repeated measure. Raw and normalized data is available through the NCBI Gene Expression Omnibus repository under accession #GSE227986. To generate volcano plots, the differentially expressed gene were input using the EnhancedVolcano() package in R (46). Genes were identified as significant with a p-value below 0.05 and a fold change >1.75/<-1.75. Gene ontology (GO) over-representation analysis was conducted using the clusterProfiler() package in R (47–49). Specifically, the biological processes (BP) ontology was used to identify enriched pathways. A Benjamin & Hochberg (50) (BH) correction was applied post-hoc and gene sets were identified as significant with an adjusted p-value below 0.05. All analyses were performed using R Statistical Software [v4.2.1 (49)].





Western blotting

T cell NF-κB2 p100/p52 and XIAP analysis was accomplished by first stimulating 5x105 TAC T cells on 0.05 μg/mL plate-bound BCMA-Fc antigen in a 24-well plate in the presence of 0.625 μM LCL161 or DMSO for 24, 48, or 72 hrs. After stimulation, T cells were collected, washed twice in 1x PBS, then frozen as cell pellets at -20°C. Protein lysates were generated from cell pellets by lysis with RIPA lysis buffer (Thermo Fisher Scientific) containing protease inhibitors (Roche, Basel, Switzerland) for 15 min on ice, followed by 15 min centrifugation at 15000 RCF 4°C. Lysates were quantified by BCA assay (Thermo Fisher Scientific), and 8.5 (NKFB2) or 10 (XIAP) μg protein was loaded onto a 4-20% gradient gel (Bio-Rad). Proteins were then transferred to a nitrocellulose membrane, stained for total protein by REVERT 700 total protein stian (Li-COR Biosciences, Lincoln, NE, USA), and then blotted for NF-κB2 (Cell Signaling Technologies) or XIAP (Cell Signaling Technologies). All imaging was accomplished using an Odyssey Lx Imaging System (Li-COR Biosciences) set to auto mode. Blots were analyzed using Empiria Software (Li-COR Biosciences) where NF-κB2 p100/p52, or XIAP, signals were normalized to total protein signal of their respective wells (refer to Supplemental Figure 7 for an example). For analysis of tumor cells, MM.1S and RPMI 8226 cells were pelleted and lysed in an SDS-RIPA buffer (10 mM Tris-HCl, 150 mM NaCl, 10 mM KCl, 1 mM EDTA, 0.5% deoxycholic acid, 0.5% Tween 20, 0.5% NP-40, 0.1% SDS) with protease and phosphate inhibitor cocktail (MiliporeSigma) for 20 minutes on ice. Cells were then sonicated for 10 seconds at 20% amplitude before centrifugation and protein quantification by DC protein assay (Bio-Rad). Equal amount of protein (25 μg) was loaded onto 10% SDS-PAGE gels. Immunoblotting was performed overnight at 4°C with the primary antibodies, p100/p52 (Cell Signaling Technologies), NIK (Abcam, Cambridge, UK), β-Tubulin (DSHB, Iowa city, IA, USA), cIAP1/2 (MBL International, Woburn, MA, USA), and XIAP (MBL International). The next day, bound primary antibodies were probed with secondary antibodies conjugated to either Alexa Fluor680 (Thermo Fisher Scientific) or IRDye 800CW (Li-COR Biosciences) at room temperature for 1 hour, then blots were scanned on the Odyssey Infrared Imaging System (Li-COR Biosciences).





T cell apoptosis and AICD assay

T cell apoptosis was investigated by stimulating 5x105 engineered T cells 1:1 with antigen-loaded microbeads or MM.1S tumor cells for 24, 48, or 72 hrs in the presence of DMSO or LCL161 at indicated concentrations. Afterwards, cells were immediately stained with live/dead fixable viability dye at room temperature for 20 minutes, fixed with BD Cytofix, and stained for phosphatidylserine and CD3 surface expression on ice for 60 min. Cells were analyzed by flow cytometry and populations were defined as live (PS- live/dead-), early apoptotic (PS+ live/dead-), and late apoptotic (PS+ live/dead+), refer to Supplemental Figure 13 for gating strategy.

To investigate AICD in TAC T cells, cells were stimulated as above with antigen-loaded microbeads for 48 hrs in the presence of DMSO or LCL161. Cells were stained with live/dead fixable viability dye at RT, fixed with BD Cytofix, stained for phosphatidylserine on ice for 60 min, permeabilized with BD Phosflow perm/wash I as per manufacturers guidelines, then stained intracellularly for active caspase 3. Percent apoptotic in live cells was defined as live/dead- PS+ active-caspse3+, refer to Figure 6B for gating strategy.





Tumor cell TNF-sensitivity assay

2x105 MM.1S or RPMI 8226 cells were incubated with 5 μM LCL161 or DMSO and in the presence of rhTNFα (BD Biosciences) at indicated concentrations for 48 hrs. After incubation, cells were collected and stained using a fixable live/dead dye. Samples were analyzed by flow cytometry to determine viability.





Statistics

All statistical analyses were performed in GraphPad Prism version 9.4 for Windows (San Diego, CA). Paired two tailed t tests, or multiple paired t tests using the Holm-Šídák method, were utilized to compare between two samples. An ordinary one-way ANOVA using the Dunnett multiple comparison test was used to compare the means of three or more unmatched groups. * = p > 0.05, ** = p > 0.01, *** = p > 0.001, and N.S. = not significant.TABLE
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The ubiquitous expressed transcript (UXT), a member of the prefoldin-like protein family, modulates regulated cell death (RCD) such as apoptosis and autophagy-mediated cell death through nuclear factor-κB (NF-κB), tumor necrosis factor-α (TNF-α), P53, P62, and methylation, and is involved in the regulation of cell metabolism, thereby affecting tumor progression. UXT also maintains immune homeostasis and reduces proteotoxicity in neuro-degenerative diseases through selective autophagy and molecular chaperones. Herein, we review and further elucidate the mechanisms by which UXT affects the regulation of cell death, maintenance of immune homeostasis, and neurodegenerative diseases and discuss the possible UXT involvement in the regulation of ferroptosis and immunogenic cell death, and targeting it to improve cancer treatment outcomes by regulating cell death and immune surveillance.
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1 Introduction

The ubiquitous expressed transcript (UXT) gene is located at the Xp11.23–p11.22 locus, a region of strong biological significance that is affected by X gene inactivation. When retrieved from the National Center for Biotechnology Information (NCBI, https://www.ncbi.nlm.nih.gov/gene) UXT is also known as STAP1 and ART-27. Recent studies have revealed that UXT plays an important role in cellular transformation and gene transcription by regulating the androgen receptor (AR), GATA4, nuclear factor-κB (NF-κB), and EVI1activities as cofactors (1–5). UXT is upregulated in various tumor tissues, including colorectal cancer (6), sarcoma (5), breast cancer (7, 8), and dedifferentiated skull-base chordomas (9). Therefore, UXT is considered a proto-oncogene in human cancers. UXT is downregulated in prostate cancer tissues, and its overexpression has been reported to inhibit prostate cancer cell growth (10–12). UXT may promote or suppress tumorigenesis depending on the tumor type and microenvironment (13).

Previous research has confirmed that: ​UXT contains two mRNA splicing variants that produce two UXT isoforms, UXT-V1 and UXT-V2, respectively. These two isoforms differ in their subcellular localization and actions, with the UXT-V2 protein mainly distributed in the nucleus and the UXT-V1 protein mainly distributed in the cytoplasm (14). At the same time, the expression of UXT-V1 is lower than that of UXT-V2. Some of the studies did not specifically state the isoforms; for those studies, “UXT” is used in this review.

​Cell death is an important mechanism for maintaining the functional homeostasis of cells or organs (15). In the treatment of tumors, targeting or inducing tumor cell death is also the pathway of choice for most non-surgical treatment modalities for tumors, and therefore the study of the mechanisms regulating cell death is crucial (16). However, tumor cells are resistant to cell death. This involves activation of anti-apoptotic proteins, cellular autophagy, and epigenetic mechanisms. Chemotherapy resistance caused by them is a difficult problem in most cancer treatments (17). As the research of tumor treatment has advanced, the clinical treatment of tumor has entered the era of precision medicine. Targeted therapy and immunotherapy are gradually gaining attention (18). Cell death releases substances such as damage associated molecular patterns, ATP, DNA and inflammatory factors, which activate anti-tumor immune response. Thus, cell death induces different levels of immune response (19). Amyotrophic lateral sclerosis (ALS) is one of the neurodegenerative diseases. ALS is associated with neuroinflammation, immune response, and dysfunction due to neuronal death (20, 21).

There are some contradictory views among studies on the role of UXT. First, UXT-V2 can inhibit TNF-α-induced apoptosis by upregulating the expression of anti-apoptotic genes in the NF-κB signaling pathway (2). In addition, UXT can also inhibit P53 activity through murine double minute X (MDMX) or epigenetic mechanisms, thereby suppressing apoptosis (5, 22). However, UXT-V2 can also interact with sterile α and HEAT armadillo motif-containing protein (SARM) in mitochondria to promote apoptosis (23). Second, UXT can promote P62-mediated selective autophagy (24, 25). However, when UXT is downregulated, it can promote autophagy by decreasing mTOR activity or promoting autophagy lysosome formation (26, 27). Third, UXT-V1 knockdown inhibits type I IFN expression (28), and UXT-V2 is phosphorylated to impair the activation of NF-κB signaling pathway and attenuate host cell antiviral immune responses (29). However, UXT can inhibit the expression of type I IFN through the cGAMP-STING signaling pathway (25). Therefore, there is an urgent need to evaluate the role of UXT in different diseases. To this end, we present a comprehensive review on the different ways in which UXT regulates cell death and the progress of UXT research in immune regulation and neurodegenerative diseases based on the perspectives of cell death and immunity. We also discuss the possibility of UXT involvement in ferroptosis, immunogenic cell death, the improvement of the tumor immune microenvironment and immune response, and the regulation of neuro-degenerative disease progression. We reveal possible research trends and indicate some suggestions for future research.




2 The origin and degradation of UXT

The UXT gene encodes a protein of approximately 18 kDa and is widely expressed in human and mouse tissues (30). UXT is a member of the alpha-like prefoldin protein family that exhibits alpha-helical properties and has two isoforms, both of which are derived from the same chromosome. UXT is distributed in the nucleus, cytoplasm, and mitochondria. UXT-V2 is the shorter isoform, consisting of 157 amino acids, while UXT-V1 has 12 more amino acids (169 amino acids) at its N-terminal end compared with UXT-V2. These are called MVFPLPTPQEPI motif (31), which can bind to TRAF2 to mediate the TNFR1 apoptosis pathway, which is unique to UXT-V1. The UXT-V1 plasmid also generates the UXT-V2 isoform through translation at the second methionine of codon 13 (ATG2) (14). The subcellular localization of UXT correlates with the cell cycle. UXT binds to γ-microtubule proteins, suggesting that UXT is a centrosome component, and that its overexpression disrupts centrosome structure (11). UXT is also involved in mitosis and germ cell meiosis (32), and is essential for cell viability, with insufficient expression in cells leading to cell death (33).

Both UXT-V1 and UXT-V2 can be ubiquitinated. Both tumor suppressor protein LOX-PP and E3 ubiquitin ligase SCF (Fbxo7) can induce UXT-V2 ubiquitination and proteasome degradation (7, 14). UXT-V2 is highly expressed in breast cancer tissue, where it can inhibit ER activity. Endocrine therapy for ER-negative breast cancer is known to be less effective, and endocrine therapy for ER-positive patients also faces the dilemma of drug resistance and reduced sensitivity. This provides a new perspective on improving the poor response to endocrine therapy and resistance in breast cancer patients. E3 ubiquitin ligase SCF (Fbxo7) mediated ubiquitination of UXT-V1, but the cell abundance of UXT-V1 did not change significantly (14). The MVFPLPTPEPI motif at the N-terminal of UXT-V1 probably does not mediate ubiquitin binding of UXT-V1 to SCF (Fbxo7), at least not primarily. Although UXT-V1 is a short half-life protein, the regulation of its degradation remains unclear.




3 Apoptosis: one of the cell death pathways

Cell death is the end of cellular life. With the accumulation of experimental data in recent decades, multiple forms of cell death have been identified that are interconnected and complementary via mechanisms that regulate cellular homeostasis in living organisms. The Nomenclature Committee on Cell Death (NCCD) classifies cell death into regulatory cell death (RCD) and accidental cell death (ACD) based on environmental and environmental factors (34). RCD includes apoptosis (both endogenous and exogenous), necrosis, pyroptosis, ferroptosis, and autophagy-dependent cell death.

Targeting apoptotic pathways in tumor cells is a promising anticancer strategy (35, 36). Indeed, apoptosis, which is classified into either endogenous or exogenous based on the activating pathways, can be activated by cellular stress, DNA damage, and immune surveillance pathways. The key step in the endogenous apoptosis pathway is an altered mitochondrial outer membrane permeability (MOMP) with the release of Cyto-chrome c from the mitochondria into the cell matrix; this is accompanied by the dysregulation of the B-cell lymphoma 2 (BCL-2) family such as BH3-only protein, which activates caspase-9-mediated apoptosis (34). Conversely, exogenous apoptosis is mediated by Fas, TNF receptor 1 (TNFR1), death receptor (DR) 4, and DR5 membrane protein receptors, which correspond to Fas ligand (FasL), TNF, or TNF-related apoptosis-inducing ligand (TRAIL) proteins, respectively, and subsequently cause apoptosis through the recruitment of Fas-associated death domain (FADD) and caspase-8, which further activates the cascade of cysteine activation and BID cleavage (34). BID serves as the “link” between endogenous and exogenous apoptosis, and is positively regulated by p53 at the transcriptional level (37), which can transmit the signal to the mitochondria and trigger a stronger apoptotic signal.



3.1 UXT and mitochondria

Mitochondria provide energy for cells through diverse metabolic functions and play a central role in apoptosis. Recent studies have shown that mitochondria also play a novel role as pro-inflammatory signaling hubs in some types of cell death, such as necrosis, ferroptosis, and pyroptosis (38). The distribution of mitochondria is regulated by the cytoskeleton, and mitochondrial aggregation in the perinuclear region is considered a feature of cell death.

UXT interacts with leucine-rich pentatricopeptide repeat containing protein (LRPPRC) through the SEC1 structural domain and participates in the LRPPRC complex by acting as a bridge between the LRPPRC actin-based cytoarchitecture and potential transcriptional complexes. The LRPPRC complex participates in the integration of cytoskeletal actin and microtubule networks, including vesicular transport, nucleocytoplasmic shuttling, nuclear chromosome remodeling, and transcriptional control (39). Subsequently, it was shown that UXT, as one of the subunits of the LRPPRC complex, acts through the microtubule (MT) cytoskeleton, where normal cells need adenosine triphosphate the most and thus influence mitochondrial distribution, and localizes mitochondria at the key functional sites of chromosome remodeling where errors trigger mitochondria-mediated cell death (40). Elevated levels of UXT may promote progressive mitochondrial aggregation and cell death through the association of UXT with LRPPRC (41). In recent years, several studies have investigated the influence of UXT on the cytoskeleton and its involvement in mitochondrial distribution. Previously, UXT was thought to affect mitochondrial distribution through LRPPRC. There is a lack of strong evidence on whether UXT affects mitochondrial repositioning through the cytoskeleton and the causal mechanistic studies of this in relation to cell death. Both UXT-V1 and UXT-V2 have been shown to interact with SARM in monocyte mitochondria, as observed under lipopolysaccharide (LPS) and polyinosinic:polycytidylic acid (poly I:C) simulated infection conditions (23). The interaction of UXT-V2 with SARM in the mitochondria increases SARM-induced exogenous apoptosis by increasing caspase-8 activity and mitochondrial membrane potential depolarization. In contrast, the interaction between UXT-V1 and SARM decreased caspase-8 activity and inhibited apoptosis.

The shift in mitochondrial membrane potential can regulate the release of apoptotic factors and mitochondrial membrane permeability (42); therefore, mitochondrial membrane potential plays an important role in apoptosis (43). Future studies should investigate how UXT acts through the mitochondria to affect apoptosis or other death pathways.




3.2 UXT and the NF-κB signaling pathway

The NF-κB family is composed of B cell-specific transcription factors that include c-REL, RelA (p65), RelB, NF-κB2 (p100/p52), NF-κB1 (p105/p50), and five DNA-binding proteins that bind to form homo- or heterodimers, which regulate gene transcription. When NF-κB is not activated in the cytoplasm, it binds to its specific repressor protein, IκB. When infection and stress damage occur in the body, TNF and interleukin-1 (IL-1) activate the IκB kinase (IKK) complex, trigger NF-κB translocation, activate the NF-κB signaling pathway, and regulate the transcription of target genes. NF-κB regulates innate and adaptive immune responses and modulates cell proliferation and apoptosis. NF-κB signaling pathways are involved in the development of cancer, diabetes, immune disorders, acquired immunodeficiency syndrome, COVID-19, and other diseases through their regulatory roles in inflammation, tumors, and immunity (44, 45). TNF is a pleiotropic cytokine belonging to the TNF superfamily. By binding to its cognate receptor, TNF-R1, it induces a signaling cascade that can lead to the upregulation of pro-inflammatory genes or cell death. TNF signaling is determined by the activity of two distinct spatiotemporal complexes: the TNF-R1 binding complex (complex-I), which drives NF-κB activation and the inflammatory response, and the secondary complex (complex-II), which can trigger cell death (46).

In prostate cancer cells, UXT-V2 acts as a transcriptional cofactor that interacts with P65 through the intact Rel homology structural domain (RHD) in response to TNF-α stimulation. UXT-V2 is passively recruited to NF-κB enhancers and functions as a nuclear chaperone to tightly regulate NF-κB target gene expression in the nucleus. Reduction in endogenous UXT-V2 significantly increases the propensity for TNF-α-induced apoptosis (2). The authors also found that in UXT-V1 knockdown cells, TNF-α synergistically activated caspase-8 and poly-ADP ribose polymerase (PARP), significantly promoting apoptosis, and the cells were highly sensitive to TNF-α induced apoptosis. To be specific, UXT-V1 in the cytoplasm blocked the recruitment of FADD by TRAF2 and inhibited the formation of complex - II(FADD-RIP-TRADD) through the N-terminal 12-amino acid motif-targeting complex -I (TRAF2-RIP-TRADD). Therefore, UXT-V1 inhibits TNF-α induced apoptosis by blocking the recruitment of the death receptor TNFR1 adaptor protein (31). The UXT is not controlled by the NF-κB signal path. The regulation of complex- II by UXT-V1 and the regulation of nuclear events in NF-κB signaling pathway by UXT-V2 clarified the differences between the two isoforms of UXT, enriched the mechanism of action of UXT, provided direct evidence of UXT and cell death, and also hinted at the possibility of UXT participating in the regulation of tumor, inflammation and immunity through the NF-κB signaling pathway. Interestingly, there appears to be some contradiction between this and Sethurathinam’s (23) findings. They proposed that UXT-V2 interacts with SARM in the mitochondria of monocytes to promote apoptosis, which UXT-V1 inhibits. UXT-V2 is mainly found in the nucleus, cytoplasm, and mitochondria. But most of it is in the nucleus. In addition to the differences between the cells themselves, different subcellular localization may involve different mechanisms, which does not rule out the possibility that they occur simultaneously.

The mechanism underlying the selective activation of the NF-κB signaling pathway by UXT is not fully understood. In COS-7 cells, LRP16 interacts with ART-27 and AR in an androgen-independent manner and participates in AR transactivation (47). Furthermore, LRP16, as an interacting factor of UXT, could be integrated into the NF-κB transcriptional enhancer in the nucleus to participate in the regulation of NF-κB. Meanwhile, increased TNF-α + cycloheximide (CHX)-induced apoptosis was observed in cells with downregulated LRP16 expression. Downregulation of LRP16 also increased cell sensitivity to TNF-α-induced apoptosis; the anti-apoptotic proteins X-linked inhibitor of apoptosis protein (XIAP) and FLICE-inhibitory protein (FLIP) were blocked (48). The mechanism of the interaction between UXT and LRP16 in cell death, such as apoptosis, has not been further investigated. In addition, UXT interacts specifically with the EZH1-SUZ12 complex to regulate the activation of NF-κB targets. EZH1and UXT knockdown significantly increased the percentage of apoptotic cells and the sensitivity of cells to apoptosis. The mechanism may be that EZH1 and UXT can regulate TNF and two induced anti-apoptosis genes, BIRC2 (coding cIAP1) and BIRC3 (coding cIAP2) (49). Therefore, UXT-V2 may co-regulate the nuclear events of NF-κB with LRP-16 and EZH1 (Figure 1).




Figure 1 | UXT and NF-κB signaling pathway: When TNF-α binds to TNFR1 and UXT-V1 binds to TRAF2, apoptosis is inhibited by inhibiting the formation of complex- II by inhibiting FADD recruitment. UXT-V1 binds to the SARM on the mitochondrial membrane and inhibits the activity of casepase8, thereby inhibiting cell apoptosis. UXT-V2 binds to SARM up-regulating the activity of casepase8 and promoting apoptosis. UXT-V2 acts as an NF-κB enhancer to regulate the transcription of downstream genes in the NF-κB signaling pathway. EZH1 and LRP-16 participate in the composition of the NF-κB enhanceosome.






3.3 UXT and the P53 signaling pathway

P53, also known as TP53, has tumor-suppressive effects. In normal cells, P53 binds to its inhibitors, mouse double minute 2 homolog (MDM2) and MDMX, and maintains low levels of activity. When activated in the presence of hypoxia, DNA damage, and stress, P53 induces apoptosis, cellular senescence, and cell cycle arrest. P53 regulates energy metabolism, inflammation, and epithelial-mesenchymal transition and plays a central role in DNA damage repair. Importantly, P53 can be mutated in various tumors (50, 51). The P53 pathway plays various roles in cell death, including apoptosis (52), autophagy (53), pyroptosis (54), necrosis (55), and ferroptosis (56). This may involve complex crosstalk with the NF-κB pathway (57).

Kyoto Encyclopedia of Genes and Genomes (KEGG) and gene ontology (GO) analyses revealed that genes differentially expressed before and after UXT knockdown in HCT116 cells were associated with the P53 pathway (49), which suggests a relationship between UXT and the P53 signaling pathway in tumors. The authors also confirmed in human osteosarcoma cells that UXT-V2 inhibits P53 activity by binding to MDMX, which further leads to a selective increase in NF-κB activity. This up-regulates the expression of hypoxia-inducible factor-1α (HIF-1α), which in turn significantly increases the expression of glycolytic genes, such as glucose transporter (GLUT)-1/3, hexokinase (HK)-2/3, lactate dehydrogenase A (LDHA), and enolase (ENO), promoting glycolysis (5). This shift confers a proliferation and survival advantage to tumor cells. The authors also demonstrated that UXT-V2 affects NF-κB activity by increasing the nuclear localization of P65.

In solid tumors, hypoxia is a pervasive growth environment in tumor tissue and is progressively exacerbated by reduced vascularity in the tissue. The Warburg effect is a metabolic signature in which tumor cells rapidly break down glucose and glutamine through glycolysis while activating the expression of key enzymes to provide energy (58). This imparts a variety of properties, such as cellular resistance to death. Researchers have found that breast cancer cells exhibit increased anti-apoptotic properties when aerobic glycolysis is enhanced, while inhibition of HIF-1α inhibits aerobic glycolysis, reduces resistance to apoptosis, and promotes apoptosis (59). UXT-V2 is up-regulated in breast cancer tissues and cell lines, and down-regulates maternal expression 3 (MEG3) by binding to DNMT3B, thereby inhibiting the P53 signaling pathway (22).UXT-V2 also inhibits apoptosis and promotes the proliferation, migration, and invasion of breast cancer cells through its negative regulation of the P53 signaling pathway (22). This provides direct evidence that UXT modulates apoptosis via the P53 signaling pathway (Figure 2).




Figure 2 | UXT and the P53 signaling pathway: UXT-V2 inhibits P53 by promoting ubiquitin degradation of P53 through MDMX. Down-regulation of P53 activity leads to selective activation of NF-κB signaling pathway, up-regulation of HIF-1α expression, promotion of glycolysis gene GLUT-1/3, HK-2, LDHA, and ENO expression, and promotion of glycolysis. These changes promote cell proliferation. By binding to DNMT3B, UXT-V2 downregulates MEG3 by methylation and thus inhibits the P53 signaling pathway. When P53 is suppressed, apoptosis is inhibited and cell proliferation, migration and invasion are promoted.






3.4 UXT and DNA methylation

DNA methylation is an epigenetic process. Cancer often shows overall DNA hypomethylation compared with healthy tissues. Methylation of CpG islands in promoter regions generally suppresses transcription; DNA methylation at CpG sites is the most common epigenetic inhibition of tumor suppressor genes in malignant tumors (60, 61). Regulation of genes involved in apoptosis, mediated by DNA methylation, may be an important mechanism for tumor cells to escape apoptosis, and changes in these related genes can occur in the form of hypomethylation to reactivate anti-apoptotic genes or in the form of hypermethylation to inhibit pro-apoptotic genes (62, 63).

DNA methylation can be catalyzed by the DNMT family of enzymes. In breast cancer cells, UXT-V2 interacts with DNMT3B to downregulate MEG3 through methylation, and negatively regulates the MEG3/P53 axis, thereby inhibiting apoptosis and promoting proliferation (22). Enhancer of zeste homologue 2 (EZH2) is a catalytic subunit of histone methyl-transferase and polycomb repressive complex 2 (PRC2), which can alter the expression of downstream target genes through H3K27me3 (64, 65). Subsequent studies have found that UXT promotes the formation of the PRC2 complex through interaction between UXT and EZH2 in the nucleus, thus promoting histone methyltransferase (HMTase) activity of EZH2. UXT inhibits transcription of tumor suppressor gene homeobox A9 (HOXA9) and disabled homolog 2 (DAB2)-interacting protein (DAB2IP), promoting proliferation, colony formation and migration of renal clear cell carcinoma (13). Meanwhile, UXT is highly expressed in breast cancer and that UXT suppresses RND3 epigenetically by recruiting EZH2 in breast cancer. After UXT knockdown, cell proliferation and metastasis are inhibited (66). This evidence suggests that UXT interacts with EZH2 in tumor cells.

Knockdown of EZH2 or DZNep(EZH2 inhibitor) can induce apoptosis of RKO and HCT116 cells, promote autophagy, inhibit G1/S transition, and increase the number of G1 phase cells (67). Meanwhile EZH2 modulates E2F1-dependent apoptosis through epigenetic regulation of Bcl-2 interacting mediator of cell death (BIM) expression (68). Therefore, EZH2 can regulate cell apoptosis, cell cycle and disease progression, playing a crucial role in the occurrence and development of tumors (64, 69). We speculate that UXT may regulate tumor cell apoptosis or other processes by recruiting EZH2 or stabilizing EZH2 as a chaperone (Figure 3).




Figure 3 | UXT and methylation: HOXD9 acts on the UXT promoter to up-regulate UXT expression. UXT promotes methyltransferase activity with EZH2 in PRC2 and methylates the promoter of the tumor suppressor gene RND3/HOXA9. The expression of RND3/HOXA9 is down-regulated and promotes tumor cell proliferation, migration and colony formation.



In conclusion, UXT-V1/V2 may regulate apoptosis via multiple mechanisms . In the treatment of tumors, the deletion of pro-apoptotic genes or overexpression of anti-apoptotic genes causes the tumor to inhibit apoptosis. This inhibition leads to resistance to chemotherapy drugs and the development of multidrug resistance. UXT may be a potential diagnostic or therapeutic biomarker.





4 UXT and autophagy

Autophagy is a conserved mechanism in various cells, is divided into either non-selective or selective. Non-selective autophagy can be used to break down cellular proteins, lipids, and nucleic acids to maintain intracellular homeostasis when cell nutrition is deficient. In selective autophagy, misfolded and abnormally accumulated proteins can be broken down when the body is exposed to conditions such as hypoxia, oxidative stress, pathogen infection, and radiation (70, 71). Autophagy is involved in cell death and survival in cancers, neurodegenerative diseases, and metabolic disorders (72, 73). The NCCD classifies autophagy-dependent RCD as autophagy-dependent cell death (34). During cell death, autophagy can also activate apoptosis, ferroptosis, necrotic apoptosis, and other RCD modes through molecular pathways such as TRAIL and ferritin (70, 74–76). Notably, autophagy-dependent cell death should not be confused with other modes of RCD caused by autophagy (34, 73, 77). Mutations in genes associated with autophagy are associated with many human diseases, and the search for new therapeutic targets in the autophagy pathway has great potential (78).

UXT plays a role in late endosome/autophagosome–lysosome fusion events. Downregulation of UXT leads to an increase in the binding of tumor susceptibility gene 101(TSG101) vesicles to lysosomes, increases autophagy flux, and promotes the degradation of centrosomal protein of 55 kDa (CEP55) when TSG101 is overexpressed (26). In addition, UXT interacts with the mTOR protein, an essential negative regulator of autophagy. In mammals, the mTOR protein participates in the formation of mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2) (79). mTORC1 limits the autophagic decomposition of cell components, inhibits the formation of autophagosomes, and plays a role in both the early and late stages of autophagy (80). Conversely, mTORC2 participates in the regulation of apoptosis and glucose homeostasis by interacting with protein kinase B (AKT). In the mouse photosensitive cell line 661W, after the conditional knockout of UXT, the decrease in mTOR activity promoted a significant increase in autophagy-related genes and the inhibition of autophagy-negative regulation genes, accompanied by a decrease in sequestosome 1 (SQSTM1) levels and an increase in microtubule-associated protein light chain (LC3)-II levels. Significant activation of autophagy increases the expression of pro-apoptotic genes and decreases that of anti-apoptotic genes (27). Eventually, photoreceptor apoptosis and the downregulation of retinal pigmentation-related genes lead to severe retinal degeneration and retinal dysfunction. Therefore, UXT plays a key role in promoting mTOR activity to prevent retinal degeneration.

In selective autophagy, P62 acts as a ubiquitin-dependent autophagy-selective receptor that binds to misfolded proteins and mediates protein autophagy degradation (71). P62 may also interact with TRAF6 and activate the NF-κB signaling pathway via the P62-TRAF6-NF-κB axis. Additionally, P62 is associated with exogenous apoptosis and autophagy, which can control cell death or survival (81). This hypothesis was partially supported by a subsequent study. UXT-V2 interacts with the autophagy receptor P62 through the LIM protein-binding (LB) domain and acts as an autophagy adapter for P62, regulating P62-mediated selective autophagy (24). Notably, UXT-V2 may act in the form of oligomers. In addition, UXT-V2 specifically interacts with STING1 and selectively autophagy degrades STING1 by promoting the interaction of P62 with STING1 (25). Therefore, UXT-V2 is involved in the selective autophagy degradation of proteins via P62 (Figure 4).




Figure 4 | UXT and autophagy: UXT-V2 can be combined with TSG101. When UXT-V2 is down-regulated, it promotes the binding of TSG101-containing vesicles to lysosomes and promotes the degradation of CEP55. At the same time, the expression of LC3-II was up-regulated. UXT interact with mTOR, When UXT-V2 is down-regulated, autophagy promotes genetic Atg4b/Uvrag/Wipi1/Vps11/Atg9b/Tfeb/Vps18 expression are suppressed. And then inhibit autophagy. P62 can form a strip α-helical structure. UXT-V2 promotes the interweaving of P62 into a network, increases the binding sites of P62 and LC3, and promotes the autophagy degradation of SOD1 aggregates and STING1.



Excessive activation of autophagy can lead to ferroptosis (82). This unique cell death pattern is driven by iron-dependent phospholipid peroxidation and is regulated by iron therapy, redox homeostasis, mitochondrial activity, and lipid and glucose metabolism in the cell, with many signaling pathways (83). Ferroptosis is a mode of cell death involved in the progression of tumors and degenerative diseases. After the activation of autophagy, ferritin in fibroblasts and cancer cells can be degraded to promote ferroptosis (75).

Nuclear factor erythroid 2-related factor 2 (NRF2) and its main negative regulator Kelch-like ECH-associated protein 1 (KEAP1) are essential for maintaining redox, metabolism, and protein homeostasis and regulating inflammation (84). The P62-NRF2 pathway is strongly associated with ferroptosis. In hepatocellular carcinoma, the degradation of KEAP1 mediated by P62 assists the activation of NAD(P)H quinone dehydrogenase 1 (NQO1), heme oxygenase 1 (HO1), and ferritin heavy chain 1 (FTH1) down-stream of NRF2. These downstream genes confer resistance to ferroptosis by altering iron metabolism and lipid peroxidation. Inhibition of NRF2 activation makes HCC cells more susceptible to ferroptosis both in vitro and in vivo. Thus, NRF2 activation inhibited ferroptosis in liver cancer cells (85). When autophagy is inhibited, the P62-KEAP1-NRF2 pathway protects HepG2 cells from alcohol-induced ferroptosis (86). The P62-KEAP1-NRF2 pathway also protects neuroblastoma cells from 6-OHDA-induced ferroptosis by activating HO1. Targeting the P62-KEAP1-NRF2 signaling pathway provides new insights into the treatment of Parkinson’s disease (87). Similar studies have been performed on lung epithelial cells and neurons in spinal cord injury (88, 89). Thus, we speculate that UXT may regulate ferroptosis in cancer and neurodegenerative diseases through the P62-KEAP1-NRF2 signaling pathway.

Autophagy is a continuous and complex dynamic process, and the effects of UXT regulation on autophagy are not fully understood. Based on the results of previous studies, we believe that UXT may have a dual effect on autophagy regulation. When the expression of UXT is reduced, autophagy can be promoted by reducing the activity of mTOR or promoting the formation of autophagic lysosomes. In contrast, UXT can promote P62-mediated selective autophagy. Based on this, we discussed the possibility that UXT is involved in the regulation of ferroptosis via P62. UXT belongs to one of the subunits of pre-folded protein analogs and can act in the form of oligomers. Therefore, studies investigating the mechanism of UXT should consider that in addition to UXT alone, UXT may assist autophagy-related proteins in maintaining the correct protein conformation and function as chaperones, which then regulate autophagy.




5 UXT and immunity

The immune system is a complex and effective defense system of the human body. When bacteria, viruses, damaged cells, or tumor cells are used as antigens to stimulate immune cells, they can trigger innate or adaptive immune responses that maintain immune balance in the body. The immune system can also respond to the body’s own components, and the destruction of cells or tissues can lead to autoimmune diseases. In the treatment of tumors, the weak immunogenicity of the tumor itself, inhibition of tumor cell apoptosis, tumor immunosuppressive cells in the tumor microenvironment (TME), and other factors can lead to tumor cells escaping immune surveillance. Cancer immunotherapy is to reactivate tumor immunity by improving immune cell function, immune checkpoint inhibitors, adoptive cell therapy and other methods (90). Thus, immunotherapy for tumors is considered promising.

MAVS is an antiviral protein complex in the mitochondria. Viral infection can activate the MAVS-TNFR3 signaling axis in the mitochondria. As a component of the MAVS signaling body in the mitochondria, UXT-V1 binds to TRAF3 via the N-terminal TRAF binding motif, mediates innate antiviral responses. When UXT-V1 is knockdown, the translocation of TRAF3/TRADD to the mitochondria is significantly blocked, which inhibits retinoic acid-inducible gene-I (RIG-I)-mediated IFN-β, IL-8, and interferon-stimulated gene factor 54 (ISG54). Therefore, UXT-V1 is critical for the virus-induced activation of NF-κB and IRF3 and is a positive regulator (28). UXT-V2 is phosphorylated by BGLF4 at the Thr3 site, which blocks the interaction between UXT-V2 and P65; this inhibits the transactivation of NF-κB, effectively weakening the immune response of host cells in the antiviral response, and facilitating the replication process of the virus (29).Therefore, UXT-V2 and UXT-V1 can regulate the innate immune response during viral infection. However, the two mechanisms differ. Since UXT-V1 is primarily present in the cytoplasm, it functions through the mitochondrial MAVS complex. UXT-V2 mainly exists in the nucleus and can act as a component of the NF-κB signal enhanceosome (Figure 5).




Figure 5 | UXT promotes immune response: ​As one of the components of the MAVS signalosome, UXT-V1 promotes the nuclear translocation of IRF3 and NF-κB by binding to TRAF3, thus promoting innate immune response. UXT-V2 can be phosphorylated by BGLF4, disrupting its NF-κB enhanceosome function.



UXT has been shown to be an important negative regulator of type I IFN signaling. UXT also modulates the suppressive phenotype of Treg. Thus UXT may promote immunosuppression. Systemic lupus erythematosus(SLE) is an autoimmune disease characterized by overexpression of type I IFNs and ISGs. After DNA mimics or cGAMP stimulation, UXT specifically binds to STING1 and promotes the binding of STING1 to P62. UXT reduces the production of type I IFN by selectively degrading STING1 (25). UXT can negatively regulate the cGAS-STING1 pathway. Notably, the authors performed a large-scale gene expression profiling using leukocytes and peripheral blood mononuclear cells from 1211 SLE patients and 139 healthy donors and confirmed that UXT expression was significantly impaired in SLE patients (25). ​This provides evidence for the involvement of UXT in the SLE process. In the TME, Tregs participate in the formation of the tumor inhibition microenvironment. Tregs are a subset of T cells and a T cell subtype with immunosuppressive effects primarily involved in adaptive immune responses and play an important role in maintaining immune self-tolerance and immune homeostasis (91). FOXP3, a member of the fox family, is a major regulator of Treg phenotype and immune-suppressive function (92). UXT-V2 is expressed in Tregs, traditional T (ConvT) cells, and B cells in blood samples from healthy volunteers. UXT-V2 directly regulates FOXP3 in Tregs and promotes its transcription by interacting with the proline-rich domain at the N-terminus of FOXP3 in the nucleus (93). Thus, UXT can regulate the inhibitory phenotype of Tregs by promoting the expression of FOXP3.

Based on these previous findings, we conclude that UXT may have a dual effect on innate immunity. UXT-V1/V2 modulates the NF-κB signaling pathway in different ways and modulates innate immunity. In contrast, UXT promotes selective autophagy and inhibits type I IFN production via cGAS-STING1 and adaptive immune responses by promoting Treg function. This could be related to the differences between cells and diseases, as well as the different mechanisms of UXT. As there are very few studies on UXT, we cannot rule out the possibility of their simultaneous occurrence. This requires interpretation from a more comprehensive perspective (Figure 6).




Figure 6 | UXT inhibits the immune response: ​UXT-V2 negatively modulates the cGAS-STING1 signaling pathway by promoting the autophagy degradation of STING1 mediated by P62. These changes lead to a down-regulation of the type I IFN expression.



Immunogenic cell death (ICD) refers to the activation of the host adaptive immune response by substances released after cell death as endogenous (such as cell components) or exogenous (such as viruses) antigens after the stimulation of viral infection, chemotherapy drugs, and radiotherapy (34, 94). These changes cause cell death, and is different from traditional apoptosis. ICD stimulates the host immune system and enhances the immune response induced by immunotherapy (95, 96). Therefore, successful induction of ICD is important for improving current oncological treatment outcomes (97). Depending on the complexity of the immunosuppressive TME and the low immunogenicity of tumor cells, the sensitivity to tumor chemotherapy can be reduced, resulting in limited clinical efficacy. Therefore, a more efficient treatment strategy is urgently needed (98). The immune response is the basis of ICD. Manipulating the patient’s immune system to activate the host immune response to the pathogenesis of cancer is a promising strategy. This may provide possible intervention measures to improve tumor metastasis and drug resistance (99).

Several studies have shown that STING1 is effectively activated by various factors that promote ICD in colon cancer and neuroblastoma cells (100, 101). Type I IFN, a cytokine released when tumor cells die, initiates adaptive immunity during ICD and promotes the maturation of antigen-presenting cells (94, 102). Type I IFN directly promotes DC maturation and links innate and adaptive immunities (103). As a subunit of the pre-folded protein family, UXT participates in tumor cell antigen exposure and antigen presentation, thereby affecting the number of tumor-infiltrating immune cells (TIICs) (104). In addition, Tregs recognize autologous and non-autologous antigens, including tumor antigens, and down-regulate dendritic cell function through CTLA-4, granulozyme/perforin, and IL-10, thereby disabling T cell activation responses and inducing immunosuppression and immune tolerance (105). Immune tolerance can hinder effective tumor immunity. Numerous Tregs infiltrate the human liver, lung, pancreas, and other tumors (106–108). Changes in tumor infiltration are critical to the outcome of antitumor drug therapy, and an increase in the proportion of Tregs indicates a poor treatment response (109). The removal of Tregs can reduce tumor immune tolerance, thereby improving the efficacy of tumor immunotherapy and increasing the risk of autoimmune diseases (110). Therefore, effective tumor immunity can also be obtained through systemic or local disruption of immune tolerance. EZH2 has been shown to maintain the immunosuppressive function of Tregs by modulating the transcription of Tregs cells (111). As described above, UXT interacts with EZH2 in the nucleus to promote the activity of the methyltransferase in which EZH2 is involved. Interestingly, blocking the function of EZH2 in Treg selectively breaks tolerance in the TME without inducing systemic autoimmune toxicity (112). Therefore, knocking down UXT to inhibit Tregs may create a favorable immune basis for the occurrence of ICD.

UXT may be involved in the regulation of ICD in two ways. On the one hand, UXT may enhance the immune response by modulating the expression of type I IFN and immunosuppressive cells, while on the other hand, UXT may also regulate antigen exposure and presentation and promote the maturation of antigen-presenting cells. UXT is down-regulated to reduce EZH2 recruitment, thereby improving the autoimmune toxicity caused by inhibition of Treg cells.

As previously indicated, UXT-V2 can up-regulate the expression of glycolysis-related genes and promote tumor glycolysis (5). Hypoxia is one of the characteristics of the TME in solid tumors. According to the Warburg effect, tumor cells prefer glycolysis for their energy supply even under aerobic conditions. A large amount of pyruvate is produced during glycolysis and that energy supply and is then converted into lactic acid by lactate dehydrogenase (LDH). Lactic acid is one of the main contributors to an acidic TME. In acidic TMEs, many tumor cells, including breast cancer cells, experience immuno-suppression (113). Lactic acid promotes the survival of melanoma cells in acidic TME (114). In addition, lactic acid plays an immunosuppressive role in the TME, increases tumor cell survival and promotes tumor immune escape (115).

Therefore, inhibition of glycolysis reduces the concentration of lactate to reshape the TME and enhance anti-tumor immunity (116). Several studies have shown that the inhibition of glycolysis promotes ICD induction in hepatocellular carcinoma (117). Thus, we speculate that targeting UXT to improve tumor metabolic reprogramming promotes ICD in tumor cells. Notably, lactic acid promotes the activity and recruitment of Tregs, which reduces the immune response of the cancer cells (118). Tregs express the lactate transporter monocarboxylate transporter 1 (MCT1) and transport lactate as a metabolic fuel (119) (Figure 7).




Figure 7 | UXT regulates the tumor microenvironment: ​UXT-V2 promotes glycolysis by selectively activating the NF-κB signaling pathway by inhibiting the P53 signaling pathway. Glycolysis is promoted to increase lactate production and to acidify the TME. When UXT-V2 expression is up-regulated in Tregs, FOXP3 mRNA and protein levels are also up-regulated. UXT-V2 can also help maintain the inhibitory phenotype of Treg by binding to FoxP3 and stabilizing FOXP3 binding to IL-2/CTLA-4/CD25 promoters.



In summary, UXT can promote the function of Tregs, and, conversely, glycolysis in tumor tissues. These two factors may contribute to each other by exacerbating immunosuppression, immune escape, and promoting tumor progression. Therefore, targeted UXT may improve therapeutic effects by improving tumor cell metabolism in the TME. In addition, targeted UXT may promote ICD by improving tumor antigenicity, improving antigen presentation, and enhancing the immune response.




6 UXT and neurodegenerative diseases

ALS is a progressive neurodegenerative disease characterized by degeneration of motor neurons in the brain and spinal cord, accompanied by progressive muscle weakness. The ALS2 protein encoded by the ALS2 gene is closely related to diseases of the nervous system, including ALS. The accumulation of abnormal proteins caused by mutations in ALS2 or other factors can cause many clinical symptoms or different diseases (120, 121). ALS results in paralysis and death within 2–5 years of onset.

ALS is a disease involving multiple systems and factors. Although the etiology and pathogenesis of ALS are not fully understood, research has shown that inflammatory responses in the peripheral and central nervous systems contribute to the injury of motor neurons and promote disease progression. The pathological processes of ALS2 involve endoplasmic reticulum stress, oxidative stress, neuroinflammation, and axonal transport dysfunction, and the study of the relationship between the structure and function of the ALS2 protein and the study of interacting proteins or chaperones will provide novel insights into the molecular pathogenesis of ALS (122) (Figure 8).




Figure 8 | UXT regulates the degradation of SOD1 protein aggregates in ALS: UXT-V2 promotes autophagy degradation of P62 - mediated SOD1 protein aggregates. UXT-V2 promotes endolysosomal trafficking of SOD1 protein aggregates by binding to ALS2.



​Several researchers have found that UXT interacts directly with ALS2 and is co-localized in the cytoplasm (123, 124). The UXT-V2 isoform protein specifically interacts with ALS2 in vitro and in vivo through its DH/PH region. In addition, UXT-V2 and ALS2 were colocalized in the cytoplasm of Neuro2a cells. Interestingly, their transcription appears to be synchronized throughout the cell cycle, with G0/G1 being the highest expression phase for both genes (125). Previous studies have found that overexpression of ALS2 triggers the Rac1/phosphatidylinositol 3-kinase/Akt3 anti-apoptotic pathway, thus inhibiting the toxicity of superoxide dismutase type 1 (SOD1) (126). The central nervous system is rich in SOD1, which accounts for approximately 1% of brain proteins. Mutated SOD1 exhibits definite neurotoxicity; SOD1 mutations are prone to form aggregates due to misfolding. SOD1 is associated with ALS. In addition, ALS2 has a protective effect on SOD1 and can bind to mutant SOD1 to inhibit its toxicity. As one of the subunits of a pre-folded protein analog, UXT may help to maintain the proper folding of mutant SOD1 close to the DH/PH region of ALS2 to some extent, thus assisting in its protective effect on SOD1.

Mutated P62 causes motor neuron degeneration in mice and zebrafish ALS models (127, 128). The interaction between UXT and the autophagy receptor P62 can prevent protein toxicity in neurons by facilitating autophagy degradation of protein polymers (24). Thus, UXT may play a protective role in ALS by acting as a chaperone protein, helping the protein maintain its normal conformation, or promoting selective autophagy to weaken endoplasmic reticulum stress caused by abnormal protein accumulation.

ALS-associated mutations enhance the accumulation of TAR DNA-binding protein 43 (TDP-43) in the cytoplasm and mitochondria (129). Accumulation of TDP-43 in the cytoplasm is a marker of ALS and has been linked to neuroinflammatory cytokines in patients with ALS. NF-κB and type I IFN can upregulate relevant inflammatory factors and promote disease progression in ALS. One study found that TDP-43 leads to the mitochondrial DNA (mtDNA) entering the cytoplasm after entering the mitochondria, activating IRF3, and upregulating NF-κB activity by activating the cGAS-STING signaling pathway. Remarkably, researchers have been able to delay neurodegeneration by downregulating the STING signal, demonstrating the potential of targeting this pathway (130). In addition, STING can degrade the autolysosome pathway in the bone marrow cells. Blocking STING suppresses the overactive type I interferon response and inflammation in immune cells caused by a C9orf72 deficiency (131). Therefore, STING is an exciting potential target for ALS transformation therapy (132). UXT-V2 degrades STING through selective autophagy, negatively regulates the cGAS-STING1 signaling pathway, and reduces type I IFN production (25). We speculate that UXT may play a neuroprotective role in ALS by promoting autophagic degradation of STING and negatively regulating type I IFN.

Compared with the control group, one study found that the number of T cell subsets in patients with ALS significantly increased CD8 cytotoxic T cells and natural killer (NK) T cells, while Tregs significantly decreased. Tregs are also negatively correlated with disease progression. This indicates that patients with ALS exhibit systemic immune activation (133). A prospective multicenter human and animal experiment showed that Treg expansion was negatively correlated with disease progression rate and positively correlated with survival time. In addition, the expansion of Tregs was associated with a decrease in somatic cell size of motor neurons in SOD1 mutant mice, significant suppression of astrocyte and microglial immunoreactivity, and increased expression of neurotrophic factor genes in the spinal cord and peripheral nerves. Thus, Tregs have a protective effect on the nerves and may also inhibit toxic neuroinflammation in the central nervous system. The strategy of peripheral enhancement and neuroprotective activity of the Treg group may prove to be therapeutic in patients with ALS (134). Notably, it is generally safe and well-tolerated to inject Tregs into the body in combination with IL-2 subcutaneously after conducting a phase I uncontrolled clinical trial. This slows the progression of both the early and late stages of the disease (135). In subsequent randomized control trial and open-label extension, it was found that Treg/IL-2 treatment was safe, well-tolerated, and had a high Treg inhibition function (136) (Figure 9).




Figure 9 | UXT regulates neuroinflammation in ALS: UXT-V2 down regulates the expression of type I IFN by autophagy degradation of STING1 mediated by P62. UXT-V2 promoted the inhibitory phenotype of Tregs by binding to FOXP3. Together, they improve neuroinflammation in neurodegenerative diseases.



Therefore, the protective effect of Tregs on nerves in ALS has been preliminarily proven both theoretically and clinically. As mentioned earlier, UXT regulates Tregs through Foxp3. When UXT was overexpressed in Tregs, the binding of Foxp3 to IL-2, CTLA-4, and CD25 increased. We speculate that UXT plays a neuroprotective role in ALS by negatively regulating the cGAS-STING1 signaling pathway and positively regulating the nuclear localization and stability of the Foxp3 protein, thereby inhibiting the progress of neuroinflammation in ALS.

The interaction between UXT and Down syndrome (DS) critical region gene 1 (DSCR1) on human chromosome 21 has been previously confirmed in vitro (137).

DSCR1 is also called calcineurin (RCAN) in subsequent studies and is believed to be involved in the pathogenesis of DS (138). RCAN homologues are upregulated in Alzheimer’s disease, myocardial hypertrophy, diabetes, and degenerative neuropathy, as well as in external stressors (such as reactive oxygen species, Ca2+, β-amyloid, and hormone changes) (139). Research on whether and how UXT may play a role in DS has not progressed.




7 Conclusions and future directions

Chemotherapy and radiotherapy play an irreplaceable role in tumor treatment. However, chemoresistance or multidrug resistance is a difficult problem that has plagued human beings for many years. UXT-V1 regulates TNF, induces the formation of the TNFR1 trimer, inhibits the recruitment of TNFR1 signal complex, and inhibits apoptosis. UXT-V2 inhibits cell apoptosis by promoting the expression of anti-apoptotic genes downstream of NF-κB and by epigenetic inhibition of the P53 signaling pathway. UXT-V2 interacts with the mitochondria and SARM to promote apoptosis. When the expression of UXT is reduced, it can promote autophagy by promoting the fusion of vesicles and lysosomes. It can also promote autophagy and cause photoreceptor apoptosis by interacting with mTOR. In addition, UXT interacts with P62 to promote selective autophagy mediated by P62. Thus, UXT can regulate apoptosis and autophagy in various ways and regulate the regulatory death of tumor cells. This suggests the possibility of UXT involvement in the diagnosis and treatment of tumors and in alleviating drug resistance to chemotherapy. The effect of the P62-KEAP1-NRF2 axis on ferroptosis in tumor cells has been previously reported; therefore, we discussed the possibility of UXT involvement in P62-mediated ferroptosis. We hope to further deepen the understanding of the effect of UXT on tumors from the perspective of regulatory cell death.

With the application of immune checkpoint inhibitors, CAR-T cells, adoptive immunotherapy, and other therapies, tumor immunotherapy is widely considered to be promising. In recent years, there has been a gradual increase in the study of UXT in the immunological community. UXT-V1 inhibits type I IFN expression through the cGAS-STING signaling pathway and participates in innate immune response. ​The cGAS-STING signaling pathway has a strong immune surveillance effect. ​Activation of the STING promotes a variety of anti-tumor effects, including T cell activation, DC maturation, and accelerated cancer cell death. ​STING also modulates inflammation and type I IFN induced disease progression in ALS and SLE. ​UXT interacts with the Foxp3 to regulate the inhibitory phenotype of Treg and participate in the adaptive immune response. Meanwhile UXT may also regulate gene transcription in Treg through EZH2.Treg is a type of CD4+T cell that is immunosuppressive. This effect is seen in both tumors and ALS. ​UXT can promote autophagy degradation of STING and inhibitory phenotypes of Treg. ​This provides a clue to the immunosuppressive effects of UXT in diseases including tumors and neurodegenerative diseases. ​UXT can also up-regulate the expression of glycolytic genes through a crosstalk between the P53 and NF-κB pathways. ​This not only enhances tumor cell proliferation and anti-apoptotic advantage, but also promotes lactate production in TME. ​Lactate promotes the formation of the acid TME and acts as a fuel for Treg to maintain the immunosuppressive function of Treg. ​Therefore, UXT may have immunosuppressive function on the one hand and metabolic regulation on the other. ​Through the connection of these two aspects, it is possible not only to promote tumor cell survival, but also to cause more severe immunosuppression. Importantly, RIG-I-mediated expression of IFN, IL-8 and ISG54 can be suppressed by MAVS when UXT-V1 is down-regulated. Phosphorylation of UXT-V2 blocks the activation of NF-κB and attenuates the host’s antiviral immune response.

The study of UXT in cell death and immunity is still in its infancy; therefore, the available data are limited, with some key questions requiring further explanation. First, in a specific disease or mechanism study, we must identify the isoforms and action forms of UXT. There are two isoforms of UXT with different cell distributions. Although UXT-V1 and UXT-V2 are distributed in the nucleus, cytoplasm and mitochondria, UXT-V1 is mostly found in the cytoplasm, while UXT-V2 in the nucleus. At the same time, except for the monomer form, the structure of UXT has the ability to form a hexamer. Second, there have been few studies of UXT interaction targets, mechanisms and related diseases. As a target discovered more than 20 years ago, UXT-related malignancies are more concentrated in breast and prostate cancers, where it is believed to regulate tumor progression and affect tumor prognosis. The mechanisms of UXT mainly involve NF-κB, P53, methylation, autophagy and androgen receptors. Therefore, research on other diseases and their mechanisms remains warranted.
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Objective

The ASTRUM-007 trial (NCT03958890) demonstrated that serplulimab plus chemotherapy administered every 2-week significantly improved progression-free and overall survival in patients with previously untreated, programmed death-ligand 1 (PD-L1) positive advanced esophageal squamous-cell carcinoma (ESCC). This study was aimed to investigate the cost-effectiveness of serplulimab plus chemotherapy in the first-line treatment of PD-L1-positive advanced ESCC.





Methods

A partitioned survival model with a 2-week cycle and a 10-year time horizon was constructed from the Chinese healthcare system perspective. The survival data, direct medical costs and utilities were derived from the ASTRUM-007 trial, YAOZHI database and published sources. Total costs, quality-adjusted life-years (QALYs) and incremental cost-effectiveness ratios (ICERs) were calculated. Scenario, one-way and probabilistic sensitivity analyses were performed to assess the uncertainty around model parameters.





Results

Compared with chemotherapy, serplulimab plus chemotherapy provided additional 0.27 QALYs with an incremental cost of $33,460.86, which had an ICER of $124,483.07 per QALY. The subgroup analyses revealed that the ICERs of serplulimab plus chemotherapy were $134,637.42 and $105,589.71 in advanced ESCC patients with 1 ≤ CPS < 10 and CPS ≥ 10, respectively. The price of serplulimab, patient weight, utility values and discount rate were the most influential parameters on base-case results. At a willingness-to-pay threshold of three times per capita GDP ($40,587.59) in 2022, the probability of serplulimab plus chemotherapy being cost-effective was 0% compared with chemotherapy. When the price of serplulimab decreased by 70%, the probabilities of serplulimab plus chemotherapy being cost-effective were 81.42%, 67.74% and 96.75% in advanced ESCC patients with PD-L1-positive, PD-L1 1≤CPS<10 and CPS≥10, respectively.





Conclusion

Serplulimab plus chemotherapy in the first-line treatment for PD-L1-positive advanced ESCC might not be cost-effective in China.





Keywords: cost-effectiveness, esophageal squamous-cell carcinoma, serplulimab, first-line, immunotherapy





Introduction

Esophageal cancer is the fifth most common malignancy and the fourth leading cause of cancer-related death in China (1, 2). Esophageal squamous cell carcinoma (ESCC) and esophageal adenocarcinoma represent the predominant histological subtype, with the former accounting for approximately 85% of cases (3). Fluoropyrimidine or paclitaxel plus cisplatin-based chemotherapy remains the standard first-line treatment for patients with advanced or metastatic ESCC, which generally carried an extremely poor prognosis with median overall survival (OS) of fewer than 1 year (4, 5). Therefore, there is an unmet need for revolutionary therapeutic strategies to improve survival rates in advanced ESCC patients.

The emergence of immune checkpoint inhibitors targeting programmed death 1 (PD-1) or programmed death-ligand 1 (PD-L1) has drastically altered the landscape of cancer treatment (6). Serplulimab (HLX10), a fully humanized immune-globulin G4 monoclonal antibody against the PD-1 receptor, showed clinical efficacy in multiple malignancies (7, 8). Serplulimab has been approved by the National Medical Products Administration in the treatment of microsatellite instability-high (MSI-H) solid tumors, non-squamous non-small cell lung cancer and extensive-stage small-cell lung cancer in China (9).

Recently, ASTRUM-007, a randomized, double-blind, phase III clinical trial conducted at 70 hospitals in China, assessed the efficacy and safety of serplulimab plus chemotherapy compared with mono-chemotherapy as the first-line treatment of advanced or metastatic ESCC patients with PD-L1 combined positive score (CPS) ≥ 1 (10). The results demonstrated that serplulimab plus chemotherapy significantly prolonged median progression-free survival (PFS) (5.8 months vs. 5.3 months; hazard ratio [HR]: 0.60, 95% confidence interval [CI]: 0.48-0.75) and OS (15.3 months vs. 11.8 months; HR: 0.68, 95% CI: 0.53-0.87) in comparison with placebo plus chemotherapy (10). Compared with PD-L1 CPS < 10 patients, advanced ESCC patients with PD-L1 CPS ≥ 10 achieved better median PFS (7.1 months vs. 5.7 months) and OS (18.6 months vs. 14.2 months) outcomes from serplulimab in combination with chemotherapy. In terms of safety, the incidences of grade 3 or higher treatment-related adverse events (AEs) were 53% and 48% for serplulimab plus chemotherapy and chemotherapy, respectively.

Despite the enthusiasm surrounding serplulimab with superior efficacy, its cost-effectiveness remains unclear but is imperative for health decision-making and clinical practice. Therefore, this study aimed to evaluate the cost-effectiveness of serplulimab plus chemotherapy as the first-line treatment for previously untreated, PD-L1-positive (CPS ≥ 1) advanced ESCC from the perspective of Chinese healthcare system. Such evidence might provide guidance for clinicians and support reimbursement policy to optimize health resource allocation.





Methods




Patients and treatment

This study was reported in accordance with the Consolidated Health Economic Evaluation Reporting Standards 2022 (CHEERS 2022) updated reporting guidelines (Supplementary Table S1) (11). In this institutional review board-exempt economic evaluation, targeted patients were aged 18-75 years with previously untreated, histologically confirmed, inoperable locally advanced or metastatic, PD-L1-positive (CPS ≥ 1) ESCC, with at least one measurable lesion based on central imaging in line with response evaluation criteria in solid tumors v1.1, adequate organ function, and Eastern Cooperative Oncology Group performance status 0-1 (10). Patients who had previously received PD-1 or PD-L1 inhibitors, had central nervous system metastases or presented with active infection or active autoimmune diseases were excluded (10).

Eligible patients received serplulimab (3 mg/kg) or placebo intravenously on day 1 every 2-week cycle for up to 2 years. Chemotherapy was administrated intravenously every 2-week by cisplatin (50 mg/m2 on day 1 for up to 8-cycle) and 5-fuorouracil (1,200 mg/m2 on days 1 and 2 of each cycle for up to 12-cycle). Patients would be treated with second-line treatments until disease progression or intolerable toxicities, which mainly included immunotherapy (camrelizumab or tislelizumab), chemotherapy (docetaxel) and best supportive care (Supplementary Materials). In ASTRUM-007 trial, a total of 95 (52%) patients in the chemotherapy group and 139 (38%) in the serplulimab plus chemotherapy group received subsequent anti-cancer treatments (10). The proportion of patients received subsequent therapies in each group was shown in Table 1.


Table 1 | Model parameters and the range of the sensitivity analysis.







Model construction

A partitioned survival model was constructed with three exclusive health states (PFS, progression-disease [PD], and death) to portray disease progression and treatment efficacy (Figure 1). The proportion of progression-free patients derived directly from the PFS curve, while the proportion of patients in the death state as 1 minus the OS curve. With regard to the PD state, its proportion was calculated as the difference between the PFS and OS curves (23).The time horizon of 10 years was adequate to ensure that ESCC patients completely entered the terminal state. The cycle length was 2-week to accommodate the treatment and follow-up regimens. Treatment strategies were compared in terms of overall costs, quality-adjusted life years (QALYs), and incremental cost-effectiveness ratios (ICERs; the incremental cost between two treatments per additional QALY gained). According to China Guidelines for Pharmacoeconomic Evaluations, half-cycle correlation and 5% annual discount rate were applied to costs and health outcomes (22). All costs were adjusted to 2023 prices with the local Consumer Price Index and converted into US dollars (1$=6.33 CNY). As recommended by the World Health Organization (24) and China Guidelines for Pharmacoeconomic Evaluations (22), 3 times per capita gross domestic product (GDP) of China in 2022 ($40,587.59) was implemented as the willingness-to-pay (WTP) threshold to judge the cost-effectiveness of serplulimab plus chemotherapy.




Figure 1 | The structure of the partitioned survival model.







Clinical inputs

Since individual patient data was unavailable, GetData Graph Digitizer 2.26 (http://www.getdata-graph-digitizer.com/) was applied to extract PFS and OS data points from the Kaplan-Meier curves reported in the ASTRUM-007 trial (Supplementary Tables S2, S3). To optimally extrapolate the lifetime survival outcome, Exponential, Weibull, Log-logistic, Log-normal, and Gompertz distributions were used to fit the individual-level data (25). The selection of optimal parametric distribution was based on clinical plausibility, Akaike Information Criterion, Bayesian Information Criterion and visual examination (26). The estimated shape parameters (γ) and scale parameters (λ) were summarized in Supplementary Table S4. Long-term survival data were presented in Supplementary Table S5, Table S6 and Figure S1.





Cost inputs

Only direct medical costs were considered, including drug costs, subsequent therapy, hospitalization expense, routine follow-up and examinations, and costs for the management of AEs. The prices of serplulimab, camrelizumab and tislelizumab were derived from lowest winning bids. Other drug costs were calculated from the average winning bids in 2023 of the YAOZHI database (https://data.yaozh.com/), which aggregated the latest price data around the country (12). Our prices were accessed on February 2, 2023. To determine the dosage and expenditure of therapeutic agents, the default height of 165 cm and body weight of 65kg, resulting in a body surface area (BSA) of 1.72 m2 were assumed for the Chinese ESCC patients (13). Other costs were retrieved from previously published literatures, such as best supportive care, routine follow-up, hospitalization, laboratory tests and radiological examinations (13, 14). In both groups, the frequency of laboratory work, computed tomography or magnetic resonance imaging examination were further determined according to Guidelines of Chinese Society of Clinical oncology (27). Grade 3 or above AEs with an incidence of greater than 3% were considered, including anemia, neutropenia, leukopenia, thrombocytopenia, vomiting, hyponatraemia and hypokalemia (13, 15, 16). All cost-related inputs were shown in Table 1.





Health state utility

Each health state was assigned a utility anchored in 0 (death) and 1 (perfect health) in this partitioned survival model. Health state utilities for the PFS and PD health states were estimated from patient-level EQ-5D-3L data from the RAINBOW trial due to the absence of relevant data from the ASTRUM-007 trial (17). The utility values for PFS and PD states associated with advanced ESCC were 0.75 and 0.60, respectively, have been employed in multiple economic evaluations (13, 28, 29). Additionally, utility decrements caused by grade 3 or above treatment-related AEs were considered by multiplying the duration-adjusted disutilities by the incidence of AEs. The disutilities were also extracted from published studies (18–21). All utility-related parameters were shown in Table 1.





Subgroup and scenario and analyses

In subgroup analyses, we analyzed the cost-effectiveness of serplulimab plus chemotherapy in the first-line treatment for advanced ESCC patients with PD-L1 expression level of 1 ≤ CPS < 10, and with PD-L1 CPS ≥ 10 through the methods of base-case analysis, respectively.

In scenario analyses, the shorter time horizons (2, 5 and 8 years) were used to investigate the impact on the model results. Furthermore, we explored the influence of various price-reduction levels for serplulimab on ICERs. At the same time, we assessed the probability of serplulimab plus chemotherapy being cost-effective by assuming a 70% price reduction of serplulimab, which was comparable to the prices of camrelizumab, sintilimab, tislelizumab and toripalimab.





Sensitivity analyses

One-way and probabilistic sensitivity analyses (PSA) were conducted for all key variables to estimate the robustness of our results. In the one-way sensitivity analyses, the plausible range of each parameter was either based on the reported 95%CI or calculated by assuming a 20% deviation from the base-case value. The range of discount rate was set as 0%-8% in line with China Guidelines for Pharmacoeconomic Evaluations (22). The results were presented in the form of tornado diagrams. For the PSA, 10,000 Monte Carlo simulations were generated by simultaneously sampling all parameters from the pre-specified statistical distributions. Gamma distributions were selected for cost inputs, and beta distributions were used for utility values and probabilities (30). The scatter plot and cost-effectiveness acceptability curves (CEAC) based on the results from 10,000 iterations were plotted to illustrate the probability of serplulimab plus chemotherapy would be considered cost-effective at various WTP thresholds.






Results




Base-case results

The base-case results were shown in Table 2. Compared with chemotherapy, patients received serplulimab plus chemotherapy yielded an additional 0.27 QALY at an incremental cost of $33,460.86. The ICER was $124,483.07 per QALY gained, which was significantly higher than the WTP threshold. When only focused on PFS period, serplulimab plus chemotherapy was associated with 0.19 greater QALYs compared to chemotherapy at an additional cost of $34,204.22, which had an ICER of $176,431.72 per QALY gained.


Table 2 | Results of base-case analysis and subgroup analysis.







Subgroup and scenario analyses results

In subgroup analyses, the ICERs of serplulimab plus chemotherapy versus chemotherapy were $134,637.42 and $105,589.71 per QALY gained in patients with PD-L1 expression level of 1 ≤ CPS < 10 and CPS ≥ 10, respectively (Table 2). When only focused on PFS period, serplulimab plus chemotherapy compared with chemotherapy resulted in the ICERs of $190,015.77 and $155,496.70 per QALY gained in patients with PD-L1 1 ≤ CPS < 10 and CPS ≥ 10, respectively.

In scenario analyses, as the time horizon lengthened, the ICERs of serplulimab plus chemotherapy gradually decreased, but were consistently higher than the WTP threshold (Supplementary Table S7). When the price of serplulimab was decreased by 66%, 69% and 61%, respectively, the ICERs of serplulimab plus chemotherapy versus chemotherapy were lower than the WTP thresholds for advanced ESCC patients with PD-L1-positive, PD-L1 1 ≤ CPS < 10 and CPS ≥ 10 (Figure 2).




Figure 2 | The impact of the price reduction of serplulimab on ICERs.







Sensitivity analyses results

One-way sensitivity analyses demonstrated that the price of serplulimab, patient weight, utility of PFS and PD, and discount rate had the most significant impact on the base-case results (Figure 3). The ICERs were consistently higher than the WTP threshold with the alterations in all uncertainty parameters. Results of PSA were shown in Figure 4. According to the scatter plot, compared with chemotherapy, all scatter points were located in the North-East quadrant and above the WTP threshold. At the WTP threshold of 3 times per capita GDP in China, the CEAC revealed that a 0% probability of serplulimab plus chemotherapy being cost-effective in various groups (PD-L1-positive, PD-L1 1 ≤ CPS < 10 and CPS ≥ 10 patients) (Figure 5). When serplulimab was reduced to 30% of the current price ($264.65 per 100mg), the probabilities of serplulimab plus chemotherapy being cost-effective were 81.42%, 67.74% and 96.75% in advanced ESCC patients with PD-L1-positive, PD-L1 1≤CPS<10 and CPS≥10, respectively (Supplementary Figures S2, S3).




Figure 3 | Tornado diagrams of one-way sensitivity analyses. (A) all PD-L1-positive advanced esophageal squamous cell carcinoma patients; (B) Patients with PD-L1 1 ≤ CPS < 10; (C) Patients with PD-L1 CPS ≥ 10) ICER, incremental cost-effectiveness ratios; PFS, progression-free survival; PD, progressive disease.






Figure 4 | Scatter Plot of the ICER between serplulimab plus chemotherapy and chemotherapy. WTP, willingness-to-pay; QALY, quality-adjusted life years.






Figure 5 | Cost-effectiveness acceptability curves for serplulimab plus chemotherapy versus chemotherapy. (A) all PD-L1-positive advanced esophageal squamous cell carcinoma patients; (B) Patients with PD-L1 1 ≤ CPS < 10; (C) Patients with PD-L1 CPS ≥ 10) WTP, willingness-to-pay.








Discussion

To our knowledge, this is the first study to appraise the cost-effectiveness of serplulimab plus chemotherapy in the first-line treatment of patients with PD-L1-positive advanced ESCC from the Chinese healthcare system perspective. Compared with chemotherapy, serplulimab plus chemotherapy achieved additional 0.27, 0.23 and 0.43 QALYs with marginal $33,460.86, $30,363.35 and $45,455.77, which resulted in the ICERs of $124,483.07, $134,637.42 and $105,589.71 per QALY gained in advanced ESCC patients with PD-L1-positive, PD-L1 1 ≤ CPS < 10 and CPS ≥ 10, respectively. At the current prices and WTP threshold, serplulimab plus chemotherapy might not be cost-effective compared to chemotherapy. The base-case results were upheld by the subgroup, scenario and sensitivity analyses.

The price of serplulimab, patient weight, utility values and discount rate were the most influential parameters, but alterations in each parameter did not alter the conclusion. The price of serplulimab was extremely expensive compared to other domestic PD-1 inhibitors for the treatment of advanced ESCC patients, which became an essential parameter in dominating cost-effectiveness. Therefore, substantial price reductions or generous patient assistance programs would contribute to increased affordability of patients. Of note, when the price of serplulimab was reduced by 70%, the probability of serplulimab plus chemotherapy being cost-effective increased from 0% to 81.42%, 67.74% and 96.75%, respectively, in advanced ESCC patients with PD-L1-positive, PD-L1 1 ≤ CPS < 10 and CPS ≥ 10. When the price of serplulimab was decreased by 98%, 98% and 99%, respectively, serplulimab plus chemotherapy would be absolutely dominant regimens over chemotherapy (ICER < 0) for advanced ESCC patients with PD-L1-positive, PD-L1 1 ≤ CPS < 10 and CPS ≥ 10. The primary reason was that the higher proportion of patients in the chemotherapy group received second-line immunotherapy compared to the serplulimab plus chemotherapy group. Our results were consistent with previously published studies (13, 31) that patient weight was a significant parameter because serplulimab was administered based on body weight, revealing that serplulimab plus chemotherapy would be unfavorable in overweight or obese patients because of more dosages and expenditures required.

Serplulimab received its first approval on 25 March 2022 in China, and the economic evidence was relatively limited (9). Zhu et al. (32) estimated the cost-effectiveness of serplulimab plus chemotherapy as the first-line treatment for extensive-stage small-cell lung cancer (ES-SCLC) from a payer perspective in China based on the ASTRUM-005 trial (7). The results demonstrated that the probability of serplulimab plus chemotherapy being cost-effective was 91.6% compared with mono-chemotherapy at the WTP threshold of 3 times per capita GDP of China in 2021 (32). Another study by Shao et al. (33) showed that serplulimab might be a valuable and cost-effective regime as first-line therapy for ES-SCLC patients in both the United States and China. However, the advantage of cost-effectiveness has not been identified in PD-L1-positive advanced ESCC patients, which primarily attributed to better survival improvements of serplulimab plus chemotherapy in extensive-stage small-cell lung cancers.

PD-L1 expression was enriched in ESCC patients, ranging from 15%-83% in tumor cells and 13%-31% in immune cells, which greatly increased tumor susceptibility in patients receiving immune checkpoint inhibitors (34, 35). Prior economic evidences indicated that PD-1 inhibitors were potentially sensitive to PD-L1-positive ESCC patients, with higher survival benefits and health outcomes compared with the overall population (13, 16, 31, 36, 37). Whether overall or PD-L1-positive advanced ESCC patients, the probability of nivolumab or pembrolizumab plus chemotherapy being cost-effective were 0% compared with chemotherapy (13, 31, 36). Shao et al. demonstrated that the probability of sintilimab plus chemotherapy being cost-effective in PD-L1-positive advanced ESCC patients would be increased by 30% compared to PD-L1-negative patients (16). In this study, we found that higher PD-L1 expression levels were associated with better cost-effectiveness, indicating that patients with advanced ESCC should receive appropriate treatment regimens in accordance with PD-L1 expression levels in clinical management.

Currently, numerous studies are targeted on the economic evaluations of immunotherapies for advanced ESCC patients and warrant discussion. At the current price and WTP threshold, domestic PD-1 inhibitors, such as camrelizumab, sintilimab, tislelizumab and toripalimab, were cost-effective options as first- or second-line treatment for patients with advanced ESCC in China (18, 29, 38–40). The dynamic adjustment mechanism of the national medical insurance catalog has played a predominant role in this situation. Numerous anti-cancer innovative drugs have been substantially reduced in price by approximately 70%, which has greatly improved the accessibility and affordability for patients (41, 42). Intensive concern regarding the affordability of treatment regimens is currently shared by both patients and clinicians (32). Taking cost-effectiveness into considerations in clinical practice and healthcare decisions is crucial for clinicians and policy-makers to address the financial burdens of patients and allocate limited healthcare resources. Serplulimab has not yet successfully undergone national health insurance negotiations, but its significant clinical benefits have emerged as a potential treatment option for health systems and patients (10).

There were several limitations in this study. First, since the sample size of the ASTRUM-007 trial was relatively small and actual survival data were not available, we employed reconstructed and extrapolated individual patient data to construct the partitioned survival model. Further studies based on long-term efficacy data or large samples of real-world evidence would be needed to validate the results. Second, The utilities and disutilities in this analysis primarily derived from the published literature, because of the absence of quality-of-life data in the ASTRUM-007 trial. According to one-way sensitivity analyses, the health state utilities did not influence on the conclusions. Third, subsequent strategies after the progression in the first-line treatment were based on the ASTRUM-007 trial, which might be inconsistent with the actual clinical practice situation. Forth, the costs and disutilities of grade 1-2 treatment-related serious AEs were excluded from this study, which might overestimate the cost-effectiveness of serplulimab plus chemotherapy, although one-way sensitivity analyses performed that only minimal impact on the model results. Fifth, other immunotherapies, such as camrelizumab, nivolumab, pembrolizumab, sintilimab and toripalimab, which had significant survival benefits for overall and PD-L1-positive advanced ESCC patients, were not included in this economic evaluation.





Conclusion

In summary, from the Chinese healthcare system perspective, serplulimab plus chemotherapy might not be considered cost-effective in the first-line treatment for PD-L1-positive advanced ESCC patients despite the extension of PFS and OS. Substantial price reductions could improve cost-effectiveness of serplulimab. When the prices of serplulimab were decreased by 66%, 69% and 61%, respectively, serplulimab plus chemotherapy would be cost-effective in advanced ESCC patients with PD-L1-positive, PD-L1 1 ≤ CPS < 10 and CPS ≥ 10.
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Background

The efficiency and safety of sacituzumab govitecan (SG) for the therapy of hormone receptor-positive (HR+)/human epidermal receptor 2-negative (HER2-) metastatic breast cancer (BC) has been demonstrated. The aim of this study is to evaluate its cost-effectiveness on HR+/HER2- metastatic BC from the third-party payer perspective in the United States.





Methods

We performed the cost-effectiveness of SG and chemotherapy using a partitioned survival model. TROPiCS-02 provided clinical patients for this study. We evaluated the robustness of this study by one-way and probabilistic sensitivity analyses. Subgroup analyses were also conducted. The outcomes were costs, life-years, quality-adjusted life years (QALYs), incremental cost-effectiveness ratio (ICER), incremental net health benefit (INHB), and incremental net monetary benefit (INMB).





Results

SG treatment was related to an increase of 0.284 life years and 0.217 QALYs over chemotherapy, as well as a cost increase of $132,689, reaching an ICER of $612,772/QALY. The INHB was -0.668 QALYs, and the INMB was -$100,208. SG was not cost-effective at the willingness to pay (WTP) threshold of $150,000/QALY. The outcomes were sensitive to patient body weight and cost of SG. SG may be cost-effective at the WTP threshold of $150,000/QALY if the price is less than $3.997/mg or the weight of patients is under 19.88 kg. Based on the subgroup analysis, SG did not prove cost-effective in all subgroups at the WTP threshold of $150,000/QALY.





Conclusion

From a third-party payer standpoint in the United States, SG was not cost-effective, even though it had a clinically significant advantage over chemotherapy for the treatment of HR+/HER2- metastatic BC. The cost-effectiveness of SG can be improved if the price is substantially reduced.





Keywords: cost-effectiveness, sacituzumab govitecan, breast cancer, hormone receptor-positive, human epidermal receptor 2-negative, partitioned survival model





Introduction

Globally, breast cancer (BC) surpass lung cancer as the most common malignancy diagnosed in 2020, with 2.3 million new cases (1). BC is common cancer in women (24%) and is the leading cause of cancer-related deaths (15%) worldwide (1). The diagnosis of BC was made in approximately 42% of women in the Asia-Pacific region and 47% in Southeastern Asia, as well as 20% of women in Western countries (2, 3). Molecular subtypes of BC have been defined according to the status of hormone receptors (HR), such as estrogen receptor (ER) and progesterone receptor (PR) and human epidermal growth factor 2 (HER2) (4). Approximately 70% of cases of BC are classified as luminal, a molecular subtype characterized by HR-positive (HR+) and HER2-negative (HER2-). Endocrine therapy (ET), which covers aromatase inhibitors (AIs), selective ER modulators (SERMs), and selective ER down-regulators (SERDs), forms the foundation for the effective treatment of BC (5–8). In the absence of ET resistance, either primary or secondary, subsequent treatment options are limited; there are only a few therapy options available for premenopausal women with HR+/HER2- metastatic BC, and these are mostly derived from trials in which postmenopausal patients were enrolled (9). By combining endocrine therapy with CDK4/6 inhibitors (CDK4/6i), overall survival (OS) for HR+/HER2- metastatic BC can be improved by approximately five years (10–13). In subsequent treatment lines, combination therapy with phosphoinositide 3-kinase inhibitors or mammalian target of rapamycin inhibitors has been shown to be beneficial (8). It is inevitable, however, that endocrine resistance will develop over time. The next therapeutic option is sequential single-agent chemotherapy, but it has declining response rates, diminished disease control, and related to high risk of side effects (8, 14–17).

Sacituzumab govitecan (SG) is a first-in-class antibody-drug conjugate directed at trophoblast cell-surface antigen 2 (Trop-2) consisting of a humanized polyclonal antibody conjugated to the active metabolite SN-38 (18), by a hydrolysable CL2A linker (19, 20). In solid tumors, particularly HR+/HER2- and triple-negative breast cancers (suffering from a prevalence of > 90%), Trop-2 is a transmembrane calcium signal transducer that is associated with tumor progression and prognosis (21, 22). In tumor microenvironments, SN-38 is a membrane-permeable free molecule that may exert antitumor effects on tissues adjacent to those that do not express Trop-2 (bystander effect) (23). As SG was shown to be clinical beneficial and safety in patients with HR+/HER2- metastatic BC who had progressed after completing endocrine therapy and prior chemotherapy in the metastatic setting, the results were encouraging (24, 25). There was, however, a significant increase in the cost of SG treatment, which may limit its availability in some countries (26). SG has not yet been evaluated on an economic basis for its use in treating HR+/HER2- metastatic BC. It is essential for clinicians and policy-makers to consider cost-effectiveness when making healthcare decisions. Herein, cost-effectiveness analysis of SG in comparison with single-agent chemotherapy for HR+/HER2- metastatic BC was conducted from the perspective of third-party payers in the United States.





Methods




Analytical overview

This analysis was conducted on hypothetical patients who had locally recurrent, metastatic HR+/HER2- BC that was endocrine-resistant and treated with chemotherapy, included HR+/HER2- metastatic BC patients from the TROPiCS-02 trial (25). The economic evaluation used a partitioned survival model with three health states to determine whether to use SG or single-agent chemotherapy for the initial treatment decision (27–30). Progression-free survival (PFS), progressed disease (PD), and death are mutually exclusive health states. The area under the OS curve was used to estimate the proportion of patients alive at cycle t (1-week cycle), and the area under the PFS curve was used to estimate the proportion of patients alive with PFS. Based on the difference between the OS and PFS curves, the proportion of patients alive and suffering from PD was estimated. The patients and PFS and OS curve were derived from the TROPiCS-02 trial (25), whose results were validated by comparing modeled PFS and OS to real data. We performed this study following the reporting guideline of Consolidated Health Economic Evaluation Reporting Standards (CHEERS) (31). In view of the fact that this study used a review of publicly available data and modeling techniques, it will not require an institutional review board review or informed consent.





Clinical data inputs

TROPiCS-02 results were obtained to construct PFS and OS for patients in the SG and chemotherapy groups (24) and the data have been extrapolated beyond the follow up time of the model using the statistical methods described by Guyot et al (32). To collect the time-to-survival data points from the PFS and OS curves, we utilized the GetData Graph Digitizer, version 2.26 (33), and the following parametric survival functions were then fitted to these data points: exponential, Weibull, gamma, lognormal, Gompertz, Log-logistic and Generalized gamma models. It was determined that the eligible survival function had the lowest Akaike information criterion and Bayesian information criterion values. SG treatment and chemotherapy treatment final survival functions are illustrated in Table 1, as well as goodness-of-fit results were shown in Supplementary Table 1. PFS and OS proportions were calculated based on the appropriate survival distribution. Model validations are shown in Supplementary Figure 1. A digitized Kaplan-Meier curve was closely reproduced in the virtual patient-level data, which included event and censoring times.


Table 1 | Basic parameters input to the model and the ranges of the sensitivity analyses.







Cost and utility inputs

In this study, we evaluated the costs related to direct medical costs, covering the costs of drugs, the costs associated with terminal care, the costs related to the management of patients, and the costs related to adverse events (AEs) (Table 1). The costs are reported in 2023 United States dollars and other costs have been inflated using Tom’s Inflation Calculator’s Medical Care Inflation set (45).

In the TROPiCS-02 trial report (25), patients received SG 10 mg/kg body weight intravenously on days 1 and 8 of every 21 days. The treatment was continued until the disease progressed or the side effects became unacceptable. It is expected that patients assigned to the chemotherapy group received treatment according to locally approved prescribing information or according to National Comprehensive Cancer Network Clinical Practice Guidelines in Oncology (46). Recommended chemotherapy regimens dosage of TROPiCS-02 are following: eribulin, 1.4 mg/m2 for North American or 1.23 mg/m2 for European; vinorelbine, 25 mg/m2; gemcitabine, 200 mg/m2; and capecitabine 1,000-1,250 mg/m2 (24).

The prices of SG, eribulin, vinorelbine, gemcitabine and capecitabine were collected from public databases (34, 35). The cost of terminal care was $21,501 per patient with metastatic BC (36). The cost of the CT scans was obtained from the Medicare Clinical Laboratory Fee Schedule (37). The costs of the best supportive care were $472 per cycle (38). This study included the costs of managing grade ≥ 3 AEs, which were obtained from the published literature (Supplementary Table 2) (39–41). To calculate the dosage of SG, eribulin, vinorelbine, gemcitabine and capecitabine, we assumed that the body weight and body surface area of a typical patient in the United States were 74 kg and 1.82 m2 (44).

Health states were rated on a scale of 0 to 1 according to their utility preference in terms of health. Considering TROPiCS-02 was not provided the results of utility, the utility of metastatic BC was obtained from previously published studies and the PFS and PD states related to metastatic BC were 0.830 and 0.443 respectively (39, 42, 43). The analysis evaluated the disutility values related to grade ≥ 3 AEs (39–41).





Base-case analysis

We calculated the incremental cost-effectiveness ratio (ICER) by comparing the incremental cost per quality-adjusted life year (QALY) gained between the SG group and the chemotherapy group. According to the recommendation, cost-effectiveness was assumed when the ICER was lower than the optional willingness to pay (WTP) threshold ($150,000 per additional QALY gained) (47). Costs and utilities were discounted at an annual rate of 3% (48). We calculated the incremental net health benefit (INHB) and incremental monetary benefit (INMB) using the following formulas:   and  , where μCSG, μCC, and μESG, μEC were the cost and QALY of SG or chemotherapy, respectively, and λ was the WTP threshold (49, 50).





Sensitivity and subgroup analyses

Based on the one-way sensitivity analysis and the probabilistic sensitivity analysis, we evaluated the robustness of the model results. Each parameter was subjected to a one-way sensitivity analysis; estimated ranges were based on the reported or estimated 95% confidence intervals in the referenced studies or assumed to change 25% from the base-case value (Table 1). In order to generate a probabilistic sensitivity analysis, the key model variables were simultaneously sampled from prespecified distributions in a Monte Carlo simulation with 10,000 iterations. A gamma distribution was used for the cost variables, and a beta distribution for was used probability and proportion. To calculate the likelihood that SG would consider being cost-effective at different WTP levels, a cost-effectiveness acceptability curve was constructed based on data from 10,000 iterations. Subgroup analyses were conducted by varying the HRs for PFS for the prespecified subgroups reported in TROPiCS-02 in order to investigate the uncertainty arising from the subpopulations. We conducted our statistical analyses in R, version 4.0.5, 2021 (R Foundation for Statistical Computing) using the hesim and heemod packages.






Results




Base-case analysis

By comparison with chemotherapy treatment, SG treatment increased QALYs by 0.217 and overall life-years by 0.284, at an incremental cost of $132,689, which corresponds to a QALY ICER of $612,772. The INHB was -0.668 QALYs, and the INMB was -$100,208 at a WTP threshold of $150,000/QALY (Table 2).


Table 2 | Summary of cost and outcome results in the base-case analysis.







Sensitivity analysis

One-way sensitivity analyses suggested that the HRs for OS, average body weight, HRs for PFS and the costs of SG were related to model results (Supplementary Figure 2). We also estimated the relationship between these key variables and the ICER in the comparison of SG and chemotherapy. When the price of SG was less than $2.821/mg or $3.997/mg, SG was cost-effective at a WTP threshold of $100,000/QALY or $150,000/QALY, respectively (Supplementary Figure 3). On the other hand, when the body weight of patients was less than 19.88 kg, SG was cost-effective at a WTP threshold of $150,000/QALY (Supplementary Figure 3).

The cost-effectiveness acceptability curve was calculated and displayed as a result of the probabilistic sensitivity analysis (Figure 1). When the WTP thresholds are raised, the probability of SG being cost-effective increases. In comparison with chemotherapy, SG had no probability of being considered cost-effective at a WTP threshold of $150,000/QALY.




Figure 1 | Acceptability curves for the choice of sacituzumab govitecan treatment strategies at different WTP thresholds in patients with hormone receptor-positive/human epidermal growth factor receptor 2-negative metastatic breast cancer. WTP, willingness to pay.







Subgroup analysis

By varying the HRs for PFS, the subgroup analyses suggested that SG was related to primarily negative INHBs and was not considered cost-effective at a WTP threshold of $150,000/QALY for all subgroups (Table 3).


Table 3 | Summary of subgroup analyses obtained by varying the hazard ratios (HRs) for PFS.








Discussion

It is the purpose of this study to satisfy the unmet require for an economic evaluation of SG for the therapy of HR+/HER2- metastatic BC. As a result of this study, it was found that SG was related to an incremental survival of 0.217 QALYs and an incremental cost of $132,689, resulting in ICER of $612,772/QALY, as compared with chemotherapy. The model results were most sensitive to the HRs for OS, average body weight, HRs for PFS, and costs of SG, according to one-way sensitivity analysis. This suggests that the cost-effectiveness of SG can be determined based on these factors compared with chemotherapy. The cost-effectiveness of SG was demonstrated at a WTP threshold of $150,000/QALY when the price of SG was less than $3.997/mg or the weight of patients was less than 19.88 kg. In accordance with one-way sensitivity analysis and probabilistic sensitivity analysis, the results of this model appear to be robust. We found that SG was unfavorable for WTP thresholds less than $612,772/QALY for treatment of HR+/HER2- metastatic BC. Since SG treatment was related to negative INHBs and did not have a probability of cost-effectiveness when compared to chemotherapy at a threshold of $150,000/QALY in all subgroups compared to chemotherapy.

Based on the results of the one-way sensitivity analysis, it was suggested that the HR for OS and PFS was the sensitive variable. There was superior clinical efficacy for SG among patients with a favorable prognosis, but no subgroup analysis revealed that SG achieved cost-effectiveness. Thus, the price of SG remains the most sensitive variable and reducing the price of SG was important to increase the feasibility of using SG. In the US, the government announced American Patients First, and aimed to blueprint for cutting drug prices and reducing out-of-pocket payments (51). The availability of innovative treatments requires a significant reduction in price or financial assistance. Because antibody-drug conjugates are expensive to develop, their prices are often high (26, 52, 53). Therefore, it is common to observe that antibody-drug conjugates are not cost-effective, as described in the published literature (54, 55).

It is critical to highlight the strengths of this study. First, this analysis is the first to synthesize the latest clinical trial in an economic model method in order to evaluate the economic outcomes of SG treatment of HR+/HER2- metastatic BC. Antibody-drug conjugate with an SN-38 payload targeting Trop 2 is a popular option for the therapy of metastatic BC (23, 56). To our knowledge, there is limited data regarding the economic impact of antibody-drug conjugate treatment for metastatic BC. Second, as part of the present study, 22 subgroups defined by the TROPiCS-02 trial were examined in order to determine their economic outcomes. Physicians, patients, and policy makers may benefit from economic information regarding subgroups. The effectiveness of SG treatment needs to be confirmed by further investigation.

Our study has several limitations. First, there are no head-to-head studies for other antibody-drug conjugates, such as trastuzumab-emtansine and trastuzumab-deruxtecan, which have shown benefits for patients with previously treated metastatic BC (57, 58). When head-to-head data becomes available, the current study should be updated. Second, by fitting parametric distributions to the Kaplan-Meier curves, we used the PFS and OS curves reported in the TROPiCS-02 trial, health benefits beyond observation time were assumed. Third, we were unable to take into account the costs associated with follow-up because time series data were not available. Except for the costs of SG, our sensitivity analysis revealed that cost inputs have a limited influence on model outputs. Fourth, the economic results associated with SG may have been overestimated due to the exclusion of costs related to grade 1 or grade 2 AEs. According to the results of the one-way sensitivity analysis, the costs related to AEs were likely to be minor, suggesting that this limitation is not a major concern. It is important to note that the findings of this study are consistent with general clinical practice for the therapy of HR+/HER2- metastatic BC, making them a valuable resource for physicians and policy makers.





Conclusions

For patients with previously treated HR+/HER2- metastatic BC, SG was unlikely to be a cost-effective therapeutic option. The economic outcomes of treatments can be improved by tailoring them based on the characteristics of the individual patient. The reduction of the cost of SG may result in favorable economic outcomes. The findings of this study may assist clinicians in making optimal treatment choices for patients with HR+/HER2- metastatic BC.
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Background

Afatinib is mainly used to treat advanced non-small cell lung cancer, but its therapeutic effect on hepatocellular carcinoma is still unclear.





Methods

Over 800 drugs were screened by CCK8 technology and afatinib was found to have a significant inhibitory effect on liver cancer cells. The expression of PDL1 in tumor cells treated with drugs were detected by qRT-PCR and Weston Blot experiments. The effects of afatinib on the growth, migration and invasion of HCC cells were evaluated using wound healing, Transwell, and cell cloning assays. The in vivo effects of afatinib in combination with anti-PD1 were evaluated in C57/BL6J mice with subcutaneous tumorigenesis. Bioinformatics analysis was performed to explore the specific mechanism of afatinib's inhibition of ERBB2 in improving the expression level of PD-L1, which was subsequently verified through experiments.





Results

Afatinib was found to have a significant inhibitory effect on liver cancer cells, as confirmed by in vitro experiments, which demonstrated that it could significantly suppress the growth, invasion and migration of HCC cells. qRT PCR and Weston Blot experiments also showed that Afatinib can enhance the expression of PD-L1 in tumor cells. In addition, in vitro experiments confirmed that afatinib can significantly enhance the immunotherapeutic effect of hepatocellular carcinoma. Afatinib’s ability to increase PD-L1 expression is mediated by STAT3 activation following its action on HCC cells.





Conclusion

Afatinib enhances PD-L1 expression in tumor cells through the STAT3/PD-L1 pathway. The combination of afatinib and anti-PD1 treatment significantly increases the immunotherapeutic effect of HCC.
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1 Introduction

Hepatocellular carcinoma (HCC) is the most common type of liver cancer and is the sixth most common cancer worldwide, with the second-highest mortality rate (1). The leading cause of HCC are hepatitis B virus (HBV) or hepatitis C virus (HCV) infection, chronic liver disease caused by alcoholism, and metabolic syndrome (2). Various treatments for HCC, such as liver transplantation, surgical resection, interventional therapy, targeted therapy, and immunotherapy, have been developed. However, surgery remains the only curative treatment option (3). Sorafenib, a multi-tyrosine kinase inhibitor (TKI), has been shown to prolong the survival period of advanced HCC (4). More recently, Lenvatinib, regorafenib and cabozantinib have also been found to significantly prolong the survival of HCC as first-line or second-line drugs (5–7).

In recent years, immune checkpoint inhibitors have emerged as a promising immunotherapy method for HCC treatment. Currently, the FDA has approved four immune checkpoint inhibitors for single or combined use as first-line or second-line treatment for HCC: atilizumab (targeting programmed death ligand 1 (PD-L1)) in combination with bevacizumab (targeting vascular endothelial growth factor (VEGF)), ipilimumab (targeting cytotoxic T lymphocyte-associated antigen 4 (CTLA-4)) in combination with nivolumab (targeting programmed cell death protein 1 (PD1)), and pembrolizumab (PD1) or nivolumab alone. However, the overall response rate of anti-PD1 treatment for HCC is only about 20%, suggesting limited benefits for most HCC patients (8). Hence, more comprehensive research is required to improve the therapeutic outcomes of anti-PD1 treatment for HCC.

The ERBB receptor is a family of receptor tyrosine kinase (RTK) consisting of four members: EGFR (also known as ERBB1), ERBB2 (HER2), ERBB3 (HER3) and ERBB4 (HER4) (9). These receptors are widely expressed in various tissues and play a critical role in regulating cell proliferation, differentiation, survival, and migration. Disorders in ERBB receptor-mediated signal transduction can cause diseases such as developmental disorders and cancer (10). Overexpression or over-activation of ERBB receptor, especially ERBB2, has been found in many types of cancer and has been used as an important drug target for the development of anticancer therapy. However, the role of ERBB2 in HCC immunotherapy is still unclear, and further research is needed.

In conclusion, our study has investigated the effect of ERBB2 on HCC cells and its potential clinical significance, as well as exploring the specific mechanism involved. These findings may offer new insights to guide future clinic practice.




2 Materials and methods



2.1 Drugs

All drugs were purchased from Selleck (USA).




2.2 Cell cultures

The human GC cell lines (HCCLM3 and Hep3B) were provided by the Shanghai Institutes for Biological Sciences in China. The cells were cultured in a DMEM medium (Gibco, Austria) supplemented with 10% fetal bovine serum (Gibco, Austria) and 1%penicillin-streptomycin, and maintained in a humidified incubator at 37°C with 5% CO2.




2.3 Cell counting kit-8 proliferation assay

The inhibitory effect of drugs on cell proliferation was evaluated using the CCK-8 kit (Ribobio, China). For drug screening, HCC cells (2000/well) were seeded in 96 well plates and incubated for 24 hours. The drugs to be tested were added at a concentration of 10 µ M per well. After 24 hours of treatment, cells were further incubated in a humidified incubator at 37° C with 5% CO2. Next, 10 µ l of CCK-8 reagent was added to each well and incubated for an additional 2 hours. The absorbance at 450nm was measured using an enzyme marker.




2.4 Quantitative reverse transcription polymerase reaction

Total RNA was extreated from cells using the centrifugal column method with the total RNA extraction kit (TIANGEN, China). The extracted RNA was reverse transcribed into cDNA using a reverse transcription kit (Vazyme, China), following the manufacturer’s instructions. Quantification of PD-L1 mRNA was performed using a SYBR PCR kit (Vazyme, China), and mRNA expression was normalized to GAPDH before calculation.




2.5 Western blot analysis

The anti PD-L1 antibody and anti β-actin antibody were purchased from Proteintech (USA), and total cellular protein was obtained by lysing cells in RIPA lysis buffer (Beyotime, China). A 5% skimmed milk powder solution was used for room temperature blocking for 2h. After incubating with anti GADPH and anti PD-L1 at 4° C for 12 hours, the membrane was incubated with secondary antibody (1:5000) and then detected using an enhanced chemiluminescence kit (NCM Biotech, China). The protein expression level was analyzed using ImageJ software to analyze the western blot image.




2.6 Wound healing assay

After the confluence of HCCLM3 or Hep3B cell lines reaches 90%, use the standard 200 µ l pipette tip to create a scratch quickly, and wash it twice with PBS to remove any floating debris. Then, replace with fresh culture medium containing10 µ M afatinib or dimethyl sulfoxide (DMSO) of the same concentration as a control. The plate is then placed in a humidified incubator at 37° C with 5% CO2. At different time points (0h, 24h, 48h), the wound healing within the scratch line is observed, and representative images of scratch line are taken.




2.7 Transwell assay

When the HCC cell line reached 90% confluency, 10 uM afatinib and an equal concentration of DMSO were added to the treatment and control groups, respectively, and then incubated in a humidified incubator containing 5% CO2 at 37° C for 24 hours. Following the manufacturer’s instructions, 4 × 106 HCC cells were added to the upper chamber with 200 µl DMEM medium containing 10uM afatinib, while the lower chamber contained 700 µl DMEM medium containing 10% fetal bovine serum as the chemotactic agent. The control group was treated with DMSO in the same way as the treatment group. After 24 hours, the upper chamber was fixed with formaldehyde and stained with 0.1% crystal violet. Finally, cell migration was observed and counted under the inverted microscope.




2.8 Colony formation assay

HCCLM3 and Hep3B cell lines were seeded into six well plates at a density of 1000 cells/well. The experimental group was treated with 10 uM afatinib, while the control group was treated with DMSO of the same concentration. The six-well plates were incubated in a humidified incubator at 37° C and 5% CO2 for 14 days. The cells were fixed with formaldehyde and stained with 0.1% crystal violet. Colonies were observed and counted under natural light, and representative wells were selected for images. All experiments were performed in triplicate.




2.9 Mice model

Animal experiments were conducted following the guidelines of the Animal Management Committee of Nanjing Medical University, and all animal procedures and management were in compliance with ethical provisions for animal experiments. Prior to the experiment, we randomly divided 20 4-week old male C57/BL6J mice into four groups: afatinib single group, anti-PD1 (BP0273, Biocell, USA) single group, afatinib+anti-PD1 combined group, and PBS group (n=5 for each group). Subcutaneous injection of H22 cells was performed in the mice. In the Afatinib group, we injected Afatinib intraperitoneally every 2 days (10mg/kg) for a total of 28 days. Anti-PD1 (5.5mg/kg) was injected intraperitoneally every 7 days for a total of 28 days. Intraperitoneal injection was performed at the same time and concentration as above in the dual-drug group. After the experiment, the mice were euthanized and the tumors were collected to measure their size and weight for further experiments.




2.10 Immunohistochemistry

Each tissue sample was stained with specific primary antibodies and biotin-conjugated secondary antibodies, followed by incubation with the antibody protein biotin peroxidase complex. The samples were evaluated using the H-score method, which combines the values of the intensity of immune response and the percentage of tumor cells stained. The final immunohistochemical score was obtained by multiplying the percentage of target protein positive cells by the intensity score.




2.11 ERBB2 expression level, clinicopathological analysis, promoter methylation level and pan-cancer analysis

UALCAN (http://ualcan.path.uab.edu/) was used to examine the differential expression of ERBB2 in HCC and normal tissues as well as the difference in promoter methylation level. Kaplan Meier plotter (kmplot.com) was used to determine the correlation between ERBB2 expression and recurrence free survival (RFS) as well as progression-free survival (PFS) in tumor patients. TIMER (cistrome.shinyapps.io/timer) was used to analyze the differential expression of ERBB2 in various tumor tissues.




2.12 Immune-related analysis of ERBB2

TISIDB (cis. hku. hk/TISIDB) is a portal that facilitates the study of the interactions between tumors and the immune system by integrating multiple heterogeneous data types. TISIDB was used to analyze the correlation between the abundance of tumor infiltrating lymphocytes (TIL) and ERBB2.




2.13 ERBB2 location analysis

The human protein atlas can be used to determine the location of ERBB2 in cells. The atlas provides a comprehensive map of the human proteome in various tissues and cell types, including information on protein expression, localization, and function. It also includes data on gene expression in normal and diseased tissues, as well as tools for visualizing and analyzing the data.




2.14 Gene pathway correlation analysis

RNA-sequencing expression (level 3) profiles and corresponding clinical information for LIHC were downloaded from the TCGA dataset (https://portal.gdc.com).The GSVA package in R software was used to perform gene set variation analysis, with the method parameter set to ‘ssgsea’. Spearman correlation was used to analyze the correlation between genes and pathway scores. All the analysis methods and R packages were implemented in R version 4.0.3. A p value <0.05 was considered statistically significant.




2.15 Statistical analysis

The continuous data obtained from a single test in the two groups were analyzed using Graphpad Prism 8.0.2 (United States). A p value<0.05 was considered statistically significant.





3 Results



3.1 Afatinib had significant inhibitory effect on liver cancer cells

CCK-8 assay was utilized to investigate the effect of more than 800 drugs on the proliferation of hepatocellular carcinoma cells. The results showed that afatinib significantly inhibited the proliferation of HCC cells (Figure 1A). Additionally, we compared afatinib with other commonly used chemotherapeutic drugs including Ibrutinib, Tivozanib, Pazopanib, and Levatinib, and the results indicated that afatinib exhibited better inhibitory effect on HCC cells than other drugs (Figure 1B). The molecular structure formula of Afatinib is illustrated in Figure 1C. Therefore, we decided to further study the role and mechanism of afatinib in the treatment of HCC.




Figure 1 | Afatinib significantly inhibited the proliferation of liver cancer cells among over 800 drugs. (A) Heat map showing the inhibitory effect of more than 800 drugs on the proliferation of liver cancer cells as determined by CCK8 experiment. (B) Comparison of the inhibitory effect of afatinib with four other commonly used chemotherapeutic drugs, Ibrutinib, Tivozanib, Pazopanib, and Lenvatinib, on the proliferation of liver cancer cells. (C) Chemical structure formula of Afatinib. * p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.






3.2 Afatinib can significantly inhibit the proliferation, invasion and migration of HCC cells

The inhibitory effect of afatinib on HCC cell migration was confirmed through wound healing assays in HCCLM3 and Hep3B cells at a concentration of 10 μM (Figures 2A, B). The colony formation assay also demonstrated that afatinib inhibited the proliferation of HCC cells (Figures 2C, D). Furthermore, the transwell assay revealed that afatinib significantly reduced the invasive and migratory potential of HCC cells compared to the control group (Figures 2E, F). These findings provide evidence for the potent inhibitory effect of afatinib on HCC cells.




Figure 2 | The ERBB2 inhibitor afatinib can inhibit the proliferation, invasion, and migration of HCC cells. (A) Wound healing assay was performed to assess the migration ability of HCC cells treated with 10 μM Afatinib. (B) Quantitation of the wound healing assay results. (C) Plate cloning assay was performed to investigate the proliferation ability of HCC cells treated with Afatinib at a concentration of 10 μM. (D) Quantitation of the plate cloning assay results. Afatinib can significantly inhibit the migration and invasion ability of HCC cells (E): Transwell assay was used to assess the invasion and migration ability of HCC cells treated with Afatinib (10 μ M). (F) Quantitative graph of the results of the Transwell experiment. * p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001.






3.3 ERBB2 is implicated in the clinical progress of HCC

To further investigate the impact of ERBB2 inhibitor (afatinib) on the prognosis of HCC, we analyzed the Kaplan-Meier Plotter data and found that HCC patients with high ERBB2 expression had significantly lower recurrence free survival (RFS) and progression-free survival (PFS) than those with low or no expression (Figure 3C). TCGA portal analysis revealed that ERBB2 expression was significantly up-regulated in HCC tumor tissues compared to normal tissues, and the expression levels varied across different tumor grades and stages (Figure 3A). Furthermore, the methylation of the ERBB2 promoter was significantly lower in tumor tissues than in normal tissues (Figure 3B). Timer’s pancancer analysis also showed significant difference in ERBB2 expression between various common tumors and normal tissues (Figure 3D).




Figure 3 | Expression of ERBB2 in clinical samples. (A) Comparison of ERBB2 expression levels between normal and tumor tissues of HCC; ERBB2 expression levels in different tumor grades; ERBB2 expression levels in different tumor stages. (B) Comparison of ERBB2 methylation levels between normal and tumor HCC tissues. (C) Kaplan Meier survival curve showed that patients with high ERBB2 expression have significantly worse RFS and PFS than those with low ERBB2 expression. (D) Pancancer analysis demonstrated differences in ERBB2 expression levels among different types of tumors. *p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001.






3.4 Expression of ERBB2 in human HCC tumor tissue

In addition, we analyzed the expression of ERBB2 in various malignant tumors using data from the Human Protein Atlas. Immunofluorescence analysis showed that ERBB2 was clearly expressed in the cytoplasm and cell membrane of human epidermal squamous cell carcinoma A-431 cells, human osteosarcoma U2OS cells, and human glioma U251-MG cells, indicating that ERBB2 expression was not limited to specific cell lines (Figure 4D). The Human Protein Atlas showed that ERBB2 staining in the tissues of HCC patients is mostly moderate or mild, and most HCC tissues express this protein, mainly distributed in the cytoplasm and cell membrane (Figure 4E). These findings suggest that ERBB2 is a promising target for the treatment of HCC.




Figure 4 | In vivo experiments have demonstrated that the ERBB2 inhibitor Afatinib can inhibit the development of HCC and enhance the therapeutic effect of anti-PD1 in HCC. (A) Immunohistochemistry was performed to assess the expression of CD8, Ki67, ERBB2, PD1, and PDL1 in PBS group, afatinib group alone, anti PD1 group alone, afatinib and anti-PD1 combined group. (B) The quantitative analysis of immunohistochemical results is shown. (C) The tumor weight and volume of subcutaneous tumors obtained from C57BL/6 mice were measured on the 28th day. Expression of ERBB2 in various HCC cells and tissues. (D) Immunofluorescence staining shows the expression of ERBB2 in human epithelial squamous cell carcinoma A-431 cells, human osteosarcoma U2OS cells, and human glioma U251-MG cells. (E) Immunohistochemical staining of ERBB2 in HCC tissue samples. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.






3.5 Afatinib can significantly increase PDL1 expression in HCC tumor cells by up-regulating the STAT3

We examined the expression level of PD-L1 in Hep3B and HCCLM3 hepatoma cell lines using qRT-PCR after treatment with afatinib for 24 hours. We found that the expression of PD-L1 increased in hepatoma cells after the addition of afatinib (Figure 5A). Consistently, the Western blot analysis also demonstrated an increase in PD-L1 protein expression in HCC cells treated with Afatinib for 24 hours (Figure 5B). To explore the underlying mechanism of the afatinib-induced increase in PD-L1, we referred to the research by Song et al. on T-cell lymphoma (11) and hypothesized that it could be related to STAT3. Therefore, we assessed the expression of STAT3 and P-STAT3 by Western blot, and as expected, the results showed no significant difference in STAT3 expression but a higher expression of P-STAT3 in the cells treated with afatinib compared to the control group (Figures 5B, C). In conclusion, our findings suggest that the ERBB2 inhibitor afatinib promotes the phosphorylation of STAT3, which in turn induces the increase in PD-L1 expression in HCC.




Figure 5 | ERBB2 inhibitor afatinib upregulates the expression of PDL1 in HCC cells through STAT3. (A) qRT-PCR detected an increase in PDL1 expression in HCC cells treated with Afatinib. (B) Western blot analysis revealed an increase in PDL1 and p-stat3 expression in afatinib-treated cells. (C) Quantitative map of Western blot detection results. * p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. ns, not statistically.






3.6 Afatinib combined with Anti-PD1 significantly increased the immunotherapeutic effect of HCC in in vivo model

We injected H22 cells into the bilateral subcutaneous groin of C57/BL6J mice (5 mice/group, 4 groups in total) at the age of 4 weeks, followed by intraperitoneal injection of PBS, afatinib, anti-PD1, or their combination to analyze the tumor growth size and weight for 28 days. The results showed that compared with the control group, the afatinib group inhibited the growth of HCC, while the anti-PD1 group significantly inhibited the development of HCC. As expected, the combined group of afatinib and anti-PD1 exhibited a better inhibitory effect on tumor growth compared to the single drug group and PBS control group. On day 28, the mice were euthanized, and tumor tissues were weighed and measured (Figure 4C). The tumor weight and volume of the afatinib and anti-pd1 single drug groups were lighter than those of the control group, while the combination of afatinib and anti-PD1 had a more significant tumor inhibition effect. Immunohistochemical analysis of HCC tumors was also performed (Figures 4A, B). The CD8 expression in both the single drug group and combination group was significantly higher than that in the control group, especially in the combination group of Afatinib and Anti-PD-1. In terms of Ki67 expression, both the single drug group and the combination group were able to reduce Ki67 expression, with the combination of Afatinib and Anti-PD1 showing the most significant reduction. Additionally, the results showed that the single drug group and the combination group had varying degrees of inhibitory effects on ERBB2 expression in HCC. The afatinib single drug group slightly increased the expression of PD-1, while the anti-PD1 and afatinib+anti-PD-1 combined group significantly reduced the expression of PD-1. Notably, the expression of PD-L1 was higher in the Afatinib monotherapy group and the combination of afatinib+Anti-PD1 group, highlighting the importance of targeting both ERBB2 and PD-1/PD-L1 pathways for HCC treatment. Overall, these findings suggest that the combination of ERBB2 inhibitor Afatinib and Anti-PD1 therapy is more promising approach for the treatment of HCC compared to traditional monotherapy.




3.7 The correlation between tumor infiltrating lymphocytes abundance and ERBB2 expression

The relative abundance of tumor-infiltrating lymphocytes (TILs) was estimated using gene set variation analysis (GSVA) based on gene expression profiles of HCC (Figure 6A). Based on the immune-related characteristics of 28 TIL types in Charoentong’s study, we found that a large number of immune cell types were associated with ERBB2 expression. Specifically, NK/Th17 was significantly positively correlated with ERBB2, while CD56bright/Th2 was significantly negatively correlated with ERBB2 expression (Figure 6B). These results provide new clues and ideas for further immunotherapy of HCC.




Figure 6 | The relationship between tumor infiltrating lymphocytes (TIL) and ERBB2 expression in HCC. (A) Heatmap representing the infiltration abundance of multiple lymphocyte types in different tumors estimated by GSVA based on gene expression profiles. (B) Correlation analysis between ERBB2 expression and the abundance of NK, Th17, CD56bright, and Th2 in HCC. Bioinformatics analysis shows that ERBB2 participates in multiple cellular metabolic pathways of HCC, such as D-glutamine and D-glutamic acid metabolism, ECM degradation, EMT marker gene, p53 pathway, TGFb, mannose O-glycan biosynthesis, collagen formation, glycosylphosphatidylinositol GPI-anchored biosynthesis, cell apoptosis, angiogenesis, drug metabolism other enzymes, and mucin O-glycan biosynthesis (C).






3.8 ERBB2 participated in multiple metabolic pathways in HCC

Spearman analysis was used to evaluate the correlation between single genes and pathway score in HCC (Figure 6C). The X-axis represents the distribution of gene expression, while the Y-axis represents the distribution of pathway scores. The density curve on the right displays the trend of immune scores of the pathway, and the curve on the top shows the trend of gene expression. The value on top indicates the p value, correlation coefficient, and correlation calculation method. We found that ERBB2 was significantly correlated with several pathways in HCC, including D-glutamine and D-glutamic acid metabolism, ECM degradation, EMT marker gene, p53 pathway, TGFb, mannose O-glycan biosynthesis, collagen formation, glycosylphosphatidylinositol GPI-anchored biosynthesis, cell apoptosis, angiogenesis, drug metabolism other enzymes, and mucin O-glycan biosynthesis.





4 Discussion

HCC is one of the most common malignant tumors worldwide, with approximately 1 million new cases occurring each year. Although surgical resection and liver transplantation are considered effective methods for treating HCC, but the recurrence rate of HCC remains high. In recent years, with the development of numerous targeted and immunotherapies, there are now more options available for the treatment of HCC.

After screening over 800 small molecule drugs, we identified afatinib, an orally effective and irreversible ERBB2 inhibitor, as having a significant inhibitory effect on HCC cells. Although Afatinib is mostly used in the research of esophageal squamous cell carcinoma (ESCC), non small cell lung cancer (NSCLC), and gastric cancer, its efficacy in treating HCC was not clear. Previous studies suggested that ERBB2 was rarely expressed in HCC, leading to speculation that it may not play a role in HCC (12, 13). Deepak Parashar et al. found that in ovarian cancer, ERBB2 up-regulates ZEB1 in non-attached cells, FOX1 up-regulates ZEB1, and ZEB1 inhibits FOXM1 expression through a negative feedback mechanism. The authors suggest that ZEB1 and FOXM1 are significant in ERBB2 signaling for peritoneal metastasis of ovarian cancer (14). Anjali Geethadevi1 et al. found that in ovarian cancer by RNA seq, Binding of OSM to OSMR caused OSMR-IL6ST dimerization, which is required to produce oncogenic signaling cues for prolonged STAT3 activation (15). Yingqing Deng et al. found that, Single-cell sequencing in high-grade serous ovarian cancer (HGSOC) has shown that ERBB2 is highly expressed in metastatic tumors, and IL6/STAT3 signaling is enriched in fibroblasts and involved in angiogenesis and immune regulation (16). Deepak Parashar et al. found that genomic amplification of 3q26.2 locus leads to the increased expression of microRNA 551b-3p (miR551b-3p) in triple-negative breast cancer (TNBC). MiR551b upregulates the expression of Oncostatin M receptor (OSMR) and interleukin-31 receptor-α (IL31RA) as well as their ligands Oncostatin-M (OSM) and interleukin 31 (IL31) through STAT3 transcription (17). Ling Gao et al. found that in astrocytoma, the inhibition of STAT3 and ERBB2 significantly reduced the survival of glioma cells after radiation and inhibited tumor growth in vivo, which they believed was related to the mitochondrial apoptotic pathway (18). However, Shi et al. (19–21) conducted detailed studies that confirmed the expression and function of ERBB2 in HCC, prompting us to explore its specific mechanism. Through wound healing, cloning, and Transwell experiments, we confirmed that the ERBB2 inhibitor afatinib significantly inhibited the migration, proliferation, and invasion of HCC cells. We conducted qRT-PCR and WB experiments, which revealed that treatment of HCC cells with afatinib significantly increased the expression of PDL1. By reviewing previous studies, we found that STAT3 played a role in the expression of PDL1 in HCC. We also confirmed through WB experiments that after afatinib treatment, the expression of phosphorylated STAT3 was upregulated, resulting in an upregulation of PDL1 in HCC. However, the specific mechanism underlying this effect remains to be explored in future studies. To investigate the clinical relevance of ERBB2, we used UALCAN to analyze the expression of ERBB2 in HCC tumor tissues compared to normal tissues. Our results showed that ERBB2 expression was significantly higher in HCC tumor tissues than normal tissues. Furthermore, the expression levels of ERBB2 were higher in grade 1 and grade 2 tumors as well as in stage 1, 2, and 3 tumors when compared to normal tissues. However, the methylation of REBB2 was found to be lower in tumor tissues than in normal tissues. Additionally, Kaplan Meier Plotter analysis confirmed that patients with high ERBB2 expression had poorer survival and prognosis. Pancancer analysis revealed differential expression of ERBB2 across various tumor tissues. Furthermore, through data mining of The Human Protein Atlas, we observed a relatively fixed distribution of ERBB2 in cells. The immunohistochemical analysis of tumor tissue revealed variable expression of ERBB2 in HCC, and the location of the expressed cells was consistent with the results of immunofluorescence analysis. In order to further validate our conclusion that afatinib enhances HCC immunotherapy by upregulating PDL1, we conducted in vivo experiments in mice. Our results demonstrated that the combination of afatinib and anti-PD1 significantly reduced tumor volume and weight compared to the control group and the single drug group. We also confirmed the reliability of our experiments and conclusions through immunohistochemical experiments.

Through bioinformatics analysis, we investigated the association between TIL abundance and ERBB2 expression in HCC and observed a positive correlation between NK/Th17 cells and ERBB2, while a negative correlation was found between CD56bright/Th2 cells and ERBB2 expression. In addition, we analyzed the involvement of ERBB2 in various cellular functional pathways in HCC, which could potentially offer novel avenues for further research in this field.

In summary, while research on ERBB2 in HCC is still relatively limited, our study has found that the combination of ERBB2 inhibitor Afatinib with Anti pd1 can significantly enhance the therapeutic effect of HCC (Figure 7). However, further studies are needed to elucidate the specific molecular mechanisms involved. With the development of immunotherapy for HCC in recent years, there is great potential for further exploration and advancement in this field.




Figure 7 | The specific mechanism of ERBB2 inhibitor Afatinib combined with anti PD1 to enhance the immunotherapeutic effect of HCC. Afatinib inhibits ERBB2, which leads to the upregulation of activated STAT3 expression. This in turn upregulates the expression of PDL1, ultimately enhancing the immunotherapy of HCC.
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Background

Neuroblastoma (NB) is considered an immunologically cold tumor and is usually less responsive to immune checkpoint blockade (ICB). Tumor-associated macrophages (TAMs) are highly infiltrated in NB tumors and promote immune escape and resistance to ICB. Hence therapeutic strategies targeting immunosuppressive TAMs can improve responses to ICB in NB. We recently discovered that spleen tyrosine kinase (Syk) reprograms TAMs toward an immunostimulatory phenotype and enhances T-cell responses in the lung adenocarcinoma model. Here we investigated if Syk is an immune-oncology target in NB and tested whether a novel immunotherapeutic approach utilizing Syk inhibitor together with radiation and ICB could provide a durable anti-tumor immune response in an MYCN amplified murine model of NB.





Methods

Myeloid Syk KO mice and syngeneic MYCN-amplified cell lines were used to elucidate the effect of myeloid Syk on the NB tumor microenvironment (TME). In addition, the effect of Syk inhibitor, R788, on anti-tumor immunity alone or in combination with anti-PDL1 mAb and radiation was also determined in murine NB models. The underlying mechanism of action of this novel therapeutic combination was also investigated.





Results

Herein, we report that Syk is a marker of NB-associated macrophages and plays a crucial role in promoting immunosuppression in the NB TME. We found that the blockade of Syk in NB-bearing mice markedly impairs tumor growth. This effect is facilitated by macrophages that become immunogenic in the absence of Syk, skewing the suppressive TME towards immunostimulation and activating anti-tumor immune responses. Moreover, combining FDA-approved Syk inhibitor, R788 (fostamatinib) along with anti-PDL1 mAb provides a synergistic effect leading to complete tumor regression and durable anti-tumor immunity in mice bearing small tumors (50 mm3) but not larger tumors (250 mm3). However, combining radiation to R788 and anti-PDL1 mAb prolongs the survival of mice bearing large NB9464 tumors.





Conclusion

Collectively, our findings demonstrate the central role of macrophage Syk in NB progression and demonstrate that Syk blockade can “reeducate” TAMs towards immunostimulatory phenotype, leading to enhanced T cell responses. These findings further support the clinical evaluation of fostamatinib alone or with radiation and ICB, as a novel therapeutic intervention in neuroblastoma.
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Introduction

Neuroblastoma (NB) is the most common pediatric extracranial solid tumor that arises from the sympathetic nervous system (1, 2). Patients with this disease are stratified into low, medium, and high-risk groups based on different molecular and histological parameters among which MYCN amplification is an important determinant of worse prognosis and high-risk disease (3–5). Even after extensive multimodal therapy, chances of long-term survival in the high-risk group are only 40-50% (6–9). Immune checkpoint blockade (ICB) using monoclonal antibodies directed against inhibitory T cell receptor, programmed death 1 (PD1), and its ligand, PDL1, have improved treatment regimens in various solid cancers (10). However, in high-risk NB, the outcome of these therapies is disappointing (11). Hence, novel combination therapies with ICB are needed to improve the outcomes of patients with high-risk disease.

The tumor microenvironment (TME) plays an important role in predicting responses to immunotherapy in solid tumors and our knowledge of the different components of NB TME just started emerging (12). Recently, various groups have utilized computational biology, multiplex immunohistochemistry, and sc-RNA seq approaches to define the immune landscape of NB tumors and have reported the presence of T cells, dendritic cells, B cells, myeloid cells, and natural killer cells (NK) in NB tumors (13–17). These studies have also shown that MYCN amplified (MYCN-A) tumors are immunologically cold with rare infiltration of immune cells. However, immunosuppressive myeloid cells including myeloid derived suppressor cells (MDSCs) and tumor associated macrophages are abundantly infiltrated in the MYCN-A NB tumors and are major mediators of immunosuppression in the tumor microenvironment (TME) of NB (16, 18–20). Among these myeloid cells, TAMs have recently garnered major interest as immunotherapeutic drug targets as they contribute to tumor progression and inhibition of innate and adaptive immune responses that lead to tumor immune escape and resistance to immunotherapies in NB (12, 15, 16, 19–21). Hence, “re-educating” immunosuppressive TAMs into immunogenic phenotype can improve responses to ICB or radiotherapy in high-risk NB (19, 20, 22–26).

Spleen tyrosine kinase (Syk) is a non-receptor tyrosine kinase and is mainly expressed in hematopoietic cells. Syk is an essential regulator of B cell receptor (BCR) and Fc gamma receptor(FcR)-mediated signaling (27–29) and plays a central role in the development of autoimmune diseases and in hematological malignancies such as B cell lymphomas (30). Thus, Syk inhibitors have been tested in several clinical trials for B cell malignancies, mainly chronic lymphoid leukemia (31). R788 (fostamatinib), a prodrug of active metabolite R406, is a specific Syk inhibitor that has shown great efficacy in the preclinical models of chronic lymphocyte leukemia, autoimmune diabetes, rheumatoid arthritis (32–34). R788 was also reported to reduce collagen-induced arthritis in the mouse model (33) that leads to its evaluation in phase 2 clinical trial for patients with rheumatoid arthritis (35). FDA recently approved R788 for the treatment of patients with chronic immune thrombocytopenia (36).

Recent emerging studies have shown that Syk also contributes to tumorigenesis; however, its role in the progression of solid tumors is complex (37–39). A recent report has shown that Syk acts as a tumor promoter in neuroblastoma and Syk inhibitors potentiate the effect of chemotherapeutic drugs on NB cells in vitro (40). However, this study did not reveal the presence of Syk in immune cells and the efficacy of Syk inhibitors in suppressing NB growth in vivo. Hence, mechanistic details explaining how Syk regulates immune responses in NB need to be further elucidated.

We have recently reported that Syk plays an important role in the immunosuppressive transcriptional programming of macrophages, leading to immune escape in lung adenocarcinoma (41). Herein, our objective was to evaluate the role of Syk in NB growth and anti-tumor immunity. We found that macrophage Syk is a driver of immunosuppression and neuroblastoma growth. Moreover, genetic deletion or pharmacological inhibition of Syk with R788 promotes immunostimulation, increases CD8+ T cells, and decreases tumor progression in a MYCN-driven mouse model of NB. Finally, we demonstrated that R788, in combination with anti-PDL1 mAb treatment, elicit robust anti-tumor effects in mice bearing small (50 mm3) NB9464 tumors and, when combined with radiation, prolonged survival of mice bearing large NB9464 tumors.





Methods




Human tissues and cell lines

Deidentified human neuroblastoma primary tumor samples were obtained under IRB approval (Protocol 071729) from Rady Children’s Hospital, San Diego, California, USA. NB9464 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% FBS and M3 base special media as described before (18, 42). Human neuroblastoma cell lines, SKNBE2, IMR32, SKNSH, SH-SY-5Y cells were cultured in DMEM supplemented with 10% FBS, 2 mM L-glutamine, 0.4 mM sodium pyruvate, non-essential amino acids and penicillin/streptomycin as described before (18). All cell lines were routinely tested for mycoplasma.





Immunohistochemistry and immunofluorescence staining

Formalin-fixed paraffin-embedded (FFPE) tissue sections (4µm) of human NB were used for immunohistochemistry (IHC) or immunofluorescence (IF) studies. IHC and IF on paraffin-embedded human samples were performed by the UCSD Histology core facility. For IHC studies, human samples were stained with the following antibodies: anti-CD20 (ab64088, 1:100, Abcam), anti-CD68 (MA5-12407, 1:50, Invitrogen), anti-CD3 (ab16669, 1:500, Abcam) anti-CD4 (ab288724, 1:1000, Abcam), anti-CD8 (70306S, 1:50, Cell Signaling). Antigen retrieval was carried out in citrate buffer (pH 6.0, Vector Laboratories) at 95°C for 30 min. After antigen retrieval, tissue sections were incubated with BLOXALL (Vector Laboratories) for 10 min followed by blocking Blotto (Thermo) for 10 min. Sections were stained with primary antibodies at recommended dilutions in Blotto for 1 hr at room temperature. After washing primary antibodies, the samples were stained with anti-mouse or anti-rabbit secondary antibodies HRP Polymer (Cell IDX for 30 min at RT followed by DAB staining using DAB chromogen (VWR, 95041-478) for 5 min. The images with positive staining were captured using Olympus inverted microscope. The whole area of the tumor was selected as a field of interest, and the area with immunohistochemically positive staining within the field of interest was calculated by the Image J software after setting the thresholds. The results are expressed as the percentage of the positively immunolabelled area within the total area of the tumor. For immunofluorescence staining, antigen retrieval was carried out as described above followed by blocking with Blotto for 10 min. The tissues were then incubated with Syk (clone EP573Y, ab40781, 1:1000, Abcam) and CD68 (MA5-12407, 1:50, Invitrogen) antibodies in Blotto for 1 hr at room temperature. After two washings with 1X TBST buffer, samples were stained with anti-mouse or anti-rabbit HRP polymer-conjugated secondary antibodies (Cell IDX) for 30 min at RT. Tissues were then incubated with Alexa Fluor 488 and Alexa Fluor 594 Tyramide reagents (Thermo) for 10 min. DAPI was used to counterstain the nuclei. The images of fluorescent staining were captured using Keyence BZX-700 fluorescent microscope.





Mouse models and therapeutic treatments

The conditional myeloid Syk knock out mouse strain (SykMC-KO) and their wild type control (SykMC-WT) are from the C57BL/6 background and were generated by crossing floxed Syk mice with lysozyme M (LysM) Cre recombinase transgenic mice as described previously (41). 4-6-week-old C57BL/6 mice used in these experiments were obtained from Charles River Laboratories. NB9464 (4 x 106) cells were injected subcutaneously into syngeneic 4–6-week-old SykMC-WT or SykMC-KO or C57BL/6 mice. For inhibitor experiments, NB9464-bearing mice received 50 mg/kg R788, or 200 µg anti-PDL1 (clone 10F.9G2, Bio-X-cell) or isotype control LTF2 (Bio X cell) or one dose of 10Gy radiation using a SmART radiator.





Macrophage, B cell, and T-cell depletion experiments

For macrophage-depletion experiments, mice bearing NB9464 tumors were treated with 50 mg/kg anti-CSF-1R antibody (clone AFS 98, BioXcell), administered intraperitoneally (ip) every alternate day until tumors were harvested. For B-cell depletion experiments, mice received tail vein injection of 250 µg of ULTRA-LEAF purified anti-mouse CD-20 (clone SA271G2, Bio Legend). For CD8-depletion experiments, mice bearing NB9464 tumors were treated with 200µg of anti-CD8 (clone YTS169.4) from Bio-X-Cell administered ip on day 7, 10 and 13 of tumor inoculation as described before (41).





Single cell preparation and flow cytometric analysis

Single-cell suspensions of NB9464 tumors were prepared for flow cytometry as described before (18). Briefly, NB9464 tumors were isolated, minced, and incubated for 30-45 min at 37°C in a dissociation solution containing Hanks Balanced Salt Solution supplemented with 0.5 mg/ml collagenase IV (Sigma), 0.1 mg/ml hyaluronidase V (Sigma), 0.6 U/ml Dispase II (Roche) and 0.005 MU/ml DNAse I (Sigma). The undigested tissues were removed by passing through 70 µm nylon mesh and centrifuged at 1500 rpm for 5 min. The red blood cells were lysed using RBC lysis buffer (Pharm Lyse, BD Biosciences, San Jose, CA, USA). Myeloid cells, macrophages, and T cells were enriched using CD11b+, F4/80+, and CD90.2+ microbeads (Miltenyi Biotec, San Diego, CA) on MS columns using manufacturer’s instructions. For flow cytometry, single cells isolated from tumors were incubated with a fixable viability stain 510 (BD, Biosciences) followed by incubation with fluorescently labeled antibodies directed against mouse CD45 (30-F11; BD Biosciences), CD11b (M1/70; BD Biosciences), Gr1 (RB6-8C5; BD Biosciences), F4/80 (BM8; BD Biosciences), MHCII (AF6-120.1; BD Biosciences), PDL1 (MIH5, BD Biosciences), CD44 (IM7, BD Biosciences), CD62L (MEL-14, Biolegend), CD3 (145-2C11; eBioscience), CD4 (GK1.5,; eBioscience), CD8 (53-6.7,; eBioscience). Samples were acquired on LSR Fortessa (BD Biosciences) and analyzed withFlowJo 10 (Treestar).





Macrophage adoptive transfer experiments

For macrophage adoptive transfer experiments, CD11b+ F4/80+ TAMs were isolated from single cell suspensions of NB9464 tumors from SykMC-WT or SykMC-KO mice by magnetic bead isolation. Purified cells were mixed 1:1 with NB9464 tumor cells, and 2 x 106 total tumor cells were injected into naïve SykMC-WT or SykMC-KO mice.





Isolation of BMDMs and hypoxia experiments

Bone marrow derived macrophages (BMDMs) were generated from 6-8 week old C57BL/6 mice as described before (43). Briefly, the bone marrow derived cells were collected by flushing the femurs and tibias of the mice with PBS using a 30-gauge needle. Following treatment with red cell lysis buffer, purified cells were cultured in RPMI + 10% FBS + 50 ng/ml MCSF (Peprotech) for 5-7 days before use. For hypoxia experiments, BMDMs were placed in a modulator incubator chamber (Billups-Rothenberg) under 1% O2 conditions as previously described (41, 43).





Preparation of conditioned media and co-culture experiments

Tumor conditioned media (TCM) was prepared from confluent NB9464 cells. For this, cells were grown to 80% confluence, washed with PBS and media changed to DMEM without FBS for another 48 hrs. TCM was collected after 48 hrs. and used for co-culture experiments. BMDMs from C57BL/6 WT mice were incubated with TCM from NB9464 cells, followed by treatment with R788 for 24 hours and RNA isolation. For some experiments, BMDMs incubated with TCM from NB9464 were given hypoxia for six hrs. in the presence of 500 nM R788, followed by the preparation of nuclear extracts.





Cell viability assays

Cell viability assay was performed on R788-treated NB9464, SKNBE2, and IMR32 cells using AlamarBlue® (Roche) reagent according to manufacturer’s protocol. Briefly, 1x 104 cells were seeded in 96 well plates and different concentrations of R788 were added to the culture. After 48 hours, AlamarBlue® was added and plates were incubated at 37°C in 5% CO2 for 6 hours. Fluorescence signals were read as emission at 590 nm after excitation at 560 nm.





Immunoblotting

CD45- tumor cells, CD45+ immune cells, CD11b+F4/80+ TAMs from NB9464 tumors, BMDMs, CD90.2 + T cells, CD19+ B cells isolated from splenocytes of NB9464-bearing mice and in vitro cultured SKNBE2, IMR32, SKNBE2, SH-SY-5Y and NB9464 cells were solubilized in RIPA buffer containing protease and phosphatase inhibitors. Proteins were run on SDS-PAGE gels, electro transferred to nitrocellulose membranes and were immunoblotted with antibodies from Syk (Santa Cruz), β-actin (Santa Cruz).





qPCR analysis

Total RNA was isolated from BMDMs or TAMs from NB9464 tumors or bulk NB9464 tumors using the Qiagen RNAeasy kit (Qiagen, Hilden, Germany), and cDNA was synthesized using iscript cDNA synthesis kit (Bio-Rad, Hercules, CA) according to manufacturer’s instructions. SYBR green-based qPCR was performed using murine primers to immune-responsive genes as described earlier (41). The data were quantified with the comparative Ct method for relative gene expression. GAPDH was used as the housekeeping gene.





RNA-sequencing

RNA was harvested from WT BMDMs incubated with NB9464 TCM and TAMs isolated from SykMC-WT and SykMC-KO mice bearing NB9464 tumors, and R788-treated NB9464 tumors using Qiagen RNAeasy kit (Qiagen, Hilden, Germany). RNA libraries were prepared and sequenced using standard Illumina protocols. RNA sequencing was performed by Novagene Corporation Inc (Sacremento, CA). mRNA profiles were generated by single read deep sequencing, in triplicate, using Illumina HiSeq2000. FASTQ files from sequencing experiments were mapped to mouse genome build mm10 using STAR (44) with default parameters, with reads quantified by Salmon (45) in a standard BCBio RNAseq pipeline. Differential expression analysis was then performed using the DESeq2 R package (46). Apeglm was used for empirical shrinkage effect size estimation (47). P-values were multiple hypothesis corrected using the Benjamini-Hochberg method in the python stats models package (48). All heatmaps showing relative expression of selected genes were created using the seaborn python package (49) on the Z-scores of the TPM-normalized expression.





Sc-RNA-seq data acquisition, integration, and analyses

Single cell RNA-seq data from TH-MYCN murine tumors (n = 3) were downloaded from accession GSE180101 and analyzed in the R package Seurat. First, anchor genes were used to integrate and normalize all cells across all mice into a single data set that could be clustered and visualized as a UMAP, using default settings. Next, the CIPR package, combined with canonical marker genes in cases where the cluster identity was ambiguous, was used to assign cluster identities with the mmrnaseq reference. All clusters identified as non-immune cells were grouped together as “Tumor” for clarity. Finally, a violin plot of Syk expression across different cell types was generated.





Statistical analysis

Data is represented as mean ± SEM. Differences in survival were determined using Kaplan-Meier method and using the log-rank test. Statistical significance was determined by parametric or nonparametric student’s t-test when only two groups were compared or by one-way ANOVA with Tukey’s post-hoc testing for multiple pairwise testing with more than two groups. In all cases, * p < 0.05, ** p < 0.01 *** p < 0.001, **** p < 0.0001, ns = not significant. Statistical analysis was performed using GraphPad Prism V.9 software.






Results




High-risk MYCN-amplified tumors are ‘immunologically cold’ tumors with abundant infiltration of immunosuppressive macrophages

The immune microenvironment of NB plays an important role in disease progression and predicting responses to immunotherapy (12, 50). However, limited studies are available which exemplify the presence of immune cells in NB tumors (13, 15, 16). To delineate the immune composition of NB tumors, we performed IHC on 18 human patient samples {n = 5, early-stage NB; n = 7, non-MYCN amplified (MYCN-NA) late-stage NB, n = 6, MYCN amplified (MYCN-A) late-stage NB} collected under IRB protocol (071729) (Supplementary Table S1). IHC on human NB patient samples reveals the higher infiltration of CD20+ B cells, CD3+ T cells, CD4+ T cells, and CD8+ T cells in early-stage tumors, followed by decreased or rare infiltration of these cells in late-stage MYCN-NA tumors and MYCN-A tumors respectively (Figures 1A, B). Interestingly, we found increased infiltration of CD68+ macrophages in late-stage MYCN-A tumors compared to early-stage NB and late-stage MYCN-NA tumors (Figures 1A, B).




Figure 1 | MYCN amplified tumors are abundantly infiltrated with immunosuppressive macrophages. (A, B) Representative images (A) and quantification of positive IHC staining (B) for CD68, CD20, CD3, CD4, and CD8 in tissue sections from early-stage MYCN-NA (n = 5), late-stage MYCN-NA (n= 7) and MYCN-A (n = 6) human NB; scale bar = 50μm. (C) The percentages of intratumoral CD11b+ myeloid cells, CD11b+Gr1- monocytes and CD11b+Gr1+ granulocytes, CD3+ T cells, CD4+ T cells, and CD8+ T cells in early-stage and late-stage murine NB9464 tumors (n = 4). (D, E) Relative mRNA expression of immunostimulatory (D) and immunosuppressive genes (E) in TAMs isolated from early-stage and late-stage NB9464 tumors (n =3). * p < 0.05, ** p < 0.01 *** p < 0.001, **** p < 0.0001, ns, not significant.



We implanted murine MYCN-A (NB9464) cells in C57BL/6 mice to further study these dynamics using in vivo models. To evaluate the immune composition of these tumors, we used early-stage tumors (tumor volume = 100-200 mm3) and late-stage tumors (tumor volume = 800-1000mm3) and evaluated the immune infiltrates using flow cytometry. Like human tumors, late-stage murine MYCN-A tumors also showed decreased infiltration of CD3+ T cells, and CD8+ T cells (Figures 1C, S1, S2). Interestingly, we found higher infiltration of CD11b+ Gr1+ granulocytes and CD19+ B cells in late-stage tumors with no changes in the infiltration of CD11b+Gr1-F4/80+ TAMs (Figures 1C, S2). Considering the results from both human and murine tumors, we found that late-stage MYCN-A tumors showed high infiltration of macrophages and B cells. Hence, we investigated if the deletion of either of these cell types can impede NB tumor progression. For this, NB9464 cells were subcutaneously implanted into C57BL/6 mice and were treated with macrophage-depleting anti-CSF1R antibodies (clone AFS98) or B-cell depleting ULTRA-LEAF™ purified anti-CD20 mAb (SA271G2, Biolegend). We found that administration of anti-mouse CSF1R depleted macrophages from the treated mice and suppressed tumor growth in mice implanted with NB9464 tumors (Figures S3A–C). However, administration of ULTRA-LEAF™ purified mAb depleted B cells, but did not suppress NB9464 tumor growth (Figures S3A–C). Taken together, these results suggest that macrophages and not B cells play an important role in the progression of NB, and these results were also validated by other groups (19, 51).

Several studies have shown that macrophages promote tumor growth by facilitating immunosuppression in NB (52, 53). Verhoeven et al, have recently shown that macrophages with an immunosuppressive ‘M2’ phenotype significantly correlated with decreased survival, while monocytes and macrophages with an immunostimulatory ‘M1’ phenotype significantly correlated with increased survival (15). Similarly we found that TAMs isolated from late stage murine MYCN-A NB tumors exhibited decreased expression of proinflammatory genes like Il12, Ifng, and Tnfa and increased expression of immunosuppressive genes like Il1, Il10, and Arg (Figures 1D, E). Altogether, these results suggest that immunosuppressive macrophages predominate in late-stage MYCN-A NB tumors, and approaches that aim to polarize macrophages into immunostimulatory phenotype can be used as an effective strategy to treat high-risk NB.





Macrophage Syk fosters neuroblastoma growth

We have recently shown that Syk, a macrophage key kinase, promotes immunosuppression and tumor growth in different syngeneic murine tumor models (41). As macrophages predominate in the NB TME, we asked if Syk is expressed in the NB tumors. To study the accumulation of Syk-positive macrophages in NB, we immunostained human NB patient tissues with SYK and macrophage marker CD68. Immunofluorescence microscopy revealed the presence of SYK+ cells in the tissue sections of both MYCN-A and MYCN-NA NB human specimens and immunoreactivity of SYK in CD68+ TAMs (Figure 2A). A recent study has shown that Syk is abundantly present in both MYCN-A and MYCN-NA human NB tumors, but it is expressed explicitly in human MYCN-NA NB cell lines (40). Hence, we evaluated the protein expression of Syk in MYCN-A (SKNBE2, IMR 32) and MYCN-NA (SH-SY-5Y, SKNSH) human NB cell lines and immune cells isolated from the mice bearing NB9464 (MYCN-A) tumors. Contrary to a previous report (40), we did not find the expression of Syk in MYCN-A or MYCN-NA human NB cell lines or murine NB9464 cells (Figure 2B). We found that Syk is specifically expressed in the CD45+ immune cells isolated from the murine NB9464 (MYCN-A) tumors and not in CD45-tumor cells (Figure 2B). Most notably, we found that Syk is specifically expressed in CD11b+F4/80+ TAMs isolated from NB9464 tumors; BMDMs and CD19+ B cells isolated from splenocytes of mice bearing NB9464 tumors (Figure 2B). We found minimal expression of Syk in CD90.2+ T cells isolated from splenocytes of mice bearing NB9464 tumors (Figure 2B). We next analyzed the Syk expression in tumor cells and different immune cells in spontaneous TH-MYCN murine tumors, using the publicly available single cell RNAseq data set (GSE180101). We found that Syk is maximally expressed in macrophages, followed by granulocytes and lymphoid cells, but not in tumor cells and CD8+T cells (Figure 2C). Most notably, SYK expression is also positively correlated with expression of macrophage marker CD68 in a publicly available GEO dataset (GSE62564) (Figure 2D).




Figure 2 | Macrophage Syk promotes neuroblastoma growth. (A) Figure shows IF staining of SYK and CD68 in human MYCN-A and MYCN-NA NB tissue sections. The tissue sections were stained with DAPI to detect nuclei. The cells stained positive for SYK, and CD68 are shown in the merged figure; scale bar = 10μm. (B) Protein expression of Syk in human NB cell lines: SKNBE2, IMR32, SH-SY-5Y and SKN-SH; murine NB9464 cells, CD45- tumor cells, CD45+ immune cells, CD11b+F4/80+ TAMs isolated from NB9464 tumors, and CD19+ B cells, CD90.2+ T cells, BMDMs isolated from splenocytes of NB9464-bearing mice. (C) Syk expression in tumor cells and different immune cells in spontaneous TH-MYCN murine tumors, using the publicly available single cell RNAseq data set (GSE180101). (D) Correlation between SYK and CD68 was analyzed using a dataset containing 498 NB samples (Cohort SEQC, GSE62564). (E) Tumor volume of NB9464 tumors implanted in SykMC-WT and SykMC-KO mice (n=10), ****p≤ 0.0001. (F) Tumor volume of NB9464 tumors treated with 50mg/kg R788 (five times a week) (n = 5), **p≤ 0.01.



As Syk is present in both B cells and macrophages, and deletion of B cells has no impact on NB growth (Figure S3A), we hypothesized that Syk is a marker of neuroblastoma-associated macrophages and might have a functional role in NB growth. To study the contribution of macrophage Syk on immunosuppression and NB tumorigenesis, we studied the growth of subcutaneous NB9464 tumors in conditional myeloid Syk KO mice model, generated as described before (41). We observed that tumor growth of NB9464 was reproducibly and significantly reduced in SykMC-KO animals as compared to that in SykMC-WT animals (Figure 2E). We next asked if pharmacological inhibition of Syk can reduce NB growth. Like genetic deletion, pharmacological inhibition of Syk with FDA approved Syk inhibitor, Fostamatinib or R788 also reduced tumor growth in WT mice implanted with NB9464 tumors (Figure 2F). Most notably, we found that Syk inhibition didn’t directly affect the survival of MYCN-A NB cells in vitro (Figure S4).





Syk blockade can overcome NB-related immunosuppression and enhances T cell activation in situ

Since inhibition of myeloid Syk was protective against NB, we asked if blockade of Syk can overcome NB-induced immunosuppression. To explore how Syk blockade affected the immune responses in the tumor- bearing SykMC-WT and SykMC-KO mice, we analyzed immune response genes in these mice. We found elevated expression levels of proinflammatory mRNAs like Il12, Ifng, Tnfa in the tumors isolated from SykMC-KO mice as compared to SykMC-WT mice (Figure 3A). As Syk deletion, enhanced immune stimulation in the TME, we next analyzed if Syk blockade has any impact on the infiltration and activation of T cells. We found that Syk blockade stimulated T cell recruitment into NB tumors as CD3+ and CD8+ T cell content was significantly increased in the tumors implanted in SykMC-KO mice and in NB9464 tumors treated with R788 (Figures 3B–E). We found a significant decrease in the relative infiltration of CD4+ T cells in the R788-treated tumors (Figure 3E). Hence, we analyzed if R788 has any impact on Treg population in the NB tumors. We did not find any changes in the CD4+CD25+FoxP3+ Tregs in the vehicle and R788-treated tumors (Figure 3F). However, in addition to an increase in CD8 T cell frequency, NB-infiltrating CD8+ T cells were markedly activated with a CD44+CD62L- effector CD8+ T cells are highly infiltrated in R788-treated tumors (Figure 3G). Moreover, we also found high expression of the TH1 cytokine Ifng, and decreased expression of immunosuppressive cytokines, Il10 and Tgfb in CD90.2+ T cells isolated from R788 treated tumors (Figure 3H). Interestingly, consistent with a cytotoxic effector phenotype, the expression of Gzm and Prf was also upregulated in the T cells isolated from the R788-treated tumors (Figure 3H). Remarkably, Syk inhibition did not directly activate T cells as neither Syk deletion nor treatment of T cells with R788 affected T cell proliferation ex vivo (Figures S5A, B). Collectively these data suggest that targeting Syk can overcome NB-related immunosuppression and enhances cytotoxic CD8+ T cell responses in NB.




Figure 3 | Syk blockade can overcome NB-related immunosuppression and enhances T cell infiltration and activation in situ. (A) mRNA expression of Il12, Ifng, Tnfa in SykMC-WT and SykMC-KO NB9464 tumors. (B, C) The percentages of intratumoral CD3+ T cells (B) and CD4+ T cells and CD8+ T cells (C, left panel shows FACS plots and right panel shows CD8/CD4 ratio) in SykMC-WT and SykMC-KO NB9464 tumors. (D–G) FACS quantification of CD3+ T cells (D) CD4+, and CD8+ T cells (E, left panel shows FACS plots and right panel shows quantification), CD4+CD25+FOXP3+ T regs (gated on CD4+ T cells) (F), and CD44+CD62L- effector T cells (gated on CD8+ T cells (G, left panel shows FACS plots and right panel shows quantification) in R788 treated NB9464 tumors). (H) Relative mRNA expression of Ifng, Il10, Tgfb, Gzm and Prf in R788-treated NB9464 tumors. ns, not significant. *p < 0.05, ** p < 0.01 *** p < 0.001, **** p < 0.0001.







Syk inhibition induces immunostimulatory reprogramming of intratumoral macrophages

Since Syk deletion promoted recruitment and activation of T cells in NB tumors with no impact on T cell proliferation ex vivo (Figure S5), we hypothesized that myeloid Syk deletion reprograms macrophages to promote immunostimulatory responses in vivo. We observed no changes in the infiltration of CD11b+Gr1- monocytes, CD11b+Gr1+ granulocytes, and CD11b+Gr1-F4/80+ TAMs in SykMC-WT and SykMC-KO tumors (Figures 4A, B). Whereas genetic deletion of Syk didn’t alter the accumulation of TAMs in the tumors, it enhanced the expression of MHCII+ TAMs in SykMC-KO tumors (Figure 4C). In addition, Syk enhanced the expression of immunosuppressive cytokines like Arg, Tgfb, Il1, Mmp9, and Vegf in TAMs and inhibited expression of pro-inflammatory genes, Il12, Ifng, and Nos2 (Figure 4D). These results were also validated by RNA-seq on TAMs from NB9464 tumors which also revealed high expression of genes related to antigen presentation and immune stimulation in SykMC-KO mice (Figure 4E). These results indicate that Syk skews the macrophages towards an immunosuppressive phenotype in NB tumors.




Figure 4 | Syk inhibition induces immunostimulatory reprogramming of intratumoral macrophages. (A–C) The percentages of intratumoral CD11b+Gr1-, CD11b+Gr1+ cells (A), TAMs (B), and MHCII+ TAMs (C) in SykMC-WT and SykMC-KO NB9464 tumors. (D) Relative mRNA expression of immune response genes in TAMs isolated from SykMC-WT and SykMC-KO NB9464 tumors. (E) Relative mRNA expression of immune response genes in TAMs isolated from SykMC-WT (grey) and SykMC-KO (black) NB9464 tumors as determined by RNA sequencing. (F) Left panel shows schema of adoptive transfer experiments. Right panel shows tumor volumes of SykMC-WT and SykMC-KO NB9464 tumors adoptively transferred with SykMC-WT and SykMC-KO TAMs. (G) NB9464 tumor volumes of C57BL/6 mice treated with anti-CSF1R mAb and/or R788. (H). NB9464 tumor volumes from SykMC-WT and SykMC-KO mice treated with anti-CD8 or isotype control antibodies (n = 5). ns, not significant. * p < 0.05, ** p < 0.01 *** p < 0.001, **** p < 0.0001.



To confirm that macrophage Syk controls tumor growth and inhibits adaptive immune responses in NB, TAMs isolated from SykMC-WT and SykMC-KO were mixed in a 1:1 ratio with NB9464 tumor cells and were adoptively transferred into different SykMC-WT and SykMC-KO mice (Figure 4F). The adoptive transfer of WT macrophages into SykMC-KO mice showed an increase in tumor growth. In contrast, the transfer of Syk KO macrophages suppressed tumor growth in SykMC-WT mice (Figure 4F). Similarly, treatment of mice bearing NB9464 tumors with R788 or macrophage depleting anti-CSF1R antibody showed that anti-CSF1R ab or R788 treatment alone significantly blocked tumor growth, but together did not show additive effects on tumor regression (Figure 4G). Most notably, we found that Syk inhibition did not reduce tumor growth in CD8-depleted mice suggesting that Syk inhibition reduces tumor growth by promoting immunostimulatory transcriptional programming in macrophages leading to the recruitment and activation of CD8+ T cells (Figure 4H). These results implicate that Syk blockade remodels immune microenvironment towards immunostimulation, leading to enhanced CD8+ T cell responses in NB.





Syk signaling promotes stabilization of HIF1 alpha to control macrophage polarization

Since Syk induces polarization of macrophages into immunosuppressive phenotype in vivo, we investigated if Syk promotes transcriptional programming of macrophages in vitro. For this, we incubated BMDMs derived from SykMC-WT and SykMC-KO or C57BL6 WT mice with tumor-conditioned media (TCM) from NB9464 cells as shown in the schema (Figure 5A). We found that stimulation of SykMC-WT and SykMC-WT BMDMs with NB9464 TCM increases polarization of macrophages in immunosuppressive phenotype only in SykMC-WT BMDMs (Figure 5B). RNA-seq data revealed that incubation of WT BMDMs with NB9464 TCM enhanced the expression of immunosuppressive genes like Ido1, Arg1, Il1b, Mmp9, Il10, and treatment with R788 significantly decreased the expression of these genes (Figure 5C).




Figure 5 | Syk signaling promotes stabilization of HIF1 alpha to control macrophage polarization. (A) Schema showing TCM experimental details. (B) mRNA expression of immunosuppressive genes in BMDMs incubated with NB9464 TCM. **** p< 0.0001. (C) Relative mRNA expression of genes related to immune suppression in BMDMs incubated with NB9464 TCM and treated with 500 nM R788 as determined by RNA sequencing. (D, E) Western blot analysis of nuclear extracts for HIF1α from SykMC-WT and SykMC-KO BMDMs incubated with NB9464 TCM (D) or WT BMDMs incubated with NB9464 TCM and treated with 500 nM R788 (E) and exposed to hypoxic conditions (1% O2).



Next, we investigated the mechanism by which Syk regulates macrophage immune responses in neuroblastoma tumors. We have previously shown that Syk controls the stabilization of HIF1α to promote tumor growth and immunosuppression (41). We found that BMDMs from SykMC-WT mice, when exposed to NB9464 TCM and hypoxic conditions (1% O2) showed higher stabilization of HIF1α in SykMC-WT BMDMs only and not in SykMC-KO BMDMs (Figure 5D). Similarly, WT BMDMs incubated with NB9464 TCM and exposed to hypoxia showed higher stabilization of HIF1α and R788 destabilized HIF1α in these BMDMs (Figure 5E). Hence, these results suggest that Syk controls stabilization of HIF1α in macrophages to promote immunosuppression in MYCN-A tumors.





Syk inhibition with immune checkpoint blockade is effective in small NB9464 tumors

Unlike some adult cancers, most pediatric cancers are immunologically cold and resistant to ICB. As Syk inhibition has remodeled the TME towards immunostimulation, we next determined if Syk inhibition combined with ICB can improve survival outcomes in NB. In line with previous report (54), we found that CD45- tumor cells exhibited low expression of PDL1 (Figures 6A, S6). Interestingly, we found that PDL1 was expressed on CD11b+F4/80+ TAMs isolated from NB9464 tumors and the expression of PDL1 further increased on R788 treatment (Figure 6A). Hence, we hypothesized that combining anti-PDL1 mAb with R788 can improve anti-tumor immune responses in neuroblastoma. We found that the combination of R788 and anti-PDL1 blockade provided complete tumor regression in 50% (4/8) of the mice (Figures 6B, C) and exhibited disease-free survival past 80 days (Figure 6D). None of the control untreated mice survived after day 45 (Figure 6D). Four mice which were disease-free after treatment were rechallenged with NB9464 tumors after three months following the completion of the last dose of treatment, and 100% (4/4) of mice rejected the tumor growth, and none of these mice developed tumor growth (Figures 6E, F). In contrast, all 6/6 naïve mice challenged in parallel with NB9464 cells showed progressive tumor growth (Figure 6F). These results suggest that Syk inhibitor sensitized NB tumors to ICB and cured the mice bearing small NB9464 tumors.




Figure 6 | Syk inhibition synergizes with checkpoint blockade to enhance anti-tumor immune responses in small neuroblastoma tumors. (A) Select pseudo-color plots (left panel) and quantification (right panel) of PDL1 in CD45- tumor cells and CD11b+F4/80+ TAMs from vehicle and R788-treated NB9464 tumors. ns, not significant. *p < 0.05. (B) NB9464 tumors were implanted into C57 BL/6 mice and treated with different inhibitors according to the depicted schema. (C) Tumor volume of NB9464 tumors implanted in C57BL/6 WT mice treated with either R788 or PDL1 or in combination, as shown in (B). (D) Kaplan Meir survival curves of mice treated with R788 and anti-PDL1 mAb. (E) Schema showing the strategy to rechallenge the cured mice. (F) Tumor volume of NB9464 tumors implanted in naïve C57BL/6 mice (n = 6) and cured mice (n = 4) from Figure (C) **** p < 0.0001.







Radiation combined with Syk inhibition and checkpoint blockade is effective in big NB9464 tumors

Our results showed that R788, together with anti-PDL1 mAb, cured mice bearing small NB9464 tumors (Figure 6). Since, most of the neuroblastoma patients had metastatic disease at the time of diagnosis, we investigated if R788 and anti-PDL1 mAb could cure mice when treatment was initiated at later stage when the tumor volume reached 250 mm3. This treatment regimen was ineffective at a later-stage, and none of the treated mice was tumor-free (Figures 7A–C). Since, radiation therapy is an important modality in frontline treatment of high-risk NB (55) and previous studies have shown that radiation can enhance the efficacy of ICB in solid tumors (56, 57) by enhancing T cell infiltration in the TME and boosting IFN-gamma mediated immune responses (58–60), we evaluated if combined treatment of R788 along with radiation and anti-PDL1 can provide complete regression in large NB9464 tumors. We found that radiation together with anti-PDL1 or R788 was effective in regressing tumor growth, but the combination of R788 together with anti-PDL1 and radiation significantly decreased tumor burden and prolonged overall survival of mice bearing big NB tumors (Figures 7B, C). The median survival time of different treatment groups were: vehicle mice: 37 days, R788 + anti-PDL1 mAb: 44 days, Rad + R788: 57.5 days, Rad + PDL1: 58 days, and Rad + R788 + anti-PDL1: 84 days (Figures 7B, C). RNA-seq data also shows that Rad + R788 + anti-PDL1 treated NB9464 tumors showed increased expression of genes related to antigen presentation, T cell activation, immune stimulation, IFN gamma activation and decreased expression of immunosuppressive genes as compared to Vehicle, R788 + anti-PDL1 mAb treated tumors (Figure 7D). Taken together, these results suggest that R788 has a capacity to remodel the immune “cold” tumors into immune “hot” tumors by reprogramming the macrophages and together with anti-PDL1mAb and radiation it can regress tumor growth in high-risk MYCN-A NB (Figure 7E).




Figure 7 | Radiation combined with R788 and anti-PDL1 mAb improved survival in mice bearing large NB9464 tumors. (A) NB9464 tumors implanted in C57BL/6 mice and treated according to the depicted schema. (B) Tumor volume of NB9464 tumors treated as mentioned in (A), **** p < 0.0001. (C) Kaplan Meir survival curves of mice treated with the combination of R788 or anti-PDL1 mAb or radiation. *** p < 0.001. (D) Heat map of immune-related mRNA expression in bulk NB9464 tumors treated with R788, anti-PDL1 mAb and radiation. (E) Graphical abstract showing that R788 can turn immune “cold” tumors into "hot" inflamed tumors, thus enhancing the efficacy of anti-PDL1 blockade and radiation in high-risk NB.








Discussion

Tumor associated macrophages (TAMs) are abundantly infiltrated in human and murine NB tumors and play an instrumental role in NB progression and impeding responses to ICB (15, 19, 20). Based on our previous findings that macrophage Syk promotes immunosuppression in lung adenocarcinoma (41), herein, we investigated the functional significance of macrophage Syk in neuroblastoma tumorigenesis. We demonstrated that genetic deletion or pharmacological inhibition of Syk using R788, skews macrophages in a pro-inflammatory state that leads to further changes in the TME by recruitment of CD8+ T cells and increased cytotoxicity against neuroblastoma tumor cells. Furthermore, combination treatment of R788 and anti-PDL1 mAb leads to complete tumor regression in 50% mice with durable anti-tumor immunity in small NB9464 tumors but not larger NB9464 tumors. However, combining radiation with R788 and anti-PDL1 mAb extended the survival of mice bearing large NB9464 tumors. Taken together, these data support Syk inhibition alone and in concert with anti-PDL1 mAb and radiation as a novel therapeutic strategy in neuroblastoma.

Our present analysis of the TME in human patient samples and murine NB models revealed an immunosuppressive TME with decreased infiltration of CD8+ T cells and increased infiltration of immunosuppressive TAMs in late-stage tumors. This data is in line with recent sc-RNA seq analysis performed on human NB patient samples which shows that Mono 2 (monocytes with high expression of genes related to antigen presentation and immunostimulation) was associated with better survival in high-risk neuroblastoma (15). However, Macro 1 (macrophages with immunosuppressive M2 gene signature) was significantly correlated with decreased survival. Furthermore, previous studies have shown that targeting immunosuppressive macrophages by using anti-CSF1R antibodies (19, 25) or stimulating the effector macrophages by using anti-CD40 antibodies (23, 24) have significantly decreased neuroblastoma growth in MYCN driven NB mouse models, suggesting that “re-educating” TAMs into immunostimulatory phenotype can be an effective strategy to improve responses to immunotherapy in NB.

A recent study found that Syk inhibition decreases cell viability of NB tumor cells that express Syk and potentiates cytotoxicity of chemotherapy drugs in vitro (40). In contrast to this study, we found that Syk is not expressed by human and murine NB cell lines, and Syk inhibition has no or modest effect on the viability of these cells. We found that macrophage-Syk is sufficient to promote NB growth and immunosuppression.

Syk is also reported to be present in dendritic cells and has a role in priming cytotoxic T-cell responses (61, 62). While, we have not tested the impact of Syk inhibition on DC’s capacity to generate CD8+ T cell responses, we found the predominant role of macrophage Syk in controlling tumor growth and inhibition of adaptive immune responses in the neuroblastoma model. We further confirm that macrophage Syk controls HIF1α stabilization to promote tumor growth and immunosuppression. HIF1α is previously reported to be involved in immunosuppressive macrophage differentiation and suppression of T cell function (63). Hence, studies combining R788 with VEGF inhibitors are warranted in the near future.

While immune checkpoint inhibitors, such as PD1 or PDL1, have been shown to improve outcomes in various adult tumors, their efficacy in pediatric tumors has thus far been limited (11, 64). Several studies have shown that PDL1 is expressed in NB tumors and correlates with worse outcomes (65, 66). Interestingly, a recent study has shown that chemotherapy significantly increased expression of PDL1 in NB tumors and specifically increased the expression of PDL1 in TAMs (54). We also found that TAMs from NB9464 tumors highly express PDL1 and R788 treatment further increased the expression of PDL1 in TAMs.

Studies have also found that treatment with anti-PDL1 and/or PD-1 antibodies in concert with anti-CD4 antibody, anti-CTLA4 mAb, anti-GD2 antibody, or a CSF-R1 inhibitor can significantly decrease tumor growth compared to monotherapy alone in neuroblastoma models in vivo (19, 54, 67, 68). We found that combination treatment with R788 and anti-PDL1 antibody results in complete tumor regression with durable anti-tumor immunity with rechallenge experiments in vivo. However, this treatment regimen was ineffective in mice bearing large NB9464 tumors. In support of this data, a recent study has shown that treatment of small NB9464-GD2 tumors (50 mm3) with extensive treatment regimen including radiation, hu14.18-IL2 immunocytokine (IC), anti-CD40, CpG, anti-CTLA-4 cured the mice but the treatment of large tumors (100 mm3) with this regimen only prolonged the survival with no mice cured (22, 26). However, we found that using R788 with radiation and anti-PDL1 mAb was effective in prolonging the survival of mice bearing NB9464 tumors even when started treatment at a later stage. Radiation may be functioning here to cytoreduce tumor volume as well as modulate the residual TME. Future studies will aim to identify other immunotherapeutic combinations that can cure mice with large tumors.

In conclusion, our results provide evidence that Syk is a marker of NB-associated macrophages, and therapeutic targeting of Syk with R788 reshapes the TME and sensitizes NB tumors to anti-PDL1 mAb. The data presented in this manuscript suggest that FDA-approved Syk inhibitor, fostamatinib, in combination with anti-PDL1 mAb and radiation, may be an effective strategy for NB and should be further explored in clinical investigations.
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The cell surface enzyme CD73 is increasingly appreciated as a pivotal non-redundant immune checkpoint (IC) in addition to PD-1/PD-L1 and CTLA-4. CD73 produces extracellular adenosine (eADO), which not only inhibits antitumor T cell activity via the adenosine receptor (AR) A2AR, but also enhances the immune inhibitory function of cancer-associated fibroblasts and myeloid cells via A2BR. Preclinical studies show that inhibition of the CD73-adenosinergic pathway in experimental models of many solid tumors either as a monotherapy or, more effectively, in combination with PD-1/PD-L1 or CTLA-4 IC blockades, improves antitumor immunity and tumor control. Consequently, approximately 50 ongoing phase I/II clinical trials targeting the CD73-adenosinergic IC are currently listed on https://clinicaltrials.gov. Most of the listed trials employ CD73 inhibitors or anti-CD73 antibodies alone, in combination with A2AR antagonists, and/or with PD-1/PD-L1 blockade. Recent evidence suggests that the distribution of CD73, A2AR and A2BR in tumor microenvironments (TME) is heterogeneous, and this distribution affects CD73-adenosinergic IC function. The new insights have implications for the optimally effective, carefully tailored approaches to therapeutic targeting of this essential IC. In the mini-review, we briefly discuss the cellular and molecular mechanisms of CD73/eADO-mediated immunosuppression during tumor progression and therapy in the spatial context of the TME. We include preclinical data regarding therapeutic CD73-eADO blockade in tumor models as well as available clinical data from completed trials that targeted CD73-adenosinergic IC with or without PD-1/PD-L1 inhibitors and discuss factors that are potentially important for optimal therapeutic outcomes in cancer patients.
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1 Introduction

CD73 is a type I transmembrane glycoprotein widely expressed on cell surfaces of smooth muscle, epithelium, endothelium, fibroblasts, neurons, and the immune system (1–3). Functionally, CD73 is a rate-limiting ecto-5’-nucleotidase (NT5E), which together with other cell surface ectonucleoside triphosphate diphosphohydrolases, such as CD39 (ENTPDase 1), dephosphorylate ATP released from stressed/damaged cells and produce extracellular adenosine (eADO) (1–3). CD73 plays a critical role in tissue homeostasis under physiological and pathological conditions, including epithelial and endothelial barrier function, neuronal function, as well as immunity and inflammation (4–6). The roles of CD73 in modulating tumorigenesis, angiogenesis, and metastasis are increasingly appreciated (7–9) such that it is now recognized as a critical cancer immune checkpoint (IC) non-redundant to PD-1/PD-L1 and CTLA-4 (10–14). Preclinical studies and early clinical trials reveal important breakthroughs as well as challenges. Here, we briefly describe the cellular and molecular events associated with the CD73-adenosinergic pathway, discuss the current status of therapeutic interventions that target the CD73-ADO axis, and propose potential ways to enhance cancer treatment outcomes.




2 The CD73-adenosinergic pathway in the tumor microenvironment

Hypoxia is a hallmark of the TME (15–17). Hypoxia and therapy-induced cell death potentiate ATP release into the extracellular space, which is rapidly metabolized by the CD39/CD73 enzyme-pair to ADO (Figure 1A). ADO acts on specific adenosine receptors (AR), A1R, A2AR, A2BR, and A3R. Stimulatory A1R and A3R are coupled with Gi or Go proteins, whose activation suppresses cAMP with downstream immune-stimulatory effects. In contrast, A2AR and A2BR are coupled with Gs and/or Golf or Gq proteins, which promote cAMP signaling and thus inhibit anti-tumor immune responses (Figure 1B) (4, 18, 19).




Figure 1 | Schematic illustration of the CD73-adenosinergic pathway activity in the TME during tumor progression and treatment. (A) The CD39/CD73 enzyme pair converts ATP released by dying or stressed cells to immunosuppressive ADO, which inhibits antitumor immunity primarily by engaging A2AR and A2BR on various TME cells. (B) Schematic illustration of major AR signals activated by ADO. All four AR activate MAPK (p38, ERK1/2 and JNK or JUN) phosphorylation. Stimulatory A1R and A3R share several signaling events, including: A1R or A3R stimulation decreases adenylate cyclase activity and cAMP, inhibits protein kinase A (PKA), activates phospholipase C (PLCβ), and closes Ca++ channels. Stimulation of A2AR or A2BR produces opposite effects on adenylate cyclase, cAMP, and PKA (i.e. stimulates them) (4, 18, 19). Key functional impact of A2AR activity in TME effector T and NK cells are inhibition of activation, IL-2 production, and proliferation. The impact of ADO on A2BR-expressing myeloid and non-immune TME cells causes skewed pro-tumor phenotypes and activities that affect the TME and T/NK effector functions (4, 18, 19).



Preclinical and clinical studies show that in the TME, ADO mainly mediates immunosuppression via A2AR and A2BR due to hypoxia, inflammation and typically high ADO levels (4, 10, 13, 20). In particular, A2AR is highly expressed on T and NK cells and when activated, suppresses cell proliferation and effector function (13, 21–26). High A2BR levels on other TME cells potentiate immune suppressors including regulatory dendritic cells (DC), myeloid-derived suppressor cells (MDSC), tumor-associated macrophages (TAM) (13, 27–31), and cancer associated fibroblasts (CAF) (32). Moreover, A2BR augments CD73 expression on CAF via a CD73-A2BR-CD73 positive feedback loop, further exacerbating immunosuppression (13, 27–32).




3 CD73-adenosinergic pathway as a critical IC



3.1 Preclinical models

Preclinical studies targeting CD73 via genetic inactivation, neutralization, or small molecule inhibitors in numerous tumor models were reviewed extensively elsewhere (8–10, 13, 33). These studies reveal that the efficacy of anti-CD73 alone has limitations, in part because ADO can be generated by additional, though less prominent, pathways besides CD39/CD73. Similarly, clinical trials show that CD73 monotherapy is well-tolerated with moderate benefit in subsets of patients (9, 13, 34, 35). Treatment efficacy can be enhanced when CD73 targeting is combined with strategies to inhibit down-stream ADO signaling, among other methods. Here, we mainly focus on how these treatments impact specific AR-mediated cellular and molecular events that modulate the TME immune landscape.



3.1.1 A2AR activity on T and NK cells

The critical inhibitory role of A2AR in T cell activation and antitumor immunity was first revealed by Ohta et al. in 2006 (22). This seminal study demonstrated that genetic inactivation of A2AR enhanced CD8 T cell-dependent antitumor immunity leading to the rejection of immunogenic tumors in ~60% of hosts without affecting the progression of non-immunogenic tumors (22). Subsequent studies revealed that ADO-induced A2AR signaling suppressed TCR-induced T cell activation including decreased production of IL-2, IFN-γ and TNF-α, which subsequently disrupted T cell proliferation and CD4 differentiation to Th1 and Th17 effectors (24, 36). Instead, A2AR activation promoted the generation of FoxP3+ and Lag-3+ regulatory T cells (Treg) and persistent T cell unresponsiveness to subsequent stimuli (24). A2AR signaling in CD8 T cells also interfered with Notch-1 upregulation and granzyme B production following TCR stimuli (23).

Early studies suggested that NK cell-dependent cytotoxicity was inhibited by CD73+ tumors leading to enhanced tumor metastasis (37, 38). Subsequent research revealed that CD73-A2AR activity suppressed NK cell maturation (39) and inhibited IL-15-induced NK cytotoxicity (40). Moreover, CD73+ NK cells within large tumors possessed immune-regulatory function via STAT3-induced IL-10, which suppressed CD4 T cell proliferation and IFN-γ production (41).

The immunosuppressive role of A2AR in T and NK cells was validated in preclinical murine tumor models. Genetic inactivation as well as A2aR antagonists alleviated T and NK cell unresponsiveness and enhanced antitumor immunity (37, 39, 42–45). A recent study employed the CRISPR/Cas9-mediated A2AR knockout in engineered human chimeric antigen receptor (CAR)-T cells, which made them resistant to ADO (46) and enhanced effector function and antitumor immunity in vivo in a preclinical model (46). These exciting results warrant clinical application of targeted A2AR inhibition/inactivation in T and NK cells to improve antitumor immunity and treatment outcomes.




3.1.2 A2BR activity

Less is known about A2BR expression and function in various cell subsets and its relationship to CD73 in the TME. Unlike A2AR, A2BR has low affinity for ADO and is only activated by high ADO concentrations found under pathological conditions, which in the TME include hypoxia and therapy-induced cell stress or death (4, 5, 10, 47, 48). Notably, the expression of A2BR is markedly upregulated in response to hypoxia or inflammation (4, 20, 49). In the TME, A2BR is expressed in immune and non-immune cells, including myeloid cells, CAF, endothelium, and tumor cells (4, 18, 20, 32, 47). High levels of A2BR on some tumor cell types apparently promotes tumor proliferation, angiogenesis and metastasis (12, 47, 50, 51), which may be independent of immune regulation. In a glioblastoma model, a CD73-A2BR-CD73 positive feedback loop enhanced tumor chemoresistance (52).

So far, only myeloid cells, CAF and endothelium have been shown to exert ADO-A2BR-mediated immunosuppression. Moreover, a hypoxia-induced CD73-A2BR-CD73 positive feedback loop augmented CD73 and A2BR expression on endothelial cells (49). Much of this knowledge comes from in vitro studies and investigations of tissue damage in the absence of cancer (28, 48, 53), partly validated in the TME (27, 29, 47, 54). Activated A2BR in myeloid precursors promotes the immunosuppressive function of MDSC, differentiation of macrophages towards M2 phenotype, and induction of regulatory DC (27, 48, 54–57). These myeloid cells in turn inhibit antitumor T cell activity and promote angiogenesis and tumor metastasis potentially by reducing production of TNF-α and IL-12 while increasing IL-10, IL-6 and VEGF secretion (27, 58, 59).

Overall, these observations suggest an important immunosuppressive role for TME-associated A2BR and suggest that the CD73-A2BR-CD73 amplification loop may be a plausible therapeutic target.




3.1.3 Combinatory targeting of A2AR and/or A2BR together with other IC

Preclinical evidence showed that while targeting individual A2AR- or A2BR-axis each positively impacted antitumor immunity and generally delayed tumor progression (60–62), we found that combined anti-CD73, A2AR- and A2BR-axis blockade markedly improved anti-tumor immunity with tumor regression (32). The specific reasons for the observed additive/synergistic effects are incompletely understood. Evidence does suggest that the effectiveness of anti-IC strategies depends upon the tumor type and TME conditions (13, 32). Furthermore, combinatory regimens that inhibit various CD73-AR axes and PD-1/PD-L1 are more effective, substantiating the non-redundant roles of CD73-AR IC and the advantage of targeting multiple IC (32, 61, 63).





3.2 Clinical observations

A large body of clinical evidence supports the negative impact of TME CD73 on cancer patient outcomes. Markedly elevated CD73 levels found in numerous tumors, including colorectal cancer (CRC), triple negative breast cancer (TNBC), head and neck cancer (HNC) and ovarian cancer (OC), have been linked to poor patient survival (64–70). Moreover, cancer therapies, including PD-1 ICB (71, 72), upregulated CD73-expression and ADO-AR signaling in the TME, potentially amplifying the role of this IC in patient outcomes (70, 73–76).

Several clinical studies have suggested that high blood levels of soluble (s)CD73, potentially generated by shedding, MMP-mediated clipping, or exome secretion, may prognosticate poor clinical outcome (77–79). However, a positive correlation between sCD73 and CD73 levels in the TME has not been established (77). While sCD73 has enzymatic activity in circulation, its’ impact on T cell-mediated antitumor immunity in the TME might be limited due to the spatial impact (addressed in the discussion). A mechanistic insight concerning sCD73 production and distribution in the TME is needed in order to fully understand its impact on antitumor immunity.

The specific roles of A2AR or A2BR and their relationship to CD73 expression in patient outcomes are less clear and possibly depend upon specific-tumor type, immunogenicity, and the TME landscape. On one hand, recent reports suggest that in non-small cell lung cancer (NSCLC), high A2AR expression in the TME independently predicted better patient overall survival (OS), while high CD73 levels were associated with poor OS (69). Similarly, high A2AR expression on CD8 T cells within OC nests correlated with durable clinical benefit/response (CBR) during a clinical trial of PD-1 ICB and an epigenetic modifier (80). On the other hand, the negative impact of A2AR on anti-tumor immunity was shown in a combined trial of PD-L1 and A2AR inhibitors in renal cell carcinoma (RCC), demonstrating better clinical responses to A2AR inhibitors when tumors exhibited high adenosine signature profiles (81). Additional studies are necessary to dissect the relationships of various CD73-AR axes and application to treatments.





4 Clinical trials targeting the CD73-adenosinergic pathway 

So far, approximately 50 active phase I/II cancer immunotherapy trials targeting the CD73-AR IC are listed on https://clinicaltrials.gov. Among these, more than 60% were designed to target CD73 by monoclonal antibodies or small molecule inhibitors, some of which were combined with PD-1/PD-L1 ICB regimens. The other 30-40% have employed small molecule inhibitors targeting A2AR alone or together with anti-CD73 and/or A2BR inhibitors (8, 61, 83–86). In addition to the safety (severity of adverse event, AE) and pharmacokinetic assessment of the therapeutic agents, a secondary objective was to collect data on clinical benefit rate (CBR), consisting of complete response (CR), partial response (PR) and stable disease (SD). Also, progression-free survival (PFS), objective response (OR), overall response rates (ORR) and overall survival (OS) were assessed based on standardized Response Evaluation Criteria in Solid Tumors version 1.1 (82) (for details, see legend to Table 1).


Table 1 | List of registered clinical trials that target various aspects of CD73-adenosinergic axis.





4.1 Clinical trials targeting CD73



4.1.1 Anti-CD73 antibodies

In approximately 20 trials in a variety of solid tumors, anti-CD73 monoclonal antibodies have been employed alone or more often, in combination with anti-PD-L1 or anti-PD-1. These antibodies are listed as Oleclumab, MEDI9447, AK119, HLX23, IPH5301, Sym042, CPI-0006, IBI325, PT199, JAB-BX102, TJ004309, NZV930, INCA00186 and BMS-986179. Most of the trials were/are phase I/Ib for safety assessment with limited preliminary reports of clinical outcomes in publications, abstracts, or oral presentations at international conferences, briefly described below.

In general, anti-CD73 caused low-grade AE classified as manageable or acceptable tolerability (NCT02503774, NCT03381274, NCT03616886, NCT03611556 and NCT03334617). Early reported outcomes have been mixed, as some showed promising signs of disease control, while others lacked solid evidence of clinical benefits. For instance, the NCT02503774 phase I trial of anti-CD73 with or without anti-PD-L1 enrolled 77 patients with CRC, 73 with pancreatic adenocarcinoma (PDAC) and 42 with NSCLC positive for EGFR mutation (EGFRm). Among those with evaluable outcomes, one CRC, two PDAC and four EGFRm NSCLC patients had OR, while nine CRC, eight PDAC and nine EGFRm NSCLC patients had SD. Overall, the antitumor activity was promising in EGFRm NSCLC patients receiving anti-CD73/anti-PD-L1 therapy, whereas the effectiveness in CRC and PDAC is yet to be verified (34).

The NCT03381274 phase Ib/II study evaluated the effects of anti-CD73 combined with third-generation tyrosine kinase inhibitors (TKI) in advanced EGFRm NSCLC in previously treated patients and reported acceptable tolerability. Clinical observations up to July 2021 were published in 2023 for patients with T790M-negative EGFRm NSCLC and showed CBR of 75% and OR of 25% in five patients receiving 1500 mg anti-CD73 antibody; CBR of 82.4% and OR of 11.8% were noted in 21 patients administered 3000 mg anti-CD73 antibody (35). For patients on the higher dose of anti-CD73, the median PFS was 7.4 months as compared with PFS of 2.8 months without anti-CD73 (35).

Similar studies include NCT03616886 phase I/II trial testing anti-CD73, anti-PD-L1 and chemotherapy in subjects with advanced TNBC (87), NCT03611556 phase Ib/II trial testing anti-CD73 alone or combination with gemcitabine chemotherapy and anti-PD-L1 in 212 patients with metastatic PDAC, and NCT03334617 HUDSON Platform multi-arm phase II trial for NSCLC patients who previously failed anti-PD(L)1 immunotherapy. These trials have yet to report the results (NCT03611556), or else had limited patient numbers (87) (NCT03616886) or short treatment duration (NCT03334617) (88) insufficient to assess clinical benefits.

The NCT03954704 phase I trial initiated in 2019 differs from others by testing a bi-functional antibody against CD73 and TGFβ (known as GS-1423 and AGEN1423) in patients with advanced solid tumors (89). Because TGF-β is an immunosuppressive cytokine that enhances ADO-mediated CD73 upregulation (76, 90–92), it is expected to improve treatment efficacy. Early assessment in 21 patients showed AE ranging from mild to severe, including death (89). In patients administered a high dose (20-45 mg/Kg), the circulating bi-functional antibody was durable and effectively bound to B cell CD73. Among the 17 patients who reached the first response assessment, 4.8% had a PR, 33.3% had SD, and 42.9% showed progressive disease (PD) (89).




4.1.2 CD73 small molecule inhibitors

Besides anti-CD73 antibody, small molecule inhibitors specific for CD73, AB680, ORIC-533 and LY3475070, have been employed. The NCT04104672 phase I/Ib trial was designed to evaluate safety and tolerability of AB680 with chemotherapy (paclitaxel and gemcitabine) and anti-PD-1 for treatment-naive patients with metastatic mPDAC (93). Preliminary observations in 13 patients receiving various doses of AB680 showed a manageable safety profile with AE up to grades 3-4. Early clinical responses among nine evaluable patients included three PR and five SD (93).





4.2 Trials targeting A2AR or A2BR

The A2AR antagonists AZD4635, NIR178 and Ciforadenant (CPI-444) were developed to block the A2AR-mediated inhibition of T and NK activity. The A2BR antagonists PBF-1129 and TT-702 as well as the dual A2AR/A2BR antagonists Etrumadenant (AB928) and M1069 were developed to target the myeloid, stromal and potential tumor cell-mediated immunosuppression for additive/synergistic effects of dual CD73-AR axes blockade.

Fong et al. reported the results of A2AR inhibitor CPI-444 phase I trial NCT03454451 in 68 patients with RCC (81), 33 of which received CPI-444 alone and 35 received both CPI-444 and anti-PD-L1. In both groups, the regimens were safe and improved overall survival with durable clinical benefit associated with increased CD8+ T cell recruitment into the tumors and broadened circulating T-cell repertoires (81). Remarkably, better clinical response was associated with enriched adenosine-related gene-expression profile in pre-treatment RCC specimens (81), supporting the hypothesis that elevated CD73-AR signaling is a targetable non-redundant IC, and its blockade may enhance antitumor immunity. Moreover, adenosine-regulated gene signature may be a useful marker to predict clinical prognosis (69, 80).

Early results of the NCT02740985 phase Ia/b trials using A2AR inhibitor AZD4635 alone or in combination with anti-PD-L1 antibody in 250 PD-1/PD-L1 inhibitor-naive patients with advanced solid tumors, including metastatic castration-resistant prostate cancer (mCRPC), CRC or NSCLC were reported recently (94). Both monotherapy and combination therapy were well tolerated with an overall <20% above grade 3 AE. ORR was observed in ~5% of the 39 mCRPC patients on AZD4635 monotherapy and ~16.2% of 37 patients on combination therapy (94). This trial also revealed a positive correlation between high adenosine signature in the blood and better clinical response, as 24-week PFS was noted in 48.9% of high adenosine-signature patients versus 20.8% of low adenosine-signature patients (94).

Clinical trials that target the A2BR are limited. The NCT04381832 phase Ib/II trial to evaluate the A2AR/A2BR dual antagonist AB928 with or without anti-PD-1 and chemotherapy in patients with mCRPC reported a manageable safety profile in 17 enrolled patients (95). Among 16 patients that continued with AB928 treatment, the composite ORR was 43% (95).





5 Discussion and future perspectives



5.1 Combinatory regimens of CD73-ICB with other therapies

The early clinical observations of CD73-AR ICB trials have demonstrated feasibility, manageable toxicity and promising potential for tumor control. The benefits of anti-CD73 monotherapy appear modest, but markedly improved when combined with PD-1/PD-L1 ICB and/or other cancer therapies. As CD73-IC is continuously activated and exacerbated by hypoxia and therapy-induced cell death (32, 80, 81, 94), targeting multiple CD73-AR axes in the context of conventional or advanced therapies will improve therapeutic benefits. In particular, CD73-ICB before and during cell death induced by therapy will promote eATP-mediated antitumor immunity (96, 97). While current CD73-AR ICB trials include chemotherapy-treated patients, future trials designed to target CD73-IC aspects specific to the patient and the TME may significantly improve outcomes.




5.2 Targeting strategies based on spatial context of CD73-AR axes

Productive antitumor immunity relies on direct interactions between effector and tumor cells. Recent studies have illustrated that close effector-target cell proximity in the TME directly affects clinical outcomes (98, 99). As eADO stability and diffusion are limited, the expression levels, distribution and proximity of CD73, A2AR and A2BR in the TME will determine the activity of specific CD73-AR axes and the mechanisms of ADO-mediated immunosuppression. For example, in the TME with few T and NK cells, CD73-A2AR axis might be insignificant despite high prevalence of CD73. Yet, in the absence of the spatial distribution mapping, it is unclear which aspects of ADO-mediated immunosuppression, and at what stage of treatment, would be most relevant. We propose that spatial distribution maps of these receptors, combined with the knowledge of relevant cellular compartments, could be important tools to identify key pathways of ADO-mediated immunosuppression operating in various TME over time and inform the design of CD73-IC targeting strategies.

In conclusion, tremendous advances have occurred in the area of CD73-AR ICB in the past decade. Combined ICB strategies targeting CD73-AR and PD-1/PD-L1 with conventional or advanced therapies remain a promising and exciting area of research. Further advances will be made possible through better understanding of the tumor-specific and treatment-specific TME, including the spatial distribution of CD73, A2AR and A2BR.
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TMB low (1.41mutations/MB)

VAF, variant allele frequency; MSI, microsatellite instability; MSS, microsatellite stable; TMB, tumor mutational burden.
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Post-NAC (n=72)

Median pg/mL (95%Cl)

Post-Surgery (n=72)
Median pg/mL (95%Cl)

p value

Co-stimulatory CD27 535147 5427.68 0.8105
(4678.25 - 5894.37) (4411.67 - 6317.06)
CD28 44277.76 50058.18 05705
(3831944 - 51220.42) (34830.52 - 64706.44)
CD40 2030.72 2054.12 0.6203
(1792.50 - 2199.04) (1820.74 - 2383.79)
1C08 26586.28 29746.46 03751
(20912.88 - 31335.04) (24270.58 - 33438.89)
GITR 4035.98 4434,89 09777
(3198.29 - 5204.35) (3354.37 - 6046.58)
GITRL 5339.99 5927.89 05226
(4728.24 - 6121.00) (4860.76 — 7008.59)
CD86 9922.61 12439.80 02276
(7890.94 — 11990.77) (9566.36 — 14837.24)
CD80 3048.74 361123 0.6459
(2522.82 - 3520.25) (2754.67 - 4138.41)
Co-inhibitory PD-1 1335055 15076.64 03102
(10537.37 - 15491.33) (12077.71 - 19383.37)
PD-L1 479497 5215.05 0.8667
(416241 - 5731.71) (4239.88 - 5969.17)
CTLA-4 598.20 687.76 0.8292
(47291 - 768.78) (550.45 - 828.91)
TIM-3 9975.90 9615.77 1.0000
(8793.62 - 10515.70) (8440.15 ~ 10984.92)
LAG-3 46488070 500133.40 05992
(309218.5 - 580137.6) (466624.6 — 500748.6)
BTLA 9987.98 12777.20 03217
(8255.35 - 12554.33) (9507.29 - 15003.63)
Dual TLR-2 33837.86 37042.86 07782
(2822861 - 39571.02) (29069.20 - 45880.29)
HVEM 4047.29 3950.36 06259

(3610.92 - 4445.29)

(3611.92 - 4381.72)
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Checkpoint (pg/ml) Breast cancer patients post-NAC

PD-L1 3343 (2268.64-4750.96)* 4795 (4162.41-5731.71) 0.0010
LAG-3 150416 (94508.3-187997.2) 464881 (309218.5-580137.6) 0.00001
TIM-3 5047 (4732.72-5958.87) 9976 (8793.62-10515.70) 0.00001
HVEM 2290 (2079.46-2618.44) 4047 (3610.92-4445.29) 0.00001

“Results are expressed as the median values (95% CI).
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Co-stimulatory

Co-inhibitory

Dual

Breast Cancer newly diagnosed (n=72)

Median pg/ml (95%Cl)

Post-NAC (n=72)
Median pg/ml (95%Cl)

p value

Cp27 334245 535147 0.0001
(2808.61 - 4107.68) (4678.25 - 5894,.7)
CD28 32914.45 44277.76 0.0416
(2932690 — 42636.04) (38319.44 - 51220.42)
CD40 1523.32 2030.72 0.0003
(1298.16 - 1777.45) (1792.5 - 2199.04)
1C08 1512378 26586.28 0.0002
(1247147 - 19942.11) (20912.88 - 31335.04)
GITR 1497.40 4035.98 0.0001
(1053.33 - 1969.52) (3198.29 - 5204.35)
GITRL 5886.13 5339.99 0.8044
(4959.23 - 6681.22) (4728.24 - 6121.00)
CD86 11585.17 9922,61 0,2789
(9938.61 - 14646.29) (7890.94 - 11990.77)
CD80 1678.33 3048,74 0.0001
(1422.82 - 2039.65) (2522.82 - 3520.25)
PD-1 1230541 13350.55 0.7859
(10260.08 - 15798.61) (10537.37 - 15491.33)
PD-L1 1647.14 4794.97 0.0001
(1269.54 - 2228.88) (4162.41 - 5731.71)
CTLA-4 1566.38 598,20 0.0001
(1314.46 - 1890.81) (472.91 - 768.78)
TIM-3 3897.66 9975.90 0.0001
(3169.51 - 4330.5) (8793.62 - 10515.70)
LAG-3 131275.90 464880.70 0.0001
(106666.3 — 156881.5) (309218.5 - 580137.6)
BTLA 13021.75 9987.98 0.0367
(10277.82 - 18548.68) (8255.35 ~ 12554.33)
TLR-2 26831.35 33837.86 0.0258
(21172.1 - 32396.97) (28228.61 - 39571,02)
HVEM 1865.22 4047.29 0.0001

(1671.15 - 2038.38)

(3610.92 - 4445.29)





OPS/images/fonc.2023.1097309/table2.jpg
Co-stimulatory

Co-inhibitory

Dual

CD27

CD28

CD40

1COs

GITR

GITRL

CD86

CD80

PD-1

PD-L1

CTLA-4

TIM-3

BTLA

TLR-2

HVEM

Breast Cancer newly diagnosed (n=72)

Median pg/mL (95%Cl)

Controls (n=45)

Median pg/mL (95%Cl)

p value

334245 457735 0.0243
(2808.61 - 4107.68) (3391.13 - 5784.85)
3291445 46135.18 0.1248
(29326.90 ~ 42636.04) (27210.29 - 67544.10)
1523.32 1977.68 0.0210
(1298.16 — 1777.45) (1404.82 - 2569.56)
1512378 26506.65 0.0087
(1247147 - 19942.11) (15897.52 - 31725.99)
1497.40 3797.68 0.0001
(1053.33 - 1969.52) (1993.96 - 5396.86)
5886.13 715112 00199
(4959.23 - 6681.22) (5528.36 - 9878.41)
11585.17 14297.09 01734
(9938.61 - 14646.29) (9391.46 - 20525.14)
167833 2329.77 00735
(1422.82 - 2039.65) (1395.01 - 3042.87)
1230541 14917.48 05158
(10260.08 - 15798.61) (7874.92 - 21795.02)
1647.14 3342.62 0.0001
(1269.54 - 2228.88) (2628.64 - 4750.96)
156638 261823 0.0079
(1314.46 - 1890.81) (1578.44 - 311047)
3897.66 5046.87 0.0005
(3169.51 - 4330.5) (4732.72 - 5958.87)
131275.90 150416.00 0.5868
(1066663 ~ 156881.5) (94508.53 - 187997.2)
1302175 18147.26 02349
(10277.82 - 18548.68) (11461.86 - 25180.69)
26831.35 30477.20 0,1806
(21172.10 - 32396.97) (20928.44 - 50302.64)
186522 2290.19 0,0004

(1671.15 - 2038.38)

(2079.46 - 2618.44)





OPS/images/fonc.2023.1097309/table1.jpg
Patient Characteristics

Age

Median 54 years
Range 29 - 85 years

Menopausal Status

Post-menopausal 46 63.89%
Pre-menopausal 25 34.72%
Peri-menopausal 1 1.39%
Grade
1 1 1.39%
2 20 27.78%
3 49 68.06%
Unknown 2 2.78%
Tumor Size
| T1 21 29.17%
T2 42 58.33%
T3 6 8.33%
T4 3 4.17%

Nodal Status

Positive 36 50.00%

Negative 36 50.00%
Stage :

1 12 16.67%

2A 32 44.44%

2B 20 27.78%

3 8 11.11%

Biological Type

Her2 Positive 10 13.89%
Luminal A 1 1.39%
Luminal B 9 12.50%
TNBC 51 70.83%
TNBC & Luminal B 1 1.39%

I Ki-67

V < 14% 3 4.17%
15 - 39% 23 31.94%
= 40% 45 62.50%

Unknown 1 1.39%
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Receptors

Receptor Gene Description

PDGFRA Platelet derived growth factor receptor 7.24 7243 111
TGFB2R Transforming Growth Factor beta Type II Receptor 521 52.14 3.58
EGFR Epidermal growth factor receptor 4 40 17.19
Met R. Hepatocyte growth receptor 27 27 1.95
IL4R Interleukin-4 receptor 42 42 228
IL-13R Interleukin-13 receptor 7.34 7343 448
Tfr2 Transferrin receptor 045 45 041
Kdr Vascular endothelial growth factor receptor 1.96 19.57 2.55
FGFR1 Fibroblast growth factor receptor 124 124 1.67
PLAUR Urokinase plasminogen activator surface receptor 263 2629 10.24
ITGA2B Integrin 1.69 16.86 0.71
Factors Gene Factors NEX rNX FC
PDGF Platelet derived growth factor 12.77 127.71 1.95
TGF Transforming Growth Factor 8.79 87.86 2.51
EGF Epidermal growth factor 027 271 1.36
HGF Hepatocyte growth factor 131 13.14 1.41
IL-4 Interleukin-4 0.2 2 LI
IL-13 Interleukin-13 0.1 il 1.9
Tf Transferrin 7.86 78.57 117
VEGF | Vascular endothelial growth factor 6.09 60.86 10.21
FGF2 Fibroblast growth factor 10.16 101.57 133
PLAU Urokinase plasminogen activator 0.87 8.71 32.64
TNC Tenascin-C 179 17.86 7892

NEX, Original Normal brain cell expression levels; INX, Normal brain cell expression levels w.r.t Interlukin-13; FC, Glioblastoma expr levels vs normal brain cell (fold change: The fold change is
derived as the ratio of relative rNX (Normal brain cell expression levels w.r.t Interlukin-13 shown in the table) to relative glioblastoma expression levels w.r.t Interlukin-13 not shown in the table
but represented as Fold change FC). Relative glioblastoma expression levels w.r.t Interlukin-13 can be obtained simply by di
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Sunitinib

Linifanib

Sorafenib plus Doxorubicin
Sorafenib

Sorafenib plus Erlotinib
Lenvatinib

Cabozantinib plus Atezolizumab
Durvalumab

Tislelizumab

Nivolumab

Donafenib

Pembrolizumab plus Lenvatinib
Camrelizamab plus Rivoceranib
Atezolizumab plus Bevacizumab
Sintilimab plus 1BI305

* Compared to sorafenib.

© Other strategies showed lower effectiveness and high cost, as compared with the sorafenib (Dominated).
€ Other strategies showed higher effectiveness and lower cost, as compared with the sorafenib (Dominant).
ICER, incremental cost-effectiveness ratio; LY, life-year; QALY, quality-adjusted life-year; IBI305, bevacizumab biosimilar.
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Range

Parameters Baseline value Reference Distribution
Minimum Maximum

Brivanib 10,769 8,615 12,923 Local Charge Gamma
Donafenib 2,204 1,763 2,645 Local Charge Gamma
Durvalumab 2,625 2,100 3,150 Local Charge Gamma
Lenvatinib 1,975 1,580 2,370 Local Charge Gamma
Linifanib 7,601 6,081 9,121 Local Charge Gamma
Nivolumab 2,515 2,012 3,018 Local Charge Gamma
Sorafenib 2,422 1,938 2,906 Local Charge Gamma
Sunitinib ‘ 1,312 1,050 1,574 Local Charge Gamma
Tislelizumab 842 674 1010 Local Charge Gamma
Atezolizumab plus bevacizumab 6,624 5299 7,945 Local Charge Gamma
Cabozantinib plus atezolizumab 6,330 5,064 7,596 Local Charge Gamma
Camrelizumab plus rivoceranib 1,832 1,466 2,198 Local Charge Gamma
Pembrolizumab plus lenvatinib 3275 2,620 3,930 Local Charge Gamma
Sintilimab plus IBI305 3,819 3,055 4,583 Local Charge Gamma
Sorafenib plus erlotinib 2,974 2,379 3,569 Local Charge Gamma
Sorafenib plus doxorubicin 2,490 1,992 2,988 Local Charge Gamma
Regorafenib 3,154 2,523 3,785 Local Charge Gamma
Cost of AEs 7

Brivanib 74 59 89 (29-32) Gamma
Donafenib 4 3 5 (29, 31) Gamma
Durvalumab 5 4 6 (30) Gamma
Lenvatinib 42 34 50 (29-32) Gamma
Linifanib ‘ 96 77 115 (29-32) Gamma
Nivolumab 6 5 7 (30) Gamma
Sorafenib 13 10 16 (29-31) Gamma
Sunitinib 157 126 188 (29-33) Gamma
Tislelizumab 6 5 7 (30) Gamma
Atezolizumab plus bevacizumab 9 7 11 (29, 30) Gamma
Cabozantinib plus atezolizumab 22 18 26 (29-31) Gamma
Camrelizumab plus rivoceranib 117 94 140 (29-33) Gamma
Pembrolizumab plus lenvatinib 26 21 31 (29-31) Gamma
Sintilimab plus IBI305 49 39 59 (29-32) Gamma
Sorafenib plus erlotinib 154 123 185 (27, 29, 30, 33) Gamma
Sorafenib plus doxorubicin ‘ 81 65 97 (29, 31-34) Gamma
Follow-up and monitoring per cycle 228 182 274 35) Gamma
Best supportive care per cycle 423 338 508 30) Gamma
Terminal care per patient 2,035 1,628 2,442 (35) Gamma
Body weight (kilogram) 65 52 78 (25, 26) Normal
Body surface area (meters® ) 1.72 138 206 (25, 26) Normal

Range

Parameters Baseline value Reference
Minimum Maximum

Distribution

Discount rate 0.03 0 0.05 (34)

08, overall survival; PES, progression-free survival; IBI305, bevacizumab biosimilar; AEs, adverse events; AST, aspartate aminotransferase; NA, not applicable.

Uniform
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Subgroup Unstratified hazard Change in cost, $° ge in QALYs® ICER, $/QALY INHB, QALY, at WTP

ratio (95% Cl) threshold 150,000

Visceral metastasis
Yes 0.66 (0.53 to 0.83) 132,689 0.217 612,772 -0.668
No 0.78 (0.25 to 2.40) 131,978 0.182 724,906 -0.698

Endocrine therapy in the metastatic setting > 6 months

Yes 0.61 (0.48 to 0.78) 133,024 0.230 578,048 -0.657
No 1.13 (0.61 to 2.07) 130,329 0.067 1,938,885 -0.802
Age, years

<65 0.69 (0.53 to 0.89) 132,500 0.208 636,506 -0.675
265 0.59 (0.38 t0 0.93) 133,167 0.235 565,617 -0.652
Race

White 0.66 (0.51 to 0.86) 132,689 0.217 612,772 -0.668
Non-white 1.23 (0.55 to 2.75) 129,922 0.031 4,172,372 -0.835

Baseline ECOG performance status scale score

0 0.61 (0.4 to 0.86) 133,024 0.230 578,048 -0.657
1 0.70 (0.53 to 0.94) 132,439 0.205 644,971 -0.678
Geographic region

North America | 0.72 (051 to 1.02) 132,319 0.200 662,817 -0.682
Europe 0.62 (0.46 10 0.82) 132,955 0227 584,559 0,659

Prior CDK inhibitor duration
< 12 months 0.59 (0.44 to0 0.78) 133,167 0.235 565,617 -0.652
> 12 months 0.77 (0.54 to 1.10) 132,033 0.185 713,553 -0.695

Investigator choice of chemotherapy

Eribulin 0.71 (0.55 t0 0.93) 116,558 0.202 575,610 -0.575
Capecitabine 091 (0.53 to 1.57) 144,849 0.142 1,021,786 -0.824
Gemcitabine 0.83 (0.54 to 1.28) 144,964 0.167 868,473 -0.800
Vinorelbine 0.32 (0.22 to 0.47) 144,238 0.301 479,550 -0.661
Early relapse

Yes 0.10 (0.04 t0 0.28) 140,665 0.349 403,091 -0.589
No 0.72 (0.57 t0 0.91) 132,319 0.200 662.817 -0.682

No. of prior chemotherapy in metastatic setting
<2 0.62 (045 to 0.85) 132,955 0.227 584,559 -0.659
23 0.70 (0.52 to 0.95) 132,439 0.205 644,971 -0.678
CDK, cyclin-dependent kinase; ECOG, Eastern Cooperative Oncology Group; HR, hazard ratio; ICER, incremental cost-effectiveness ratio; INHB, incremental net health benefits; PFS,

progression-free survival; QALY, quality-adjusted life year; WP, willingness to pay.
“HR for PFS represents the HR of sacituzumab govitecan vs. chemotherapy for PFS; change in cost and change in QALY represent the results of sacituzumab govitecan minus chemotherapy.
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Sacituzumab goviteca hemotherapy Incremental

Cost, $
Drug® 139,829 13,267 126,562
Nondrug” 57,552 51,425 6,127
Overall 197,381 64,692 132,689
Life-years
Progression-free 0.737 0.451 0.286
Overall 1.766 1.482 0.284
QALYs
Progression-free 0.592 0.368 0.224
Overall 1.016 0.799 0.217
ICERs, $
Per life-year NA NA 467,013
Per QALY NA NA 612,772
INHB, QALY, at WTP threshold 150,000 NA ‘ NA -0.668
INMB, $, at WTP threshold 150,000* NA NA -100,208

ICER, incremental cost-effectiveness ratio; INHB, incremental net health benefit; INMB, incremental net monetary benefit; NA, not applicable; QALYs, quality-adjusted life years.

“Compared with chemotherapy.
®Nondrug cost includes the costs of adverse event management, subsequent best supportive care per patient, and follow-up care covering physician monitors, drug administration, and

terminal care.
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Pa etel Value (95% Cl) Distributio Source
Clinical input

Survival model for sacituzumab govitecan

Log-logistic model for OS* ¥ =1.9025; A = 0.0162 ND (25)
Log-normal model for PFS* 1 =3.1013; 6 = 1.0541 ND (25)
Survival model for chemotherapy

Log-logistic model for OS* Y= 1.9082; & = 0.0188 ND (25)
Log-normal model for PFS® W =2.7297; G = 0.9475 ND (25)
Cost input

Drug costs per 1 mg

Sacituzumab govitecan 14.88 (11.91 to 17.86) Gamma (34)
Eribulin 1266 (1013 to 1520) Gamma (35)
Vinorelbine 0.925 (0.740 to 1.110) Gamma (35)
Gemcitabine 0.018 (0.014 to 0.021) Gamma (35)
Capecitabine 0.004 (0.003 to 0.005) Gamma (35)
Cost of terminal care per patient® 21,501 (17,201 to 25,801) Gamma (36)
Disease management and monitoring costs

CT scan of chest (per time) 133 (58 to 254) Gamma (37)
Best supportive care (per cycle) 472 (377 to 566) Gamma (38)
Cost of managing AEs (grade > 3)°

Sacituzumab govitecan 7,309 (5,847 to 8,770) Gamma (39-41)
Chemotherapy 5,287 (4,230 to 6,344) Gamma (39-41)
Administration cost )

First hour 159 (130 to 206) Gamma (37)
Additional hour 34 (28 to 42) Gamma (37)
Health utilities

Disease status utility per year

PES 0.830 (0.664 to 0.935) Beta (39, 42)
PD 0.443 (0.354 to 0.532) Beta (39, 43)
Death 0 NA

Disutility due to AEs?

Sacituzumab govitecan 0.037 (0.03 to 0.044) Beta (39-41)
Chemotherapy 0.023 (0.018 to 0.027) Beta (39-41)
Other inputs

Body surface area, m? 1.82 (1.44 to 2.16) Normal (44)
Body weight, kg 4 (59 to 90) Normal (44)

AE, adverse event; NA, not applicable; ND, not determined; OS, overall survival; PD, progressed disease; PES, progression-free survival.

“Only expected values are presented for these survival model parameters.

®Overall total cost per patient regardless of treatment duration.

“Calculated as the average cost of toxic effects using weighted frequencies of grade > 3 treatment related adverse events for each treatment arm in the TROPiCS-02 trial. Costs of individual toxic
effects were derived from the literature and include all care required to manage each toxic effect. References for individual toxic effect costs are summarized in Table 2 in the Supplement.
dCalculated as the average disutility of toxic effects using weighted frequencies of grade > 3 treatment-related adverse events for each treatment arm in the TROPICS-02 trial. Disutilities of
individual toxic effects were derived from the literature. References for individual toxic effect disutilities are summarized in Table 2 in the Supplement.
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All patients Patients with 1 <CPS< 10

Patients with CPS > 10

Parameters
S+C @ SHE
0s
Total cost ($) 4,999.71 38,460.57 4,578.46 34,941.82
QALYs 0.83 1.10 076 0.98
ICER ($/QALY) 124,483.07 134,637.42
Only PFS
Total cost ($) 2,787.42 36,991.64 2,620.99 33,653.44
QALYs 0.38 057 036 052
ICER ($/QALY) 176,431.72 190,015.77

$+C, Serplulimab plus chemotherapy; C, chemotherapy; QALYs, quality-adjusted life years, ICER, incremental cost-effectiveness ratios.

(@

541547

0.87
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0.48
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Range

Parameters Base Case Distribution Source
Minimum Maximum

Cost inputs (US $)

Serplulimab (100 mg) 882.18 705.74 1058.62 Gamma (12)
Cisplatin (10 mg) 147 1.18 1.77 Gamma (12)
Fluorouracil (250 mg) 8.51 6.81 10.22 Gamma (12)
Camrelizumab (200 mg) 462.25 369.80 554.69 Gamma (12)
Tislelizumab (100mg) 22891 183.13 274.69 Gamma (12)
Docetaxel (20mg) 13.94 11.15 16.73 Gamma (12)
BSC 182.23 145.78 218.68 Gamma (13)
Routine follow-up cost 7372 58.98 88.47 Gamma (13)
Laboratory tests and radiological examinations 357.34 285.87 428.81 Gamma (13)
Hospitalization expense 19.86 15.89 2383 Gamma (14)

Cost of AEs per unit

Anemia 336.63 269.30 403.95 Gamma (15)

Neutropenia 454.26 363.41 545.11 Gamma (13)
Leukopenia 454.26 36341 545.11 Gamma (13)
Thrombocytopenia 1523.82 1219.06 1828.58 Gamma (16)
Vomiting 101.15 80.92 121.38 Gamma (15)
Hyponatraemia 3223.00 2578.40 3867.60 Gamma (16)
Hypokalemia 3000.00 2400.00 3600.00 Gamma Assumption
Utility inputs }
Utility of PFS 0.75 0.60 0.90 Beta (17)
Utility of PD 0.60 0.48 0.72 Beta (17)

AEs disutility

Anemia 0.07 0.06 0.09 Beta (18)
Neutropenia 0.20 0.16 024 Beta (19)
Leukopenia 0.20 0.16 024 Beta (19)
Thrombocytopenia 0.11 0.09 0.13 Beta (20)
Vomiting 0.13 0.10 0.15 Beta (19)
Hyponatraemia 0.04 0.03 0.05 Beta (1)
Hypokalemia 0.04 0.03 0.05 Beta Assumption

Risk of > grade 3 AEs (%) ‘

Serplulimab plus chemotherapy ‘

Anemia 17.54 14.03 21.05 Beta (10)
Leukopenia 11.26 9.01 1351 Beta (10)
Neutropenia | 18.59 14.87 2230 Beta (10)
Thrombocytopenia 393 314 471 Beta (10)
Vomiting 3.14 251 377 Beta (10)
Hyponatremia 4.71 3.77 5.65 Beta (10)
Hypokalemia 3.66 293 4.40 Beta (10)
Chemotherapy
Anemia 20.24 16.19 24.29 Beta (10)
Leukopenia 6.55 5.24 7.86 Beta (10)
Neutropenia 17.26 13.81 20.71 Beta (10)
Hypokalemia 3.57 2.86 4.29 Beta (10)

Proportion of Subsequent treatment (%)

Chemotherapy
Immunotherapy 3333 26.67 40.00 Beta (10)
Chemotherapy 20.00 16.00 24.00 Beta (10)
BSC 46.67 37.33 56.00 Beta (10)

Serplulimab plus chemotherapy

Immunotherapy 17.39 13.91 20.87 Beta (10)

Chemotherapy 20.00 16.00 24.00 Beta (10)

BSC 62.61 50.09 7513 Beta (10)
Others

Discount rate (%) 5.00 0.00 8.00 Beta (22)

Patient weight (kg) 65.00 52.00 78.00 Gamma (13)

Body surface area (m?) 1.72 1.38 2.06 Gamma (13)

BSC, Best supportive care; AEs, adverse events; PES, progression-free survival; PD, progressive disease.
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Estimated
study
Completion
(year)

Estimated Primary
enrollment  Location = Trial design endpoint
cases (s)

Trial
name

Reference

Identifier

f—_— Single-arm, NR, NR,
NCT04643041 = BASKET China dMMR:47 cance Anti-PD-1 Antibody 200mg 1-year DFS 2026
8 q3wxd cycles — W&W

Randomized, Stage II-11I, Phase
1,
Arm A: Durv 1500mgx]1 cycles
— SCRT(5x5Gy) —
FOLFOXx6 cycles+Durv

= 1500mg q4w — W&W or

NCT04621370 | PRIME-RT | OPited 18 Rectal Surgerf, ) CR 2025 ©1)
Kingdom cancer

Arm B: Durv 1500mgx]1 cycles
— Radiotherapy(50Gy+Cape)
+Durv 1500mg q4wx1 cycles
— FOLFOXx4 cycles+Durv
1500mg qdw — W&W or
Surgery

Single-arm, Stage II-111, Phase

1,

Nivo 240mg q2wx2 cycles
Rectal +regorafenib 80mg d1-14 —
cancer SCRT(5x5Gy) — Nivo 240mg

q2wx2 cycles+regorafenib 80mg

dl1-14 — TME — Adjuvant

chemotherapy

NCT04503694 | REGINA Belgium 6 pCR 2028 (79)

Randomized, Stage II-I11, Phase
1,
R . Rectal Arm A: nCRT (45-50Gy+5-FU)
NCTO03127007 | |- Belgium 54 i +Atez 1200mg q3wx4 cycle —  AEs, pCR 2023
Surgery,
Arm B: nCRT (45-50Gy+5-FU)
— Surgery

Randomized, Stage II-1I, Phase
1,
ol Arm A: nCRT (50Gy+Cape) —
NCT04124601 =~ CHINOREC | Austria 80 i Surgery AEs 2023 (94)
Arm B: nCRT (50Gy+Cape) —
Ipi 1mg/kgx1 cycle — Nivo
3mg/kg q2wx3 cycle — Surgery

Single-arm, Stage II-II, Phase

I,
Rectal

NCT04293419 = DUREC Spain 58 ecta FOLFOXx4 cycles+Durv PCR 2025
sanes 1500mg qdwx3 cycles — nCRT

(50.4Gy+Cape)+Durv 1500mg

q4wx2 cycles — Durv 1500mg
q4wx1 cycles — Surgery

Single-arm, Resectable disease,
Phase I,

Rectal Radiotherapy — Beva 5mg/

NCT04017455 = TARZAN Netherlands = 38 cCR 2024

cancer kgx1 cycle — Beva 5mg/kg
+Atez 840mgx2 cycle — Atez
840mgx1 cycle — Surgery

STARS- Rectal Single-arm, Stage II-III, Phase I,

NCT04906044 China 30 SCRT+chemotherapy+Tile — AEs 2028
RCO3 cancer Surge
urgery

Randomized, Stage II-1II, Phase
v,
Arm A: SCRT(5x5Gy)
+APX005M (an Anti-CD40
Rectal Agonist) 0.3mg/kgx1 cycle —
cancer APX005M 0.3mg/kg
+FOLFOXx5 cycle —
FOLFOXx1 cycle — TME,
Arm B: SCRT(5x5Gy)—
FOLFOXx6 cycle — TME

NCT04130854 = INNATE American 58 pCR 2023

Single-arm, Stage II-111, Phase
. Rectal I
NCT03299660 Australia 37 P nCRT (504Gy+Cape or 5-FU)  pCR 2023 (95)
— Ave 10 mg/kg q2wx4 cycles
— Surgery

Randomized, Stage II-11I, Phase
T,
dMMR group: Sint 200mg
q3wx4 cycles — Surgery or
W&W — Adjuvant Sint +
CapeOX,
Rectal PMMR group-1: nCRT (50Gy
cancer +CapeOX) + Sint 200mg
q3wx4 cycles — Surgery or
W&W — Adjuvant CapeOXx4
cycles,
PMMR group-2: nCRT (50Gy
+CapeOx) — Surgery or W&W
— Adjuvant CapeOXx4 cycles

NCT04304209 China 195 pCR 2026 (96)

Single-arm, Stage II-III, Phase
NCT04109755 | PEMREC ~  Switzerlnd  MSS: 25 Rectal o TRG 2028 ©7)
Wi N cancer SCRT(5x5Gy) + Pemb 200 mg

q3wx4 cycle — Surgery

Single-arm, Stage II-III, Phase
1,
_— Anti-PD-1 Antibodyx2 cycles
NCT04411524 China MSI-H: 50 cancer — nCRT (50Gy+Cape PCR 2022
+Irinotecan) — Anti-PD-1
Antibodyx3 cycles — TME —
Adjuvant XELOXx6 cycles

Single-arm, Stage II-I1, Phase
1L,
—_— Anti-PD-1 Antibodyx2 cycles
NCT04411537 China MSS: 50 — nCRT (50Gy+Cape PCR 2022
caneer +rinotecan) — Anti-PD-1
Antibodyx3 cycles — TME —
Adjuvant XELOXx6 cycles

Non-Randomized, Stage II-III,
Phase 11,
MSS group: XELIRI or
FOLFIRINOX (cycles of
Rectal chemotherapy depend on
NCT04443543 China 222 patient tumor responses) — cCR 2026
£anees Surgery or W&W
MSI-H group: nCRT (50Gy
+XELIRI or FOLFIRINOX) —
Tisl 200mgx3 cycles — Surgery
or W&W

Rectal Single-arm, Stage II-1I[, Phase I, ~ AEs,
NCT04357587 American dMMR:10 e nCRT (50Gy+Cape) + Pemb Tolerability, 2022
200mg q3wx3 cycles — TME Feasibility

Single-arm, Stage I1-I11, Phase
I,
Rectal
NCT03921684 Israel 29 nCRT (504Gy+Cape) — PCR, AEs 2025
caneer FOLFOX+Nivo 240mg q2wx3
cycle — Surgery

Single-arm, Stage II-111, Phase
1,
% Rectal
NCT04558684 China 30 cancer SCRT(5x5Gy) — CapeOX + cCR 2023
Cam 200mg q3wx6 cycles —
‘W&W or Surgery

Single-arm, Stage II-III, Phase
1,
MSS: 32 Rectal SCRT(5x5Gy) — CapeOX +
MSI-H: 8 cancer Sint 200mg q3wx4 cycles —
TME — Adjuvant CapeOXx4
cycles

NCT04663763 China pCR 2025

Single-arm, Stage II-III, Phase
Rectal b/,
NCT04636008 Chi dMMR:20 AEs 2022
e cancer SCRT(5x5Gy) — Sint 200mg

q2wx3 cycles — Surgery

Randomized, Stage 11111, Phase
v,
Arm A: FOLFOX+]S001 (an
I R,
NCT03985891 | JSFOL China 40 Colon Anti-PD-1 Antibody) 3mg/kg f)(]:{R e
cancer q2wx6 cycles — Surgery,

Arm B: FOLFOXx6 cycles —
Surgery

2026

Single-arm, Resectable disease,
Phase NR,
NACSOC- Col
NCTOs202314 | China 20 ca‘;j: Cam 200mg q3wx2 cycles PCR 2026
+FOLFOXx3 cycles or
CapeOxx2 cycles — Surgery

Single-arm, Stage TI-III, Phase
1,
Colon FOLFOX+Cam 200 mg q2wx5
cancer cycles+Apatinibx2 m —
Surgery — FOLFOX+Cam 200
mg q2wx7 cycles

NCT04625803 China 64 TRG 2025

Single-arm, Stage II-I11, Phase

I,
NCT05231850 China dMMR:70 C"l": Tisl 200mg q3w until disease DFS 2027
cancer
progression, unacceptable or

withdrawal of consent

Randomized, Stage II-11I, Phase
v,
Arm A: Tori 3mg/m” @2w
5 Colorectal -

NCT03926338 = PICC China dMMR: 100 cancer +Celecoxibx3m or 6m — PCR 2024
Surgery
Arm B: Tori 3mg/m’ 2wx3m
or 6m — Surgery

Clinical trial details can be accessed at ClinicalTrials.gov database. 5-FU, 5-fluorouracil; AEs, Adverse effects; Atez, Atezolizumab; Ave, avelumab; Beva, bevacizumab; Cam,
Camrelizamab; CapeOX, capecitabine and oxaliplatin; cCR, Cap, capecitabine; cCR, Clinical complete response; CR, Complete response; D, day; DES, Disease free survival; dMMR,
Deficient mismatch repair; Durv, Durvalumab; FOLFOX, folinic acid, fluorouracil and oxaliplatin Ipi, Ipilimumab; m, Month; MSI-H, Microsatellite instability-high; MSS,
Microsatellite stability; NCT, National Clinical Trial; Nivo, Nivolumab; nCRT, Neoadjuvant chemoradiotherapy; NR, Not report; ORR, Overall response rate; Pemb,
Pembrolizumab; pMMR, Proficient mismatch repair; pCR, Pathological complete response; PD-1, programmed death-1; rCR, Radiographic complete response; SCRT, Short-course
radiotherapy; Sint, Sintilimab; TME, Total mesorectal excision; Tori, Toripalimab; TRG, Tumor regression grade; W, Week; W&W, Watch & wait; XELIRI, Xeloda and irinotecan;
XELOX, Xeloda and oxaliplatin; FOLFIRINOX, folinic acid, fluorouracil, irinotecan and oxaliplatin.
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55U 5-fluorouracil

Ajcc American Joint Committee on Cancer
APCs Antigen-presenting cells

B2M Beta-2-Microglobulin

BRAF V-raf murine sarcoma viral oncogene homolog BI
CapeOX Capecitabine and oxaliplatin

R Clinical complete response

ccRs C-C chemokine receptor type 5

D3+ Cluster of difleentiation 3 positive:

(e Cluster of diflerentiation 4 positive:

cps+ Cluster of diflerentiation 8 positive:

DNA Circluting-tumor DNA

CMss ‘Consensus molecular subgroups

CRC Colorectal cancer

CTLA4 Cytotoxic T-lymphocyte-associated antigen-4
CXCR3 Cxe chemokine receplor 3

DES Disease free survival

AMMR Deficient mismatch repair

FOLFIRINOX  Fluorouracil

irinotecan and oxaliplatin

FOLFOX Folinic acid, luorouracil, and oxaliplatin

HMGBI High-mobility group box 1 protein

icp Induce immunogenic cell death

icis Immune checkpoint inhibitors

iCR Incomplete clinical response:

IENs Type Linterferons

IEN-y Interferon gamma

irAEs Immune-related adverse events

JAKSSTAT  Janus Kinase-Signal transducer and activator of transcription

KRAS Kirsten rats arcomaviral oncogene homolog

LACRC Locally advanced colorectal cancer

LARC Locally advanced rectal cancer

mCRC metastatic colorectal cancer

MHC1 Major histocompatibility complex class T

MPR Major pathalogical response

st Microsatelite instability

MsIH Microsatelite instability high

MSIL Microsatelite instabilty low

Mss Microsatelie stabilty

NACT Neoadjuvant chemotherapy

NACRT neoadjuvant chemoradiotherapy

NAICH Neoadjuvant Immune checkpoint inhibitor

NeeN National Comprehensive Cancer Network

nCR Near complete response

NK cells Natural killer cells

op Organ preservation

os Overall survival

OxMAG. Fluorouracil and oxaliplatin

PCR Pathological complete response

PD-1 Programmed death-1

PD-LI Programmed death-ligand 1

PI3KCA Phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic
subunit alpha

PMMR Proficient mismatch repair

POLD 1 polymerase delta 1

POLE Polymerase epsilon

Tl T-cell infiltration

TCR T-cell receptor

TiLs Tumour-infitrating lymphocytes

™B Tumour mutation burden

T™E Tumour microenvironment

™M Tumor, node, metastasis

INT Total neoadjuvant therapy

Tregs regulatory T cells

TG Tumour regression grading

vicc Union for International Cancer Control

Wew watch and wait

XELOX Xeloda and oxaliplatin

[ B2 microglobulin
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Identifier

Enrollment

Location

Trial design

Single-arm, Stage II-111, Phase

Grade 3-4 AEs n
(%)

Reference

101 (MSI-H:1, Recal 10, CR: 22 8% (non-immune
NCT03854799 = AVANA MSS:38, Rest cancer nCRT (50.4Gy+Cape) + Ave 10 23)4 59 (61.5) related) and 4% (76)
unknown) mg/kg q2wx6 cycles — TME (immune-related)
(8-10w after the end of nCRT)
Single-arm, Stage II-11I, Phase
1, Grade 3: 25 (58.1%)
Rectal CR:15
NCT03503630 = Averectal 44 C::‘er SCRT(5x5Gy) — FOLEOX+ 2’37 o 27675 | andGrade ;5 77)
Ave 10 mg/kg q2wx6 cycles — 5 (11.6%)
TME (3-4w after last treatment)
Single-arm, Stage II-111, Phase
1, o
. 3 (25) (enteritis, oral
BFH- Rectal CRT (50Gy+C: Tisl CR: 7
NCT04911517 PMMR: 20 eeia oGRT. (30Cy+Cape) £ Tid P NR uleer and 78)
NCRTPD Cancer 200mg q3wx3 cycles — Surgery | (58.3) -
A hyperthyroidism)
— Adjuvant chemotherapy
with CapeOx
Single-arm, Stage II-11I, Phase
NCT04165772 dMMR: 16 Rectal I SR IZ | nw 0 79
Cancer Dost 500mg q3wx3 cycles — (100)
nCRT (50.4Gy+Cape) — TME
Randomized, Stage I-11I, Phase
1I, pCR:
Ipi Img/kgx1 cycle + Nivo dMMR:  dMMR:31
dMMR: 32 Colon 3mg/kg q2wx2 cycle — Surgery | 22 (96.9)
NCT03026140 =~ NICHE 7 (10.7; 80,
PMMR: 33 cancer (PMMR patients were randomly  (68.8) PMMR: 7 wn ®0)
assigned to receive celecoxib PMMR: (23.3)
from D1 until the day before 4(13.3)
surgery)
Colon Single-arm, Stage I-11, Phase I, pCR: 72 5 (4) (immune-related)
NCT03026140 = NICHE-2 dMMR: 112 Ipi 1mg/kgx1 cycle + Nivo 102 (95) and 15 (13) (surgery- (81)
cancer (67)
3mg/kg q2wx2 cycle — Surgery related)
s o f[mgle-arm, Stage II-11I, Phase VMR 0
d olon B .
NCT0412392: NICOLE NI MMR: 1 (4. he 2,
CT04123925. | NICO! PMMR:19 cancer Nivo 240 mg q2wx2 cycles — B fls S)R 2 (45) (dinczhes) &2
Surgery :
pCR:
Pemb
arm:
NR
Randomized, Stage II-II1, Phase (31.9)
I, Control
Pemb arm: FOLFOXx4m + arm:
nCRT(50.4Gy+Cape)+Pemb NR Pemb arm: 48.2%
NRG- Pembammi®. | o iai 200mg q3wx6 cycles — Surgery | (29.4) (during nCRT) and
NCT02921256 trol 4 . NR 83,
(CT02921256 | Gro02 ;:: ML Cancer (8-12w after radiotherapy), CR: 37.3% (after nCRT) ®3)
Control arm: FOLFOXx4m + Pemb Control arm: NR
nCRT(50.4Gy+Cape) — arm:
Surgery (8-12w after NR
radiotherapy) (13.9)
Control
arm:
NR
(13.6)
f[mgle»arm, Stage [-IIL Phase
NSABP FR- Rectal . 222,
NCTO3102047 | s MSS: 45 Cec @ nCRT — Durv 750mg q2wx4 (CR~)14 NR NR (84)
e cycles — Surgery (8-12wafter | .-
" (31.1)
radiotherapy)
| Single-arm, Stage II-TIL, Ph;
ngle SERSIRES, B 4 (7.3) (diarrhea, skin
4 toxicity, transaminase
Rectal CRT (50.4Gy+C: D CR: 18
NCT04083365 = PANDORA 60 G BCRT (504Gy+Cape) + Dury, | P NR increase, lipase (85)
Cancer 1500mg q4wx3 cycles — (32.7) ¥
increase and
Surgery (after 10-12w from .
- pancolitis)
neoadjuvant therapy)
Single-arm, Stage II-11I, Phase
1, lymphopenia (24%),
1 2 : iarrhe 5
oG | sRucine | e Recta CapeOX + Cam 200mg @3wx3 | pCR:7 33) diarrhea (8%), and ©6
Cancer cycles — Radiotherapy (45Gy) | (33.3) thrombocytopenia
— CapeOX q3wx2 cycles — (4%)
Surgery
Randomized, Stage II-111, Phase
1,
Arm A: SCRT(5x5Gy) — MSS:
CapeOX + Tori 240mg q3wx6 CR: 9
Arm A: 35 Rectal Grade 3: 4 (36.4%,
NCT04518280 = TORCH ey e cycles — TME, (818)  NR by 51 . ) (87)
: Arm B: CapeOX + Tori 240mg | pCR: 7 ’
QBwx2 cycles — SCRT(5x5Gy) | (77.8)
— CapeOX + Tori 240mg
@3wxd cycles — TME
Single-arm, Stage II-111, Phase PCR:
Ib/11, MSS: 11 MSS: 14
NCT02948348 VOLTAGE-  MSS: 37 Rectal nCRT (50.4Gy+Cape) + Nivo (30)’ (38) 2 (myasthenia and ©2)
A MSI-H: 5 cancer 240mg q2wx5 cycles — Surgery MSLH: MSI-H: interstitial nephritis
— Adjuvant chemotherapy 3 (60') © NR
with FOLFOX or XELOX
Single-arm, Stage 111, Phase ~ pCR:
11, dMMR: .
MR | Rectal SCRT(5x5Gy) — CapeOX + 1.(100) 8 (26.7) (leukopenia,
NCT04231552 PMMR: 28 NR anemia and (88)
Cancer Cam 200mg q3wx2 cycles — PMMR: )
Unknown: 1 neutropenia)
Surgery (1w after last 12
immunotherapy) (46.2)

Clinical trial details can be accessed at Clinical Trials.gov database. AEs, Adverse effects; Ave, avelumab; Cam, Camrelizumab; CapeOX, capecitabine and oxaliplating Cap, capecitabine;

<CR, Clinical complete response; CR, Complete response; D, day; dMMR, Deficient mismatch repair; Dost, Dostarlimab; Durv, Durvalumab; FOLEOX, folinic acid, fluorouracil and oxaliplating
Ipi, Ipilimumab; MPR, Major pathologic response; MSI-H, Microsatellite instability-high; MSS, Microsatellite stability; m, Months; NCT, National Clinical Trial; Nivo, Nivolumab;

nCRT, Neoadjuvant chemoradiotherapy; NR, Not report; Pemb, Pembrolizumab; pMMR, Proficient mismatch repair; pCR, Pathological complete response; SCRT, Short-course radiotherapy;
Tisl, Tislelizumab; TME, Total mesorectal excision; W, Week; XELOX, Xeloda and oxaliplatin.
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Subtype Representative genomic alterations or immune characteristics Prognosis  Potentially effective

treatment
HEA Mutations in HDACY, EP300, and ARIDIA Good HDAC inhibitor
Xiong et al. TSIM Mutations in JAK-STAT pathway and TP53, ampJAK2 locus; amp17q21.2/STAT3/5B/5A Intermediate =~ PD-1 blockade
(213) locus, amp9p24.1/PD-L1/2 locus, del6q21
MB 'MGA mutation, 1p22.1/BRDT LOH Poor MYC inhibition
C1 Higher CN complexity including gains and losses of 17q21(STAT3), 8q24(MYC), and del19q  Intermediate | -
C2 KMT2D mutation and chr2 gain Intermediate -
C3 NOTCH2 mutation and del17p Intermediate | -
:)2(;2% etal Cc4 DDX3X mutation and del1p36 Intermediate | -
C5 CN gain of chr19q/q13 and JAK3 gain Good -
Cc6 | Aberrations in RAS/RAF/MAPK pathway, JAK3, BCOR, and TP53 Poor -
c7 TET2 loss and ARIDIB mutation Good -
Lim et al. GPM Mutations in BCOR, JAK3, KRAS, MYH11, DCC, ITK, NOTCH1, FAS, RET, BIRC3, MLLT1, Poor -
(215) LRPIB, NRG1
Immune High-Treg counts (> 500/HPF) Good Good response to PD-1
tolerance blockage
Immune High cytotoxic T-cell counts, high PD-L1 expression, low Treg counts (PD-L1 > 10%) Intermediate  Intermediate response to
ChL evasion-A PD-1 blockage
@12 Immune Not otherwise specified Intermediate | Intermediate response to
evasion-B PD-1 blockage
Immune Immune response exhausted (Process-type CD68 > 90%) Poor Poor to PD-1 blockage

silenced
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Staging Staging rule Advantage Disadvantage

system

Ann Stage I, single extranodal lesion without nodal involvement; stage II, stage I or II nodal Easy to use Stage I includes highly
Arbor extent with limited contiguous extranodal involvement; stage IV, additional non-contiguous heterogenous disease due to
(140) extranodal involvement varying extent of LTI
K Limited disease: Ann Arbor stage I/Il UAT disease without LTT; extensive disease: Ann Easy to use Both limited and extensive
orea
(141) Arbor stage I/Il UAT disease with LTI or stage III/IV UAT disease, and non-UAT disease. diseases include highly
heterogenous disease
T stage is based on the anatomical structures involved; N stage is based on the extent of Tumor burden and survival Only UAT disease is included;
TNM (7)  RLNM; all lesions beyond the UAT and regional lymph nodes are defined as M1. risk stratified well. too complex and inconvenient
for use
Stage I, confined to nasal cavity or nasopharynx without LTI and RLNM; stage II, non- Easy to use; Stage I, 11, and IV Stage II includes heterogenous
CA (142) UAT disease or UAT disease with LTI, without RLNM; stage 111, disease with RLNM; stage  reflect tumor burden and disease due to varying extent
IV, non-RLNM or disseminated disease survival risk well of LTI

LTI, local tumor involvement; UAT, upper aerodigestive tract; RLNM, regional lymph node metastasis; CA, the Chinese Southwest Oncology Group and Asia Lymphoma Study Group.
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Disease stage Treatment I\ CR rate (%) PFS (%) OS (

CEOP 38 | 4CC:2LLET: 2y: 6538 2y:733
944
Ma et al, 2009 (93) v CTRT
CEOP + semustine 37 | 4CC:27.0; ET: 2y 622 2y 622
871
SVILE 36 | 3CC:38.9ET: 3y: 883 3y:88.8
834
Wei et al, 2020 (69) v CT-RT-CT
P-GemOx 33| 30C 394 ET: 3y: 939 3y:97.0
970
RT alone RT 35 | ET:486 Sy: 565 Sy: 60.4
Zhangetal, 2021 (77) | I
CTRT DDGP 30 | ET:733 Sy: 829 Sy:85.7
GDP + chidamide 37 | ET: 838 2y: 75.2; 5y: 2y: 89.2; 5y:
675 892
Chai et al, 2022 (75) VI RT-CT
GDP 37 | ET:784 2y: 7023 5y: 2y: 838; 5y:
667 810
P-GemOx + 85 | 4CC:60.0
::;‘,g ;2010 v CTRT thalidomide 3y: 6140 3.y 634
AspMetDex 80 | 4CC: 550
SVILE 16 | 3CC:62,ET:688 | 3y: 462 3y: 68.8
Weietial;12020/(69) mv CTialarie P-GemOx 18 | 3CC: 1LI; ET: 3y:657 33722
611
DDGP 20 | ET:675 3y: 565 Sy 743
Wang et al,, 2022 (130) /v © CT alone
SMILE 40 | ET:475 3y 418 Sy:517

CR, complete response; PES, progression-free survival; OS, overall survival; CT, chemotherapy; R, radiotherapy; CEOP, cyclophosphamide, vincristine, etoposide, and prednisone; CC, cycles of
chemotherapy; ET, end of treatment; SVILE, ifosfamide, PEG-Asp, vindesine, etoposide, and dexamethasone; P-GemOx, PEG-Asp, gemcitabine, and oxaliplatin; DDGP, PEG-Asp, gemcitabine,
cisplatin and dexamethasone; GDP, gemcitabine, cisplatin, and dexamethasone; AspMetDex, PEG-Asp, methotrexate, and dexamethasone; SMILE, dexamethasone, methotrexate, ifosfamide, L-
asparaginase, and etoposide.

“This was a multicenter randomized phase 2 trial. The analysis included 107 patents with newly diagnosed early-stage disease and 58 patients with advanced-stage or R/R disease. The CR rates were
from patients with both early-stage and advanced-stage disease;

"The survival data were for the whole cohort. Separate data for each arm were not reported;

“This study adopted the CA staging system and included Ann Arbor stage I disease. PEG-Asp was used in the DDGP arm, while L-Asp in the SMILE arm.
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Disease Asp CT regimen Treatment Courses of CRrate (%) PFS (%)  OS (%)

status used modality cT
Lee et al,, 2006 (35) Stage I/11 16 IMEP CT-RT 6 6CC: 69.0; ET: - 3y: 80.4
81
Kim et al., 2009 (42) Stage I/I1 30 VIPD CCRT-CT Weekly DDP ET: 80 3y:85.2 3y: 863
+3
Yamaguchi et al., 2009 Stage I/11 33 DeVIC CCRT 3 ET: 75.0 2y: 67.0 2y: 78.0
(95, 96) 5y: 67.0 5y:73.0
Jiang et al., 2012 (45, 97) | Stage I/Il 26 L-Asp | LVP CT-RT-CT 2+ (2-4) 2CC: 42.3; ET: 2y: 80.6
80.8 5y: 64.0
Aviles et al,, 2013 (51) Stage I/IT 202 CMED RT-CT 6 ET: 91.0 - 5y: 86.0
Lin et al, 2013 (49) Stage I/IT 31 L-Asp | CHOP CT-RT 6 4CC: 71.5; ET: 2y: 81.0 2y: 80.1
816
Wang et al., 2013 (50) Stage I/II 27 | LUP- | GELOX CT-RT 2+4 2CC: 5.6, ET: | 2y: 86.0 2y: 860
Asp 74.1
Ke et al,, 2014 (52) Stage /11 32 GDP CCRT-CT Weekly DDP | ET: 844 3y: 84.4 3y:87.5
+3
Kim et al., 2014 (54) Stage I/IT 44 IMEP CT-RT 6 6CC: 27.0; ET: 3y: 56.0 3y: 66.0
67.0
Kim et al,, 2014 (53) Stage I/IT 30 L-Asp | IMEP CCRT-CT weekly DDP + | ET: 87.0 Sy: 60.0 5y: 73.0
2
Tsai et al, 2015 (55) Stage I/IT 33 DVIP CCRT-CT 2 DEP +2 ET: 42.0 2y: 64.0
5y: 60.0
Yoon et al, 2016 (61) Stage /I 28 | L-Asp | IMEP CCRT-CT Weekly DDP | ET: 82.1 3y:74.1 3y: 815
+2
Jiang et al,, 2017 (62) Stage I/11 66 | L-Asp | DEP CT-CCRT-CT 2+2DDP+ | ET:833 3y:67.4 3y:70.1
2
Xu et al, 2017 (63) Stage I/I1 40 P-Asp MESA CT-RT-CT 2+2 2CC: 71.1; ET: 2y: 89.1 2y: 92.0
89.5
Qi et al, 2018 (64) Stage I/IT 40 GDP RT-CT 4 ET: 95.0 2y: 84.7 2y: 899
5y:79.4 5y: 82.1
Zheng et al,, 2018 (65) Stage I/11 21 P-Asp | CHOP RT-CT 6 ET: 90.5 - 3y: 80.5
Liu et al., 2020 (66) Stage I/IT 30 P-Asp | DICE RT-CT 3 ET: 96.7 Sy: 86.0 5y: 87.0
‘Wang et al,, 2020 (67) Stage I/IT 30 P-Asp | P-Asp alone CCRT-CT 2+4 ET: 100 2y:90.9 2y:92.8
Wei et al., 2020 (68) Stage I/IT 26 P-Asp GDP -ML CT-RT-CT 2+2 ET: 76.9 - 2y: 88.1
Zhu et al,, 2020 (70) Stage I/IT 30 P-Asp GDP CCRT-CT ‘Weekly DDP ET: 93.3 5y: 89.4 5y:933
+4
Zhang et al., 2021 (71) Stage I/IT 81 L-Asp' | DICE CT-RT 4 4CC: 11.L; ET: Sy: 63.4 Sy: 82.4
84.0
Hu et al,, 2022 (72) Stage I/IT 64 P-Asp | COEPL CT-CCRT-CT 2+2(VLP) + | ET: 82.0 3y: 78.1 3y: 812
2
Wang et al, 2022 (73) Stage I/IT 31 P-Asp | GAD-M CT-RT-CT (2-4) + (4-2) 2CC: 54.8; ET: 3y: 80.4 3y:77.0
90.3 3y: 80.6 5y: 806
Zhu et al,, 2022 (74) Stage I/I1 52 P-Asp = GELAD CT-RT-CT 2+2 2CC: 46.2; ET: 2y: 90.4 2y: 942
923 4y: 90.4 4y: 942
Lee et al., 2006 (35) Stage III/IV 8 IMEP CT alone 13.0 - mOS:
2.7m
3y: 30%
Kim et al,, 2009 (99) R/R 32 IMEP CT alone 375 mTTF: mOS:
3.7m 8.2m
Sy: 2458
Jaccard et al., 2011 (100, R 19 L-As] AspMetDex -RT/H! 61.0 mPES: mOS:
| d et al (100) | R/ p p CT-RT/HSCT s 05
122m 12.2m
‘Yamaguchi et al,, 2011 Stage IV/R/R 38 L-Asp SMILE CT-HSCT (allo/ 45.0 1y: 53 1y: 55
(101) auto)
Shi et al,, 2015 (158) R/R 16 Chidamide 6.0 = =
Zheng et al,, 2018 (65) Stage III/TV 12 P-Asp CHOP CT alone 50.0 - -
‘Wei et al,, 2020 (68) Stage I1I/IV. 18 P-Asp GDP-ML CT-HSCT (auto) 333 2y:33.2 2y: 35.6
Kim et al., 2020 (159) R/R 21 Avelumab 240 mPFS: -
2.7m
Song et al., 2021 (114) Stage III/IV 27 L-Asp VIDL CT-HSCT (auto) 63.0 mPES: mOS:
13.2m 27.0m
Hu et al,, 2022 (72) Stage III/IV/ 16 P-Asp | COEP CT-HSCT (auto) 55.6 3y:45.7 3y:48.1
Gao et al,, 2020 (160) Asp-R 37 Sintilimab + 444 1y: 66.0 1y: 79.1
chidamide
Huang etal, 2021 (161)  Asp-R 3 Daratumumab 0 mPFS: mOs:
53.0d 141.0d
Tao et al,, 2021 (111) Asp-R 28 Sintilimab 214 = 1y: 82.1
2y: 786
Huang et a. 2022 (98) Asp-R 78 GEMSTONE-201 372 2y: 54.6

IMEP, ifosfamide, methotrexate, etoposide, and prednisone; DDP, cisplatin; VIPD, etoposide, ifosfamide, dexamethasone, and cisplatin; DeVIC, dexamethasone, etoposide, ifosfamide, and
carboplatin; LVP, L-Asp, vincristine, and prednisone; GELOX, gemcitabine, L/P-Asp, and oxaliplatin; DICE, dexamethasone, ifosfamide, etoposide, and cisplatin; DEP, dexamethasone, etoposide,
and cisplatin; DVIP, dexamethasone, etoposide, ifosfamide, and cisplatin; MESA, methotrexate, etoposide, dexamethasone, and PEG-Asp; CMED, cyclophosphamide, methotrexate, etoposide, and
dexamethasone; SMILE, dexamethasone, methotrexate, ifosfamide, L-asparaginase, and etoposide; AspMetDex, L-asparaginase, methotrexate, and dexamethasone; HSCT, hematopoietic stem cell
transplantation; DICE, dexamethasone, ifosfamide, cisplatin, and etoposide; GDP-ML, gemcitabine, dexamethasone, cisplatin, methotrexate, and PEG-Asp; COEPL, cyclophosphamide, vincristine,
etoposide, prednisone, and P-Asp; VLP, vincristine, pegaspargase, and prednisone; GAD-M, gemcitabine, PEG-Asp, dexamethasone, and methotrexate; GELAD, gemcitabine, etoposide, PEG-Asp,
dexamethasone; VIDL, etoposide, ifosfamide, dexamethasone, and L-Asp; Asp-R, asparaginase-resistant. ! L-ASP was delivered on d1-4.
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