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Editorial on the Research Topic 


Ionizing radiation reprograms tumor immune microenvironment by inducing immunogenic cell death


Internal irradiation (IRT) and external-beam radiotherapy (EBRT) are two types of radiotherapy that use radiation beams like X-rays, gamma rays, or gamma rays to kill cancer cells directly and alter the tumor immunological microenvironment. Studies have currently shown a connection between radiotherapy and the tumor immune microenvironment, but further research is still required. In order to improve the efficacy of treatment, more information regarding the underlying mechanisms and how to improve the sensitivity of radiotherapy is required. Immune checkpoint blocking therapy (ICB) still has a low response rate due to the cold tumor microenvironment, which may be overcome so that the efficacy could be further increased when ICB is combined with other treatments. To assess the effectiveness and determine the prognosis, it will be helpful to search for the corresponding biomarkers.

As a result, the relationship between radiotherapy and the tumor immune microenvironment was revealed in the current Research Topic. Additionally, new techniques to increase the sensitivity of radiotherapy therapy were developed, and biomarkers to assess therapeutic efficacy and forecast therapeutic prognosis were investigated. The intricacy of the systemic and local immune environments in various cancer types is examined by Iliadi et al. How radiation shapes the immune landscape is focused on. Radiation was found to directly influence tumor cells and their surroundings, which mostly primes the immune response but may potentially inhibit it. When combined with immunotherapy, radiation causes an increase in infiltrating T cells and the production of programmed death ligand 1, which may be beneficial for the patient. Radiation causes an increase in immunosuppressive populations, particularly pro-tumoral M2 macrophages and myeloid-derived suppressor cells (MDSCs), in a number of malignancies. They also reveal potential prognostic and predictive information gleaned from the patient’s iTME and systemic immune profile to direct therapy choices. Zhu et al. found that the radio-sensitivity of TIME and circulating lymphocytes must be carefully taken into account when choosing the most appropriate radiotherapy regimen for combination with immunotherapy because different immune cell types, with different states of differentiation, exhibit different radio-sensitivities. The benefits of low-dose radiation (LDRT) over high-dose radiotherapy (HDRT) were highlighted by Ji et al. Firstly, LDRT has a low level of toxicity. It is challenging to reach the dosage limit for the organ at risk with SBRT, whereas dose restrictions will be easier to satisfy with LDRT, if radiotherapy is to be delivered simultaneously to many lesions within an organ. Secondly, LDRT is more secure for individuals who have previously undergone radiation treatment. When re-radiation is carried out with LDRT, there is a very little chance that the normal tissue dosage limitations will be exceeded. Finally, it is simpler to deliver LDRT. LDRT can be carried out in clinical settings using three-dimensional technology, but HDRT necessitates specialist imaging, respiratory gating, and even the implantation of gold fiducials.

The potential for radiotherapy to induce an immunogenic cell death (ICD) is supported by Mariampillai et al. They also demonstrate that using radiotherapy in combination with ATR inhibition boosts this potential. Additionally, they discovered that pan-caspase inhibition eliminates HMGB1 release, marginally boosts ATP secretion, and has little or no impact on ecto-CALR. Understanding these pathways will also probably make it easier to take advantage of the combined therapy’s immunostimulatory effects, perhaps by administering immune checkpoint blockade therapy afterward. Besides, Yuan et al. found that the gut microbiota may also be a common biological target for minimizing the side effects of radioimmunotherapy, inhibiting the target may improve efficacy and point patients with CRC in the right direction for achieving a longer survival and a higher quality of life after treatment. In order to achieve multimodal imaging and theranostics of lymph node metastasis, the Zhang et al. developed a nanoprobe conjugated trastuzumab based on upconversion nanoparticles, further developed a nanonuclear drug labeled 68Ga or 177Lu, and adopted a new imaging and theranostic strategy for lymphatic targeting. It is intended to direct research into and advancements in more potent theranostic methods for treating malignancies.

According to Gao et al., the parameters of 18F-fluorodeoxyglucose PET/CT served as biomarkers and were crucial in the treatment of ICIs, allowing for the assessment of the tumor microenvironment, the identification of immune-related adverse events, the evaluation of therapeutic efficacy, and the prognosis of the treatment. Transient receptor potential channels (TRPC) are essential regulators of the development and spread of cancer. Wang et al. created a unique risk score for colorectal cancer prognosis using eight TRPCG with excellent discrimination and calibration. A promising biomarker for ICIs and neoadjuvant therapy in the management of colorectal cancer could be the present TRPCRS. Fatty acid metabolism (FAM) is closely linked to the development of cancer and carcinogenesis.

In the context of cancer, Zhou et al. investigated the critical impact of FAM on the gut flora and metabolism. Patients with high-risk scores were closely associated with activating type I interferon response and inflammation-promoting actions, according to an extensive analysis of the tumor microenvironment based on the FAM-related signature. In patients with locally advanced rectal cancer, their findings suggest that FAM may be able to predict the outcome of neoadjuvant chemotherapy and radiation therapy as well as the prognosis of disease-free survival (DFS) and overall survival (OS). Finding precise biomarkers may aid in risk classification and treatment choices for locally advanced rectal cancer, according to Wang et al.

Altogether, after having seen all individual contributions to this Research Topic, we see that the topic of “Ionizing Radiation Reprograms Tumor Immune Microenvironment by Inducing Immunogenic Cell Death” is broad and has its roots in an active research field. The far-reaching implications of ionizing radiation-related tumor immune microenvironment make this an intriguing subject important for future studies to gain a better understanding.
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Background

Transient receptor potential channels (TRPC) play critical regulatory functions in cancer occurrence and progression. However, knowledge on its role in colorectal cancer (CRC) is limited. In addition, neoadjuvant treatment and immune checkpoint inhibitors (ICIs) have increasing roles in CRC management, but not all patients benefit from them. In this study, a TRPC related signature (TRPCRS) was constructed for prognosis, tumor immune microenvironment (TIME), and treatment response of CRC.



Methods

Data on CRC gene expression and clinical features were retrospectively collected from TCGA and GEO databases. Twenty-eight TRPC regulators (TRPCR) were retrieved using gene set enrichment analysis. Different TRPCR expression patterns were identified using non-negative matrix factorization for consensus clustering, and a TRPCRS was established using LASSO. The potential value of TRPCRS was assessed using functional enrichment analysis, tumor immune analysis, tumor somatic mutation analysis, and response to preoperative chemoradiotherapy or ICIs. Moreover, an external validation was conducted using rectal cancer samples that received preoperative chemoradiotherapy at Fujian Cancer Hospital (FJCH) via qRT-PCR.



Results

Among 834 CRC samples in the TCGA and meta-GEO cohorts, two TRPCR expression patterns were identified, which were associated with various immune infiltrations. In addition, 266 intersected genes from 5564 differentially expressed genes (DEGs) between two TRPC subtypes, 4605 DEGs between tumor tissue and adjacent non-tumor tissue (all FDR< 0.05, adjusted P< 0.001), and 1329 prognostic related genes (P< 0.05) were identified to establish the TRPCRS, which was confirmed in the TCGA cohort, two cohorts from GEO, and one qRT-PCR cohort from FJCH. According to the current signature, the high-TRPC score group had higher expressions of PD-1, PD-L1, and CTLA4, lower TIDE score, and improved response to anti-PD-1 treatment with better predictive ability. Compared to the high-TRPC score group, the low-TRPC score group comprised an immunosuppressive phenotype with increased infiltration of neutrophils and activated MAPK signaling pathway, but was more sensitive to preoperative chemoradiotherapy and associated with improved prognosis



Conclusions

The current TRPCRS predicted the prognosis of CRC, evaluated the TIME in CRC, and anticipated the response to immune therapy and neoadjuvant treatment.





Keywords: transient receptor potential channels, colorectal cancer, prognosis, immune checkpoint inhibitor, neoadjuvant treatment



Introduction

Colorectal cancer (CRC) is one of the most common cancers worldwide (1), with 151,030 cases diagnosed annually in the United States (2). Currently, its incidence is increasing worldwide (1). Moreover, CRC is the third leading cause of cancer mortality worldwide (1), with 0.9 million deaths in the United States yearly. Current plights of the CRC are as followed: 1) lack of specific markers of early screening, regardless of promotion of colonoscopy (3); 2) inaccuracy of the current staging systems on prognosis and management (4, 5), and 3) short of biomarkers for both local and systematic treatment in the era of precision medicine and individualized therapy (4, 5). Hence, early diagnosis biomarkers, accurate prognosis prediction, and precise direct management for CRC are urgently required (3).

Transient receptor potential channels (TRPC) was first reported in 1969 (6). Numerous homologous TRPC family genes are identified as TRPC regulators (TRPCR) (7, 8). In 2021, Ardem Patapoutian and David Julius were awarded the Nobel Prize in Physiology or Medicine for the discovery of TRPC (9), which are multifunctional signaling molecules investigated in channelopathy-related diseases including neurodegenerative (10), cardiovascular (11), and metabolic diseases (12). However, increasing reports support their roles in carcinogenesis, tumor invasion, migration, angiogenesis, and prognosis (13–15). There were differences in expression of several TRPCR, such as TRPV1, TRPV6, TRPM4, and TRPC6 between CRC and normal tissues (16, 17). Some TRPCR, such as TRPM6 and TRPC1, are associated with the prognosis of patients with CRC (16, 17). However, a comprehensive analysis of TRPCR on CRC prognosis and management is inadequate.

Although neoadjuvant treatment and immune checkpoint inhibitors (ICIs) play an increasing role in CRC management, not all patients benefit from them (18, 19). In addition, no biomarkers exist to screen their potential benefit (18). Evidence showed that tumor immune microenvironment (TIME) (20), which is associated with TRPC via polarization of macrophages, recruitment of chemokines, and activation of effector cells, strongly influences cancer treatment response (20, 21). In the present study, non-negative matrix factorization (NMF) clustering was adopted to identify the correlations between TRPCR and immune infiltration, and a TRPC-related signature (TRPCRS) was established to predict the prognosis of CRC, and explore the intrinsic connections between TRPCRS and TIME. Furthermore, correlations between TRPCRS and response to neoadjuvant treatment or ICIs were conducted to determine the potential value of the current signature.



Methods


Patients and data source

The analytical process of the study is provided in Figure 1. Data on CRC gene expression and clinical features were retrospectively collected from The Cancer Genome Atlas (TCGA, https://cancergenome.nih.gov/) and Gene Expression Omnibus (GEO) databases (https://www.ncbi.nlm.nih.gov/geo/). TCGA RNA sequencing data were converted from fragments per kilobase of exon model per million mapped fragments (FPKM) format to millions of transcripts per kilobase (TPM). Batch effects among TCGA-COAD, TCGA-READ, and GEO datasets were eliminated using “ComBat” method in “sva” R package, and TCGA-COAD-READ and meta-GEO (GSE38832 (22) and GSE17536 (23)) datasets were constructed. Genomic mutation data of TCGA-COAD-READ, including somatic mutations and copy number variations, were obtained from UCSC’s Xena database. Copy number changes of 28 TRPCR in human chromosomes were mapped using the R package “rcircos”. The corresponding TRPCR were extracted from the Gene Set Enrichment Analysis (GSEA) website (https://www.gsea-msigdb.org/GSEA/index.jsp, Table S1). Moreover, 85 frozen rectal cancer samples that received both, neoadjuvant treatment and radical surgery, at Fujian Cancer Hospital (FJCH) between March 2016 - March 2021 were added to conduct external validation. This study was approved by the Ethics Committee of FJCH (K2021-03-017). The baseline characteristics of patients in the cohort are presented in Table 1.




Figure 1 | The flow-chart of this study.




Table 1 | Clinical characteristics of the CRC patients used in this study.





Consensus molecular clustering of 28 TRPCR

Different TRPCR expression patterns were identified using NMF based on the expressions of 28 TRPCR using the R package “NMF” (version 0.22.0) (24). The expressions of 28 TRPCR (matrix A) were decomposed into two non-negative matrices, W and H (i.e., A≈WH). Matrix A was repeatedly decomposed, and its output was aggregated to obtain a consistent cluster of CRC samples (TCGA-COAD-READ and meta-GEO). The optimal k of clusters was selected according to apparent, discrete, and silhouette coefficients. Brunet algorithm and 200 nrun were used for consensus clustering.



Identification of differentially expressed genes and enriched pathways

Differentially expressed genes (DEGs) among TRPC subtypes (DEGa, false discovery rate< 0.05, adjusted P< 0.001) were obtained using the “limma” R package. The pathway activity of “REACTINE_TRP_CHANNELS” in each sample was calculated using “GSVA” packages, and the differences among various TRPC subtypes were analyzed.



Construction of TRPCRS

DEGs between tumor tissues and adjacent non-tumor tissues (DEGb, FDR< 0.05, adjusted P< 0.001) were determined using the “limma” R package. Prognostic genes were screened using the “survival” R package via univariate Cox regression analysis (P< 0.05). The overlapped genes among DEGa, DEGb, and prognostic genes were identified as candidate TRPC-related genes (TRPCGs). These candidate genes were screened again based on the least absolute shrinkage and selection operator (LASSO) (25) estimation to avoid over-fitting the model. The optimal value of the penalty coefficient lambda was selected after running the cross-validation probability 1000 times through the “glmnet” software package. Considering that the genes included in the gene signature were derived from DEGa between two clusters with significantly different TRPC, the resulting gene signature was called TRPCRS. Thus, the equation was established as follows:

	

According to the corresponding median of TRPCRS in each dataset, patients were divided into low TRPC score and high TRPC score groups.



Validation of TRPC score model

The TRPC score was validated in TCGA-COAD-READ, meta-GEO, and an external validation set of GSE17537 (26). The survival difference between the two groups was visually displayed using the receiver operator characteristic (ROC) curves and “survival” R package. The significance of the TRPC score was further analyzed using the multivariate Cox regression model, and the relationships between the TRPC score and clinical features were evaluated using the Wilcox test.



Function analysis

The Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were conducted on DEGa using the “clusterProfiler” R package (27). Stromal and immune cells infiltrated in malignant tumors were estimated using the ESTIMATE algorithm, utilizing the unique properties of transcription profiles to infer tumor cell count and tumor purity.



Immune-related analysis

The relative abundance of 28 immune cells in TIME was evaluated using the “GSVA” package (28). Differences in the immune cells and immune checkpoint genes were compared between high- and low-TRPC scores. Scores of tumor immune dysfunction and exclusion (TIDE), microsatellite instability (MSI) expression, dysfunction, and rejection were calculated using http://tide.harvard.edu, and the differences were compared between the two groups. In addition, the prediction value of the TRPC score for immunotherapy was estimated using the “IMvigor 210” dataset package (29).



Somatic mutation analysis

Quantity and quality of mutations in high- and low- TRPC scores were calculated using the “Maftools” R package. Missense, nonsense, continuous and silent, and frameshift/in-box insertion and deletion mutations were counted after excluding germline mutations without somatic mutations. Tumor mutation burden (TMB) is defined as the total number of somatic mutations.



Development of risk prediction model

In addition to TRPC scores and clinical features, a nomogram predicting 1-year, 3-year, and 5-year overall survival (OS) of patients with CRC was established using the “RMS” R package. The nomogram prediction was evaluated using the calibration curve, restricted mean survival (RMS), C index, ROC curve, and decision curve analysis (DCA).



Response prediction of neoadjuvant therapy

GSE45404 (30) and GSE87211 (31) were administrated to conduct external validation, among which patients with rectal cancer received neoadjuvant treatment. GSE45404 contained data on response to neoadjuvant treatment and was graded using the Mandard tumor regression grade (TRG), while GSE87211 contained data on clinicopathological characteristics and survival. ”REACTINE_TRP_CHANNELS”, “KEGG_MISMATCH_REPAIR”, “KEGG_MAPK_SIGNALING_PATHWAY”, and “KEGG_B_CELL_SIGNALING_PATHWAY” of each sample were calculated using “GSVA” R package, and the infiltration situation of 28 immune cells in the TIME were plotted using “ggplot2” and “corrplot” R packages, respectively.



Quantitative real time polymerase chain reaction

Quantitative real time polymerase chain reaction (qRT-PCR) was performed on 85 samples by the Department of Pathology Department of FJCH. RNA was extracted using TRIzol (Takara, Kusatsu, Shiga, Japan), and random primers were reverse transcribed using a cDNA synthesis kit (Thermo Fisher Scientific, Waltham, MA, USA). In addition, mRNA expression levels were detected using Roche LightCycler 480 (Basel, Switzerland) and FastStart Essential DNA Green Master Mix (Thermo Fisher Scientific). The mRNA expressions of each hub gene were normalized to that of β-actin. All qRT-PCR analyses were conducted in triplicates, and the average value was calculated using the Livak method. The primers used in this study were synthesized using Sunya Biotech (Fuzhou, China) and are listed in Supplementary Table 2.



Statistical analyses

All analyses in this study were performed using R-3.6.1. Normally distributed variables were compared using Student’s t-test, while non-normally distributed variables were compared using the Wilcoxon rank sum test. All tests were two-sided, and P< 0.05 was considered to be statistically significant.




Results


Genetic alteration landscape of TRPCR in CRC

In the present study, TRPCR were widely located in almost all human chromosomes (Supplementary Figure 1A). Supplementary Figure 1B depicts interactions of 28 TRPCR expressions, and TRPC1, TRPA1, and RIPK as the top three TRPCR. Furthermore, analysis of 28 TRPCR revealed that copy number variations (CNV) mutations were prevalent. TRPC4AP, TRPC4, TRPA1, TRPV6, TRPC1, TRPC5, TRPV3, TRPV1, and TRPM6 showed widespread CNV amplification. In contrast, TRPV5, MCOLN3, TRPM8, RIPK3, TRPM2, RIPK1, TRPC6, TRPM1, MCOLN1, TRPC3, TRPC7, TRPV4, TRPM7, TRPM4, TRPM3, MLKL, and TRPV2 showed prevalent CNV deletions (Supplementary Figure 1C). TRPCR mutations were detected in 137 (34.34%) patients from 399 samples. Supplementary Figure 1D exhibited the landscape of the mutations, with TRPM5, TRPC3, and TRPC7 as the top three mutations.

Almost all TRPCR were downregulated, while MLKL, TRPC4AP, TRPM2, and TRPV4 were upregulated in the CRC tissues compared with normal tissues (P< 0.05, Supplementary Figure 1E). No significant differences were observed in MCOLN3, TRPC4, TRPM1, TRPM8, TRPV1, and TRPV5 (P > 0.05, Supplementary Figure 1E). Unfortunately, only two TRPCR, including TRPM5 and TRPV4 (HR > 1, P< 0.01), were associated with the OS of patients with CRC (Supplementary Figure 1F).



Unsupervised clustering of 28 TRPCR and differences between two clusters

As shown in Supplementary Figure 2, the highest intra-group correlations and lowest inter-group correlations were observed when k = 2 in the TCGA and meta-GEO cohorts, indicating that patients can be divided into cluster A and cluster B based on 28 TRPC-associated DEGs (DEGa). Figure 2A exhibited two distinct patterns of CRC samples, which had two apparently different Kaplan–Meier survival curves (P< 0.05, Figure 2B). The silhouette plot of the two clusters is shown in Figure 2C. Interestingly, TRPC was more enriched in cluster A compared with cluster B (P< 0.05, Figure 2D). The single sample gene set enrichment analysis (ssGSEA) scores of aDCS, antigen-presenting cells (APC) co-inhibition, APC co-stimulation, chemokine receptor (CCR), CD8+ T-cells, immune checkpoint, cytolytic activity, dendritic cells (DCs), human leukocyte antigen (HLA), inflammation-promoting, macrophages, major histocompatibility complex (MHC) class I, neutrophils, parainflammation, plasmacytoid dendritic cell (pDCs), T cell co-inhibition, T cell co-stimulation, T helper (Th) cells, follicular helper T cell (Tfh), Th2 cells, tumor infiltrating lymphocyte (TIL), and Type I interferon (INF) response were significantly higher in cluster A than that in cluster B; while it was on the contrary in terms of iDCs (P< 0.05, Figure 2E). GO membrane-related pathways were enriched in cellular components (CC) (Figure 2F), and KEGG enrichment analysis showed that MAPK ranked first among the enriched signaling pathways (Figure 2G).




Figure 2 | Unsupervised clustering of 28 TRPCR and differences between two clusters. (A) Heatmap representation of NMF clustering for TRPCR. (B) Kaplan-Meier curves of OS with two TRPC clusters. (C) Silhouette plot of the two clusters. (D) The TRPC activity between two clusters. (E) The ssGSEA scores of immune cells and immune-related functions with two clusters. (F, G) Functional annotation for TRPC clusters using GO and KEGG enrichment analysis. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; OS, overall survival; ssGSEA, single sample gene set enrichment analysis; TRPC, transient receptor potential channels; TRPCR, transient receptor potential channels regulators; ns, not significant; *P< 0.05; **P< 0.01; ***P< 0.001.





Screening of characteristic predictors and prognostic value of TRPCRS

A total of 5564 genes were identified as DEGa (Table S3), 4605 as DEGb (Table S4), and 1329 as prognostic-related genes (Table S5). Among these, 266 intersected genes were selected as candidate genes. Supplementary Figure 3A shows the coefficients of all 266 intersected genes TRPCG according to lambda.min criteria. Using the LASSO regression analysis, 8 gene signatures (UCN, FJX1, TIPM1, PCOLCE2, CD177, PPARGC1A, CLDN23, and MTOR4) were optimal with a minimum lambda (Supplementary Figure 3B). Among these 8 genes, 4 were risk factors (UCN, FJX1, TIPM1, and PCOLCE2), and 4 were protective factors (CD177, PPARGC1A, CLDN23, and MTOR4) (Figure 3A). The correlations between 8 TRPCG and 28 TRPCR are shown in Figure 3B. The apparent Kaplan–Meier survival curves between different groups stratified by the expression of 8 genes are shown in Figures 3C–J (P< 0.05). TRPC scores were calculated according to the following formula: TRPC score = [UCN expression×(0.4591)] + [FJX1 expression×(0.3770)] + [TIMP1 expression×(0.3425)] + [PCOLCE2 expression×(0.2178)] + [CD177 expression×(−0.1330)] + [PPARGC1A expression×(−0.3223)] + [CLDN23 expression×(−0.4393)] + [MRTO4 expression×(−0.8897)]. Interestingly, Gene set variation analysis (GSVA) showed that TRPC activity was positively correlated with the TRPC score (Supplementary Figure 3C).




Figure 3 | Screening of characteristic predictors and prognostic value of TRPCRS. (A) The coefficient value of the 8 TRPCGs associated with the TRPC score in CRC. (B) The correlation between 8 TRPCGs and 28 TRPCR. (C-J) Survival curve analysis of CRC patients based on the expression status of UCN, FJX1, TIMP1, PCOLCE2, CD177, PPARGC1A, CLDN23, MRTO4 genes. CRC, colorectal cancer; TRPCGs, transient receptor potential channels-related genes; TRPCR, transient receptor potential channels regulators; TRPCRS, transient receptor potential channels related signature; ns, not significant; *P< 0.05; **P< 0.01; ***P< 0.001.





Prognostic analysis of TRPC scores

Considering the median score as the cut-off value, patients in the TCGA cohort were divided into low- and high-TRPC score subgroups. The Kaplan–Meier survival curve showed that the median OS was significantly shorter in the high-TRPC score subgroup than in the low-TRPC score subgroup (high vs. low, HR = 2.33, 95% confidence interval: 1.64–3.31, P< 0.001, Figure 4A). The area under the curve (AUC) at 1-year, 3-year, and 5-year were 0.713, 0.700, and 0.801, respectively (Figure 4D). The distinct distribution status of patients between the high- and low-TRPC score subgroups is shown in Figure 4G. Univariate Cox regression analysis showed that TRPC score was negatively associated with OS of patients with CRC. Additionally, multivariate Cox regression analysis showed that TRPC score was an independent risk factor for OS (both P< 0.05, Figure 4J). Similar findings were observed in the meta-GEO (Figure 4B, E, H, K) and GSE17537 cohorts (Figures 4C, F, I, L).




Figure 4 | Prognostic analysis of TRPC scores. Kaplan–Meier curves (A-C), time-dependent ROC curves (D-F), risk plot distribution and survival status (G-I), univariate and multivariate Cox regression analysis (J-L) of the TCGA cohort, the meta-GEO cohort, and the GSE17537 cohort. ROC, receiver operator characteristic; TRPC, transient receptor potential channels.



Subgroup analyses stratified by different characteristics were conducted to evaluate the correlations between the current TRPC score and other clinicopathological characteristics (Supplementary Figure 4A). No significant differences were observed in TRPC scores stratified by sex (female vs. male, P > 0.05, Supplementary Figure 4B) and age (≤65 vs. >65, P > 0.05, Supplementary Figure 4C). No significant differences were observed among all subgroups stratified by stage (P > 0.05). However, patients in stage IV had higher TRPC scores than those in other stage groups (all P< 0.05, Supplementary Figure 4D). Interestingly, patients with microsatellite stability (MSS) had lower TRPC scores than those with microsatellite instability-low (MSI-L) and microsatellite instability-high (MSI-H), but no differences were observed between MSI-L and MSI-H (P > 0.05, Supplementary Figure 4E).



GO and KEGG analyses

GO analysis showed that replication-related biological processes (BP), mitochondria-related CC, and division-related molecular functions (MF) were enriched in the TCGA cohort (Supplementary Figure 5A). Enriched signaling pathways associated with CRC and mismatch repair were identified using KEGG analysis (Supplementary Figure 5B). Furthermore, membrane-related CC was enriched in the meta-GEO cohort (Supplementary Figure 5C), and PI3K-AKT and PPAR signaling pathways were identified using KEGG analysis (Supplementary Figure 5D).



Immune landscapes and prediction of immunotherapeutic benefits

The association between TRPC and estimation of stromal and immune cells in malignant tumour tissues using expression data (ESTIMATE) scores was investigated using the ESTIMATE algorithm, which showed that stromal, immune, and ESTIMATE scores were positively correlated with TRPC score (P< 0.05, Figures 5A–C). Further, neutrophils, and regulatory T cells (Treg) were negatively associated with TRPC score (P< 0.05, Figure 5D). However, immune checkpoint, HLA, macrophages, pDCs, and T helper_cells were positively associated with the TRPC score (P< 0.05, Figure 5D).




Figure 5 | Immune landscapes and prediction of immunotherapeutic benefits. Scatter plot showed the association between TRPC score and stromal score (A), immune score (B) and ESTIMATE score (C, D) Heat map of correlation between TRPC score and immune infiltration. (E) The association of the immune check-points between low-and high-TRPC score groups. (F) The differences of TIDE score, MSI expression signature score, dysfunction score and immune exclusion score between low- and high-TRPC score groups. The scatter diagram of the TRPC score between response and non-response group (G), and fourfold table between TRPC score and immunotherapy response (H) in the IMvigor dataset. (I) ROC curves to predict the response of atezolizumab in IMvigor dataset by TRPC score, PDCD1, CD274, and CTLA4. ESTIMATE: estimation of stromal and immune cells in malignant tumour tissues using expression data; MSI, microsatellite instability; ROC, receiver operator characteristic; TIDE, tumor immune dysfunction and exclusion; TRPC, transient receptor potential channels; ns, not significant; *P< 0.05; **P< 0.01; ***P< 0.001.



In addition, significant differences were detected between the low- and high-TRPC score subgroups in most immune checkpoints (P< 0.05, Figure 5E). Compared with the low-TRPC score group, the high-TRPC score group had lower TIDE, dysfunction, and exclusion scores, while higher MSI expression score (P< 0.05; Figure 5F).

The IMvigor 210 dataset (29), including clinical information and RNA-seq data of patients with metastatic uroepithelial carcinoma treated with atezolizumab (a PD-L1 inhibitor), was used as an external cohort to test the predictive value of TRPC score for immunotherapy efficacy. The results showed that TRPC score was significantly higher in the response group than that in the non-response group (P< 0.001, Figure 5G). According to the current TRPC score, the response rate in the low-TRPC score group was significantly lower than that in the high-TRPC score group (P< 0.05, Figure 5H). The AUC of the current TRPC score to predict the response of atezolizimab was 0.632, which was higher than that of PDCD1 (PD-1), CD274 (PD-L1), and CTLA4 (Figure 5I).



Summary of CRC mutation of TRPC score groups

As shown in Supplementary Figure 6A, somatic mutations occurred in 160 (96.39%) of 166 samples with high TRPC score. The detailed mutations, including variant classification, single-nucleotide polymorphism (SNP) type, and single-nucleotide variant (SNV) class, were depicted in Supplementary Figure 7A. Further, somatic mutations occurred in 143 (97.28%) of 147 samples with low TRPC score (Supplementary Figure 6B), and the corresponding mutations were summarized in Supplementary Figure 7B. TMB was positively associated with TRPC score (R = 0.14, P< 0.05, Supplementary Figure 6C), and Kaplan–Meier survival curve showed that patients with low TMB had a worse OS than those with high TMB (P< 0.05, Supplementary Figure 6D). Significant survival differences were observed between patients with high and low TMB stratified by TRPC score (P< 0.05, Supplementary Figures 6E, F).



Development of a nomogram

A nomogram including age, stage, and TRPC score was developed to predict the OS of patients with CRC in the TCGA cohort (Figure 6A). Good calibrations were observed in the 1-year, 3-year, and 5-year predicted vs. observed survival rates (Figure 6B). The RMS of the TRPC nomogram was higher than that of the TRPC score and published models of Yang (32), Liu (33), and Cao (34) (P< 0.05, Figure 6C). The C-index of the TRPC nomogram was 0.779, which was higher than that of the TRPC score and published models of Yang (32), Liu (33), and Cao (34) (Figure 6D). ROC curves revealed that the TRPC nomogram predicted the 1-year, 3-year, and 5-year OS more efficiently than the TRPC score and published models of Yang (32), Liu (33), and Cao (34) (Figures 6E–G). As shown in Figures 6H–J, DCA curves showed that the TRPC nomogram had better 1-year, 3-year, and 5-year OS net benefit than the TRPC score and published models of Yang (32), Liu (33), and Cao (34).




Figure 6 | Development of a nomogram. (A) Nomogram to predict the survival of CRC patients based on the TRPC score. (B) Calibration plots of the nomogram for predicting the probability of OS in the 1-year, 3-year, and 5-years. Comparison of RMS (C) and C-index (D) among the TRPC nomogram, TRPC score, and published models of Yang, Liu, and Cao. The ROC curves (E-G) and decision curve analysis (H-J) at 1-, 3-, and 5-year OS for TRPC nomogram, TRPC score, and published models of Yang, Liu, and Cao. CRC, colorectal cancer; OS, overall survival; RMS, restricted mean survival; ROC, receiver operator characteristic; TRPC, transient receptor potential channels; ***P< 0.001.





Correlation between TRPC score and response to neoadjuvant chemoradiotherapy in the GSE45404 cohort

Figure 7A shows that TRPC score was significantly lower in the response group than that in the non-response group (P< 0.05). According to the current TRPC score, the response rate in the low-TRPC score group was significantly higher than that in the high-TRPC score group (P< 0.05, Figure 7B). Further analysis showed that the current TRPC score had a promising predictive power of neoadjuvant chemoradiotherapy (NCRT) response (Figure 7C). GSVA showed that TRPC activity was significantly lower in the response group than that in the non-response group (P< 0.05, Figure 7D), and positively correlated with the TRPC score (P< 0.05, Figure 7E). B-cells, CD8+ T-cells, mast cells, and Tfh were negatively correlated, whereas immune checkpoint and neutrophils were positively correlated with TRPC activity (Figure 7F). Significantly increased proportions of B-cells, CD8+ T-cells, cytolytic activity, HLA, inflammation-promoting, mast cells, Th1 cells, and Th2 cells were detected in the response group. While, immune checkpoint and neutrophils were significantly increased in the non-response group (P< 0.001, Figure 7G). Further analysis showed that immune checkpoints, including PDCD1 (PD-1), CD274 (PD-L1), and CTLA4, and signaling pathway activities, including mismatch repair, MAPK, and B-cell receptors, were associated with TRPC activity (P< 0.05, Figures 7H–M).




Figure 7 | Correlation between TRPC score and response to NCRT in the GSE45404 cohort. The scatter diagram of the TRPC score between response and non-response group (A), and fourfold table between TRPC score and NCRT response (B). (C) ROC curve of TRPC score to predict NCRT response. (D) The distribution of the TRPC activity between response and non-response group. (E) Scatter plot showed the association between the TRPC activity and TRPC score. (F) Heat map of correlation between the TRPC activity and immune infiltration. (G) ssGSEA scores of immune cells and immune-related functions between response and non-response group. (H-J) Scatter plot showed the association between immune checkpoints (e.g., PD-1, PD-L1, and CTLA4) and the TRPC activity. (K-M) Scatter plot showed the association between signaling pathway (e.g., mismatch repair, MAPK signaling pathway, and B cell receptor signaling pathway) and the TRPC activity. NCRT, neoadjuvant chemoradiotherapy; ROC, receiver operator characteristic; ssGSEA, single sample gene set enrichment analysis; TRPC, transient receptor potential channels; ns, not significant; *P< 0.05; **P< 0.01.





Correlation between TRPC score and prognosis of patients who received NCRT in the GSE87211 cohort

The GSE87211 cohort tested the prognosis prediction capacity of TRPC score in patients who received NCRT. Results of this cohort showed that patients with low-TRPC scores had a longer OS and disease-free survival (DFS) than those with high-TRPC scores (P< 0.05, Figures 8A, B). Significant survival benefits in OS were observed in almost all subgroups (age≤65, Figure 8C; female, Figure 8G; male, Figure 8H; stage II, Figure 8K; stage III, Figure 8L; mutation, Figure 8O; wild type, Figure 8P; P< 0.05). However, there was no significant difference in age> 65 subgroup (Figure 8D, P>0.05). Similar findings were observed in DFS (age, Figures 8E, F; gender, Figures 8I, J; stage, Figures 8M, N; KRAS status, Figures 8Q, R).




Figure 8 | Correlation between TRPC score and prognosis of patients who received NCRT in the GSE87211 cohort. (A) The Kaplan-Meier curves of OS for patients in the high- and low-TRPC score groups. The Kaplan-Meier curves of OS for supplement clinicopathological characteristics, including age (C, D), gender (G, H), stage (K, L), and KRAS mutation status (O, P) in the high- and low-TRPC score groups. (B) The Kaplan-Meier curves of DFS for patients in the high- and low-TRPC score groups. The Kaplan-Meier curves of DFS for supplement clinicopathological characteristics, including age (E, F), gender (I, J), stage (M, N), and KRAS mutation status (Q, R) in the high- and low-TRPC score groups. NCRT, neoadjuvant chemoradiotherapy; OS, overall survival; TRPC, transient receptor potential channels.





Validation of TRPC score in the Fujian Cancer Hospital cohort

A total of 85 samples were used from FJCH to verify the clinical value of the current TRPC score. Kaplan–Meier survival curve showed distinct survival differences between groups of high- and low-TRPC scores, according to the current TRPC scores (P< 0.05, Figure 9A). It also exhibited excellent prognosis prediction with a 5-year AUC of 0.782 (Figure 9B). Multivariate regression analysis showed that TRPC score was the only independent risk factor of OS (P< 0.05, Figure 9C). Furthermore, the TRPC score was significantly lower in the response group to neoadjuvant treatment than that in the non-response group (P< 0.05, Figure 9D). The response rate in the low-TRPC score group was significantly higher than that in the high-TRPC score group (P< 0.05, Figure 9E). The current TRPC score had inspiring predictive ability of response to neoadjuvant treatment with AUC of 0.709 (Figure 9F).




Figure 9 | Validation of TRPC score in the Fujian Cancer Hospital cohort. Kaplan-Meier curve (A), 1-year, 2-year, and 3-year ROC curves (B) and univariate and multivariate Cox regression analysis (C) according to the TRPC score. The scatter diagram of the TRPC score between response and non-response group (D), and fourfold table between TRPC score and NCRT response (E). (F) ROC curve of TRPC score to predict NCRT response. NCRT, neoadjuvant chemoradiotherapy; ROC, receiver operator characteristic; TRPC, transient receptor potential channels; ***P< 0.001.






Discussion

Ion channels, particularly TRPC, are crucial in cancer pathophysiology (7). TRPC are often dysregulated in CRC, resulting in alterations in cancer hallmark functions (16, 17). To the best of our knowledge, the present study is the first to systematically evaluate TRPC in CRC. A risk score incorporating 8 TRPCG was established to predict the OS of patients with CRC using the TCGA cohort, and was validated using the GSE38832, GSE17536, and GSE17537 datasets. Furthermore, the TRPC score was associated with other clinicopathological characteristics of patients with CRC and tumor immunity.

Since 1969, many TRPC family members have been identified, regulating numerous cellular, physiological, and pathophysiological functions in tumors (6–8, 13). Previous studies revealed that TRPC1 (35), TRPV6 (36, 37), and TRPM8 (38) were upregulated in CRC tissues compared with normal mucosa, whereas TRPV3 (39), TRPV4 (40), TRPV5 (39), TRPM6 (41), and TRPC6 (39) were downregulated in CRC tissues. However, no systematic study on the role of TRPC in the prognosis of CRC has been reported yet. In the current study, 28 TRPCR were identified from TCGA, showing that almost all 28 TRPCR were dysregulated in CRC tissues than that in normal tissues. However, TRPM5, TRPV4, and TRPC1 were associated with OS of patients with CRC (P< 0.05). Two clusters with distinct prognoses were identified using NMF (P< 0.05), and TRPC were enriched between clusters A and B. Further, immunophenotypes differed significantly between the two clusters, indicating that TRPC might regulate the immune system as reported previously (20, 41).

Considering that studies on TRPCR are scarce, we identified TRPCG, which were not only DEGs between two clusters, but also between tumor and normal samples. In addition, TRPCR were associated with prognosis, and all candidate genes strongly associated with TRPCR. The current TRPC score exhibited excellent prognosis predictive ability in the TCGA, meta-GEO, GSE17537, GSE87211, and FJCH cohorts, and was identified as an independent risk factor of OS (P< 0.05). Furthermore, a nomogram based on the current TRPC score showed higher C-index and AUC of prognosis prediction compared with published risk scores of previous studies by Yang et al. (32), Liu et al. (33), and Cao et al. (34), and improved net benefits. Moreover, the current TRPC score correlated with clinicopathological characteristics, including TNM stages and microsatellite status.

Among the 8 TRPCG, UCN, FJX1, TIPM1, and PCOLCE2 were negatively associated with OS of CRC patients (HR > 1), while CD177, PPARGC1A, CLDN23, and MTOR4 were positively associated with OS of CRC patients (HR< 1). Song et al. (42) reported that TIMP1 expression was significantly associated with regional lymph node and distant metastasis, and was an independent prognostic indicator of colon cancer progression and metastasis through FAk-PI3K/AKT and MAPK signaling pathways (42, 43). FJX1 was reportedly upregulated in the epithelium of CRC, and contributed to poor prognosis in patients with CRC via angiogenesis (44). CLDN23 and PPARGC1A were significantly downregulated in CRC tissues, and their reduced levels were associated with shorter OS in patients with CRC (45–47). PPARGC1A reduced the risk of CRC disease and progression through mitochondrial biogenesis, antioxidant system, reactive oxygen species, lipid synthesis, and glycolysis pathway (46). CD177 is mainly expressed by neutrophils, and CRC patients with high density CD177+ neutrophils showed longer OS and DFS (48). Although UCN, PCOLCE2, and MRTO4 are potential prognostic markers of CRC, their action mechanisms remain unclear. In summary, several candidate genes were first considered as prognostic biomarkers for CRC, however, they require further validation.

With promising results of clinical trial of pembrolizumab (49), ICI monotherapy or combination therapy has been well examined in CRC management (50, 51). In recent years, deficient mismatch repair (dMMR) showed the objective response rate of 20–40%, regardless of stages (50, 51). However, the incidence of patients with dMMR account for approximately 15% of CRC (52), and selected patients with proficient mismatch repair MSS precisely could benefit from ICIs (50, 53, 54). In the present study, TRPCR-based clusters were highly correlated with TIME. In addition, the current TRPCRS was correlated with immune checkpoints, including PD-1, PD-L1, and CTLA4. Additionally, the results showed that patients with high-TRPC scores had lower TIDE but higher MSI expression than those with low-TRPC scores (P< 0.05), suggesting that the former could benefit from ICIs. These findings were validated by an external IMvigor 210 cohort (29), in which all patients received atezolizumab. These findings demonstrated that the novel TRPC score was considered as a promising biomarker for TIME and an alternative index for ICIs. Nonetheless, the correlation between TRPC and immunotherapy is still inclusive, which needs further validation, and the underlying mechanism needs to be further explored.

Although neoadjuvant treatment followed by radical surgery is the standard treatment for locally advanced rectal cancer (LARC) (18), the pathological complete response rate and survival benefit remain unsatisfactory and questionable (5). Hence, a widely recognized biomarker is the key to selecting a potential beneficiary. In the present study, the current TRPCRS was associated with neoadjuvant treatment response in the GSE45404 cohort, and patients with low-TRPC scores were more sensitive to neoadjuvant treatment than those with high-TRPC scores and higher TRPC activity. In addition, the novel TRPCRS was associated with DFS in the GSE87211 cohort. Consequently, the current TRPCRS could be considered as an index of response to neoadjuvant treatment for patients with LARC, and neoadjuvant chemoradiotherapy should be strongly recommended for patients with low-TRPC scores.

More findings were recorded for patients with high-TRPC scores but tolerant to conventional NCRT in the present study. Initially, neutrophils were significantly enriched in the non-response group than in the response group (P< 0.05). Evidence showed that enrichment of neutrophils is one of the important characteristics of neutrophil extracellular trap (NET) (55), which might be a partial reason for chemoradiotherapy resistance, as previously reported (56–58). Previous studies showed that NET formation was positively regulated by MAPK signaling pathway (59, 60); however, the related mechanism remains unclear. In the present study, MAPK signaling pathway was positively correlated with TRPC activity (P< 0.05), which was positively correlated with TRPC score (P< 0.05). Hence, neutrophil enrichment mediated by activation of MAPK signaling pathway might be a potential mechanism for NCRT resistance, in which TRPC might play an important role. In future, it is a big “if” that combination with MAPK inhibitor and conventional chemoradiotherapy could improve the treatment response. Moreover, considering that patients with high-TRPC scores were more sensitive to ICIs than those with low-TRPC scores, neoadjuvant ICIs might be an alternative for those with high-TRPC scores and resistant to conventional chemoradiotherapy.

The current TRPCRS has several limitations. (1) Data from TCGA training cohort, meta-GEO, and FJCH validation cohorts were retrospectively collected. Therefore, the TRPC score should be validated by prospective cohorts. (2) A model consisting of TRPC score to predict the prognosis might have an intrinsic disadvantage, regardless of the importance of TRPCGs. (3) All eight genes were TRPC-related genes but not TRPCR. (4) Since all patients from FJCH had dMMR, corresponding analysis could not be conducted. (5) Mechanisms, such as MAPK signaling pathway, require in vitro and in vivo validation. (6) The clinical value of the current TRPCRS in ICIs and neoadjuvant treatment management needs further validation.



Conclusion

In conclusion, a novel risk score was developed using eight TRPCG with excellent discrimination and calibration for CRC prognosis. The current TRPCRS could be considered as a promising biomarker for ICIs and neoadjuvant treatment in CRC management. NCRT is recommended for patients with LARC with low-TRPC scores. In addition, combination of MAPK inhibitors and neoadjuvant immunotherapy could be an alternative treatment for patients with high-TRPC scores. Hence, TRPC might participate in the treatment response and TIME remodeling in CRC management, but it requires further in vitro and in vivo validation.
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Cancer immunotherapy, especially immune-checkpoint inhibitors (ICIs), has paved a new way for the treatment of many types of malignancies, particularly advanced-stage cancers. Accumulating evidence suggests that as a molecular imaging modality, positron emission tomography/computed tomography (PET/CT) can play a vital role in the management of ICIs therapy by using different molecular probes and metabolic parameters. In this review, we will provide a comprehensive overview of the clinical data to support the importance of 18F-fluorodeoxyglucose PET/CT (18F-FDG PET/CT) imaging in the treatment of ICIs, including the evaluation of the tumor microenvironment, discovery of immune-related adverse events, evaluation of therapeutic efficacy, and prediction of therapeutic prognosis. We also discuss perspectives on the development direction of 18F-FDG PET/CT imaging, with a particular emphasis on possible challenges in the future. In addition, we summarize the researches on novel PET molecular probes that are expected to potentially promote the precise application of ICIs.
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Introduction

Cancer immunotherapy has paved a new way for the treatment of many types of malignancies, particularly advanced-stage cancers, by intervening in the abnormal immune processes, reshaping the tumor microenvironment (TME), and restoring immune surveillance (1). Immune-checkpoint inhibitors (ICIs), such as the blocking antibodies of programmed cell death protein-1 (PD-1), programmed death-ligand 1 (PD-L1), and cytotoxic T lymphocyte-associated protein 4 (CTLA-4), have brought considerable clinical benefits to cancer patients. However, only a subset of patients can benefit from ICIs therapies, and some might even experience severe immune-related adverse events (irAEs) and detrimental hyperprogressive disease (2). Emerging preclinical and clinical evidence indicates that the reciprocity between ICIs and TME may play a complex and important influence on ICIs therapy, but the specific mechanism is still unclear. How to characterize TME noninvasively and effectively, so as to deeply elucidate its potential mechanisms in immunotherapy and precisely guide the use of ICIs, is continually attracting research interest worldwide.

It is well-known that positron emission tomography (PET)/computed tomography (CT) can reflect the biological information of the living body noninvasively and dynamically by using different kinds of imaging agents. Fluorine-18 fluorodeoxyglucose (18F-FDG), the most commonly used PET/CT imaging agent, has been increasingly applied in the immunotherapeutic management. It can reflect the level of glucose accumulation in both primary tumor tissues and metastatic lesions by tracking glucose uptake through a single scan. The metabolic parameters obtained from 18F-FDG PET/CT arguably provide useful indications of the tumor burden (3). Accumulating evidence suggests that 18F-FDG PET/CT imaging can play a vital role in ICIs therapy, including TME characterization, irAEs assessment, efficacy evaluation, prognosis prediction, and so on.

In this review, we focus on the characteristics of TME associated with immunotherapy, and provide an overview of the clinical data associated with the application of 18F-FDG PET/CT imaging in the treatment of ICIs. Furthermore, we discuss perspectives on the development direction of 18F-FDG PET/CT imaging, with a particular emphasis on possible challenges in the future. We also summarize the researches on novel PET/CT molecular imaging, which may potentially promote the precise application of ICIs.



Characteristics and classifications of TME

Compared with traditional treatments, such as radiotherapy and chemotherapy, ICIs treatment is more closely related to TME. The efficacy of ICIs may be influenced by various mechanisms related to the tumor or the host, among which TME is being widely investigated as a critical factor. The characteristics of TME vary in different individuals and cancer types, which will affect the immune response to ICIs treatment.


Compositions and metabolism of TME

TME is composed of tumor cells, immune cells, stromal cells, extracellular matrix, and exosomes (4), thus forming a microenvironment with the characteristics of inflammation, hypoxia, acidity, and immunosuppression. Different types of cells in TME have their preferred metabolic phenotypes (Figure 1).




Figure 1 | Tumor microenvironment (TME) is composed of tumor cells, immune cells, stromal cells, extracellular matrix, and exosomes, thus forming a microenvironment with the characteristics of inflammation, hypoxia, acidity, and immunosuppression. Different types of cells in TME have their preferred metabolic phenotypes. OXPHOS, oxidative phosphorylation; HBP, hexosamine biosynthesis pathway; PPP, pentose phosphate pathway; MDSC, myeloid-derived suppressor cell; Treg cell, regulatory T cell; M2-TAM, immunosuppressive macrophages; Tmem cell, CD8+ memory T cells; DC, dendritic cell; Teff cell, CD8+ effector T cells; NK cell, natural killer cell; M1-TAM, inflammatory tumor-associated macrophages; CAF, cancer-associated fibroblast; TGF-β, transforming growth factor-β; TNF-α, tumor necrosis factor-α; IL-2, Interleukin-2; IFN-γ, Interferon-γ; ECM, extracellular matrix.



Tumor cells generally experience metabolic reprogramming, especially glucose metabolism, to adapt to immunosuppressive TME. Even under aerobic conditions, tumor cells are typically characterized by glycolysis, resulting in high rates of glucose intake with high lactate excretion, which is known as the Warburg effect (5). There are fundamental differences between the metabolic programs of cancer cells and immune cells, as well as between different immune cells (6).

Immune cells can be divided into immune-activating cells and immunosuppressive cells. The characteristics of TME might inhibit antitumor immune cells and lead to their exhaustion or senescence (7), but tumor-promoting immune cells mostly show tolerance (8). Immune-activating cells include CD8+ effector T (Teff) cells, CD8+ memory T (Tmem) cells, CD4+ T helper 1 (Th 1) cells, dendritic cells (DCs), natural killer (NK) cells, inflammatory tumor-associated macrophages (M1-TAM), B cells, and neutrophils. Immunosuppressive cells include regulatory T (Treg) cells, myeloid-derived suppressor cells (MDSCs), and immunosuppressive macrophages (M2-TAM), which subvert antitumor immunity by secreting cytokines or interfering with metabolism (5).

Stromal cells include cancer-associated fibroblasts (CAFs), endothelial cells, and pericytes. Like immune cells, stromal cells could interact with tumor cells, modulate their metabolic behavior, and contribute to migration, invasion, and evasion of immune surveillance (9). CAFs can carry out aerobic glycolysis and secrete lactate and pyruvate as fuels for neighboring tumor cells. A metabolic cross-talk exists between tumor cells and CAFs, referred to as a reverse-Warburg effect. CAFs are also characterized by increased synthesis and secretion of glutamine, which is consumed by cancer cells, thus allowing them to sustain nucleotide generation and oxidative phosphorylation (OXPHOS) to obtain high proliferation (10).



Classifications of TME associated with ICIs therapy

With the continuous understanding of the dynamic interaction (promote or hinder) between the status of TME and the treatment with ICIs, several TME classifications based on immunotherapeutic rationale have been proposed. These types are associated with therapy response and might be helpful in selecting the appropriate immunotherapy strategy and suitable patients.

Tumor immune microenvironment (TIME) refers to the immunological characteristics of TME, mainly including the cell types, infiltration degrees, and molecular expression levels of immune cells. Based on the degree and location of tumor-infiltrating lymphocytes (TILs) in TIME, tumors can be classified into “cold” or “hot” ones, or more precisely, divided into three types of immune-inflamed, immune-excluded, and immune-desert (11). In addition, PD-L1 expression and TILs infiltration are essential features of TIME related to ICIs (12, 13). Hence, TIME can be divided into four tumor immune microenvironment types (TIMTs) according to these two characteristics, i.e., PD-L1−/TIL−, PD-L1+/TIL+, PD-L1−/TIL+, and PD-L1+/TIL− (14).

Considering that the metabolic and immune characteristics of TME are important theoretical bases for tumor immunotherapy, Siska et al. recommended the metabolic-tumor-stroma score (MeTS) to describe the characteristics of tumor metabolism and cell heterogeneity (15): (1) OXPHOS metabolic type and high T cell infiltration; (2) reverse Warburg type; (3) mixed type; and (4) Warburg type and low T cell infiltration.




Application of 18F-FDG PET/CT imaging in ICIs treatment

Due to the Warburg effect, tumor cells are usually characterized by high glucose metabolism, i.e., increased FDG uptake is often induced in the case of over-expression of glucose transporters (GLUT), such as GLUT1 and GLUT3. A set of studies have shown that GLUT1 expression is correlated with tumor size and hypoxia of TME, and the latter activates hypoxia-inducible factor 1-alpha (HIF-1α) to trigger the Warburg effect and upregulate GLUT expression (16). It has also been elucidated that HIF-1α could directly bind to the hypoxia response element in the PD-L1 proximal promoter and control its expression under hypoxic conditions (17). Besides, activation of some immune cells, including CD4+ and CD8+ T cells, is accompanied by increased metabolism, such as upregulated aerobic glycolysis, tricarboxylic acid (TCA) cycle, and OXPHOS (6). The above mechanisms may provide a theoretical basis for the role of 18F-FDG PET/CT imaging in ICIs therapy, including characterization of TIME, assessment of irAEs, evaluation of therapeutic efficacy, and prediction of prognosis (Figure 2).




Figure 2 | The application of 18F-FDG PET/CT imaging in tumor immunotherapy includes characterization of tumor immune microenvironment (TIME), assessment of immune-related adverse events (irAEs), evaluation of therapeutic efficacy, and prediction of prognosis.




Characterization of TIME

Delineation of TIME characteristics can help treatment formulation, efficacy evaluation, and prognosis prediction (18). Due to the complexity of TIME components and their dynamic changes during the treatment process of ICIs, traditional methods such as biopsy have limitations in reflecting TIME. As a non-invasive and functional whole-body imaging modality, 18F-FDG PET/CT imaging has some potential advantages in characterizing the overall glucose metabolism of tumor cells, activated immune cells, and stromal cells in the TME of the primary lesions.

The majority of researches on the application of 18F-FDG PET/CT imaging on TIME characterization focused on non-small-cell lung cancer (NSCLC) (Table 1). Zhao et al. carried out two studies with the largest sample sizes (419 cases and 428 cases) to investigate the relationship between PD-L1 expression and 18F-FDG uptake, using 22C3 and SP142 assays, respectively (19, 20). They both showed that maximum standardized uptake value (SUVmax) was significantly associated with PD-L1 expression in NSCLC. A meta-analysis across seven studies (473 patients) showed that the predictive sensitivity of the SUVmax for the expression of PD-L1 in NSCLC patients was 75%, and the specificity was 73% (41). Other metabolic parameters, such as mean standardized uptake value (SUVmean) and the ratio of metabolic to morphological lesion volumes (MMVR), have been reported to be correlated with PD-1 or PD-L1 expression (26, 27). 18F-FDG PET/CT radiomics have also been used to explore predictive models based on images and clinical information for PD-L1 expression (28–30). Additionally, Mitchell et al. found that high SUVmax was associated with reduced CD57+ cell density and increased T cell exhaustion gene signature (21). Wang et al. revealed that high SUVmax was associated with high infiltration of CD8+ T cells, M2 macrophages, and Foxp3+ Treg cells (22).


Table 1 | Tumor microenvironment evaluation by 18F-FDG PET/CT imaging.



In terms of TIMTs, Zhou et al. used dual-phase 18F-FDG PET/CT imaging to reflect metabolic dynamics in NSCLC and constructed a model combined metabolic signature (Meta-Sig) and clinical factors to predict PD-L1+/TIL+ tumors (AUC: 0.869, sensitivity: 77.27%, specificity: 82.61%) (42). Wu et al. analyzed the correlation between SUVmax and TIMT classification in patients with cell clear renal cell carcinoma (ccRCC) and suggested that SUVmax might be used as an indicator for TIMTs and thus help guide the treatment with ICIs (32).

In addition, the correlation between 18F-FDG PET/CT imaging and TIME in breast cancer, gastric cancer, colorectal cancer, bladder cancer, nasopharyngeal cancer, and oral squamous cell carcinoma has also been observed (Table 1).



Assessment of irAEs

The perturbation of ICIs on the balance of the immune system can lead to a loss of self-tolerance and excessive immune activation of normal tissues, resulting in irAEs (43). The irAEs can affect nearly all organ systems, such as the neurologic, pulmonary, cardiovascular, gastrointestinal, endocrine, genitourinary, integumentary, skeletal and joint systems, and so on (44, 45). The irAEs resulting from different ICIs may vary. A systematic review found that deaths from CTLA-4 inhibitors were mainly caused by the irAEs of colitis (70%), and deaths from PD-1/PD-L1 inhibitors were mainly pneumonia (35%), hepatitis (22%), and neurotoxicity (15%) (46). For different types of tumors, the most commonly affected sites of irAEs are also different. For example, patients with NSCLC mainly show endocrine system and skin irAEs, and patients with melanoma mostly involve the skin and liver, while irAEs occur in patients with RCC are more common in the skin and gastrointestinal tract (47).

A number of current reports support that some irAEs seem to be associated with improved tumor response and better survival (48). This association may stay robust in certain cancer types (NSCLC, melanoma, RCC, and advanced urothelial cancer) and organ-specific irAEs (the skin and endocrine system) (49–52). But some reports pointed out that grade 3-5 irAEs (severe irAEs) are not associated with increased overall survival (OS) and progression-free survival (PFS) in NSCLC patients (53, 54). Oncologists should weigh the risk of irAEs against the benefit of ICIs before immunotherapy and take appropriate management once irAEs occur.

Therefore, it is necessary to judge the appearances of irAEs timely by noninvasive imaging methods. CT or magnetic resonance imaging (MRI) has been widely used to detect irAEs, especially in the lung, pancreas, liver, and nervous system (55). However, the utility of 18F-FDG PET/CT imaging in irAEs screening and monitoring is largely under-recognized currently (2).

18F-FDG PET/CT imaging may be a sensitive method to identify the development and severity of irAEs, which usually present as a new non-neoplastic lesion with increased FDG accumulation after ICI treatment (56). For instance, elevated thyroid SUVmax commonly suggests ICI-related thyroiditis (57), while a diffuse increase of FDG uptake in the pancreas is a characteristic manifestation of ICI-related pancreatitis (58). A study on patients with metastatic melanoma treated with ICIs found that novel quantitative imaging biomarkers, i.e. the SUV percentiles (SUVX%) of 18F-FDG uptake within the target organs, could be predictive of irAEs in the bowel, stomach, and thyroid (56). This study also demonstrated that some irAEs could be detected on 18F-FDG PET/CT imaging before the onset of clinical symptoms, which showed increased 18F-FDG uptake in the affected organs. The typical 18F-FDG PET/CT manifestations of irAEs can be seen in Figure 3.




Figure 3 | Typical images of irAEs in patients with ICI treatment. (A), thyroiditis; (B), hypophysitis; (C), pneumonia; (D), pancreatitis; (E), enteritis. The sites of irAEs were marked with blue arrows on maximum intensity projection (MIP) and PET images.





Evaluation of therapeutic efficacy

ICIs treatment can achieve antitumor effects by eliminating immunosuppression and reinvigorating Tmem cells, which are good for the patient’s long-term survival. However, ICIs can also lead to atypical response patterns, including pseudoprogression, hyperprogression, and mixed response.

In order to standardize the imaging evaluation of tumor treatment efficacy, a series of tumor treatment response evaluation criteria have been proposed. The CT-based evaluation criteria, i.e. Response Evaluation Criteria in Solid Tumors version 1.1 (RECIST 1.1) (59), were initially used directly. The typical cases evaluated by RECIST 1.1 were displayed in Figure 4. RECIST 1.1 was later adjusted for better ICI response evaluation. The modified RECIST 1.1 for immune-based therapeutics, i.e. iRECIST, classify the initial discovery of the suspected progression as initially unconfirmed progressive disease (iUPD) (60). Immune-modified RECIST (imRECIST) includes the measurable new lesions in the total tumor burden (61).




Figure 4 | Typical cases evaluated by Response Evaluation Criteria in Solid Tumors (RECIST) 1.1 in patients with ICI treatment. (A), Immunotherapy response in a 64-year-old male patient with right lung adenocarcinoma. The baseline image shows intensive FDG uptake in the primary tumor, accompanied with multifocal intrapulmonary metastasis, lymphadenopathy, and the involvement of pleura. Follow-up images after 4 cycles and sequential 11 cycles of the combination of chemotherapy and ICI show partial response (PR). (B), Immunotherapy response in a 60-year-old female patient with right lung adenocarcinoma. Image after 7 cycles of the combination of chemotherapy and ICI shows the enlargement and increased metabolism in the primary tumor, and the onset of multiple new lesions in the lung, pleura, lymph nodes, liver, and bone, indicating progressive disease (PD).



Meanwhile, the 18F-FDG PET (PET/CT)-based evaluation criteria have also been successively proposed (Table 2). The European Organization for Research and Treatment of Cancer 1999 criteria (EORTC) is the first metabolism criterion using SUVmax changes to determine antitumor treatment response (62). In 2009, Wahl et al. proposed the PET Response Criteria in Solid Tumors (PERCIST) (63), which has also been modified further. Immune PERCIST (iPERCIST) introduced the concept of unconfirmed progressive metabolic disease (UPMD) (64). Since immunotherapy may induce new inflammatory lesions that are detectable on 18F-FDG PET/CT, immunotherapy-modified response classification (imPERCIST5) was introduced. According to imPERCIST5, progressive metabolic disease (PMD) was defined only by an increase of the sum of peak standardized uptake values normalized for body lean body mass (SULpeak) by 30% (65). In 2018, Anwar et al. proposed PET Response Evaluation Criteria for Immunotherapy (PERCIMT) to evaluate clinical benefit based on the number and size of new lesions (66). According to PERCIMT, 4 or more new lesions (regardless of size), or 3 or more new lesions (diameter > 1 cm), or 2 or more new lesions (diameter > 1.5 cm), are all defined as no-clinical benefit, while the other cases are considered clinically benefited.


Table 2 | Metabolism evaluation criteria for immunotherapy response.



The comparative studies of different response evaluation criteria are shown in Table 3. In short, the continuous adjustment of immunotherapy response evaluation criteria aims to guide immunotherapy management more precisely and effectively.


Table 3 | Comparative studies on evaluation criteria of immunotherapy response.





Prediction of prognosis

Since only a certain proportion of patients can benefit from ICIs therapy, how to conduct pretreatment assessments and identify eligible patients has important clinical significance. Up to now, some potentially prognostic biomarkers have been explored, including tumor PD-L1 expression, tumor mutation burden (TMB), microsatellite instability (MSI), gene expression profiles, gastrointestinal microbiome, and so on (73). Nevertheless, the values of these biomarkers remain controversial, and some biomarkers (such as TMB and MSI) require complex, expensive, and time-consuming analyses. Despite imperfection, PD-L1 expression is still the most commonly used biomarker in clinic, especially for NSCLC patients (74).

There have been a variety of studies committed to discovering the prognostic value of 18F-FDG PET/CT imaging on ICI treatment, but the results are inconsistent. The researches mainly focus on patients with NSCLC and melanoma, and the metabolic parameters include SUVmax, SUVmean, metabolic tumor volume (MTV), total MTV (tMTV), total lesion glycolysis (TLG), and so on (Table 4). Although SUVmax is the most commonly used metabolic parameter, its prognostic value may be controversial (81, 87). Some researchers have also advocated that SUVmean may be suggestive (83). Other studies support the prognostic value of MTV and TLG for immunotherapy, indicating that high MTV and TLG are associated with poor prognosis (78, 80). However, the multivariate analysis of a prospective study on nivolumab found no significant correlation between TLG and OS (88). In addition, tMTV provides a good indication of the total cancer burden (3). Seban et al. demonstrated that tMTV > 75 cm3 was associated with shorter OS and the absence of clinical disease benefit. They proposed a metabolic scoring system based on the derived neutrophil-to-lymphocyte ratio (dNLR) and tMTV, which stratified patients into three groups with different prognosis: poor prognosis (dNLR>3 and tMTV>75 cm3), moderate prognosis (dNLR>3 or tMTV>75 cm3) and good prognosis (dNLR ≤ 3 and tMTV ≤ 75 cm3) (77). However, Vekens et al. discovered that tMTV and TLG did not have a predictive effect (87).


Table 4 | Prognosis predictive role of 18F-FDG PET/CT in immunotherapy.



The main reasons for the inconsistent results may lie in the heterogeneity of patients included and the difference of treatment schemes in the study cohorts. The discrepancies between adopted end-point events and treatment response evaluation criteria may be other confounding issues. Further researches should be carried out to establish an ideal and universal method from the metabolism perspective for predicting the prognosis of pan-cancer, which would be validated in a large dataset.

In recent years, the rapid development of artificial intelligence has further promoted the application of 18F-FDG PET/CT radiomics, which extracts a large number of quantitative features from PET/CT images through automated and high-throughput methods, in the prognosis evaluation after surgery, chemoradiotherapy, targeted therapy or immunotherapy. Mu et al. (91) constructed a deep learning model based on PET/CT images, namely the EGFR-deep learning score (EGFR-DLS), to provide non-invasive decision support for targeted therapy or immunotherapy for patients with NSCLC. Moreover, Mu et al. (92) established a nomogram including multi-parameter PET/CT radiomic features, Eastern Cooperative Oncology Group (ECOG) score, and distant metastasis to predict the prognosis of patients with stage IIIB-IV NSCLC receiving ICIs therapy.



Challenges and perspectives

With unprecedented advances in ICIs in cancer treatment, the value of 18F-FDG PET/CT has been especially emphasized. Nevertheless, several challenges associated with 18F-FDG PET/CT imaging need to be addressed to broaden its application in ICIs treatment. One major shortcoming is the lack of recognized guidelines to instruct the application of 18F-FDG PET/CT imaging in immunotherapy. On the other hand, although glucose metabolism parameters, such as SUVmax, have been shown to be significantly related to the immune characteristics of TME or prognosis, related studies were mostly retrospective, single-center and small-sample size, and there are controversies between the results of different studies. So, further prospective and large-sample cohort studies are still needed. Moreover, current studies mainly focus on NSCLC and melanoma. With the extensive development of ICIs treatment and the accumulation of cases, researches concentrating on other cancers can be investigated. Besides, there remains a challenging area of investigations on biological mechanisms of the association between TME and 18F-FDG PET/CT imaging, and basic and translational studies are encouraged to unravel the unknowns.




New PET molecular probe imaging for ICIs treatment

In addition to 18F-FDG, researchers are also committed to developing a series of new PET molecular probes targeting the compositions of TME, some of which have entered preclinical or clinical applications (Figure 5). The principles of these designs are mostly based on the specific binding of radiolabeled antibodies, peptides, or small molecules with the corresponding targets. The emergence of new molecular imaging agents is expected to provide more accurate means to obtain dynamic information about TME for promoting individualized treatment.




Figure 5 | A series of new PET molecular probes targeting the compositions of tumor microenvironment (TME).




PD-1/PD-L1 targeting

PD-L1 or PD-1 expression is reported to be related with prognosis after immunotherapy, and the detection of the two biomarkers mainly depends on immunohistochemistry (IHC) of biopsy or surgery materials. However, this invasive and snap-shot approach has some limitations, including the inability to reflect the heterogeneity and spatio-temporal dynamic expression of PD-L1 or PD-1 in tumor tissues, different antibody detection platforms and different thresholds leading to different results, and difficulties in obtaining histological specimens for some patients. Targeted molecular imaging can detect PD-L1 or PD-1 expression noninvasively and dynamically in vivo to compensate for the above shortcomings.

PD-1 imaging agents used in clinical trials include 89Zr-pembrolizumab, 64Cu-pembrolizumab, and 89Zr-nivolumab. The first-in-humans study of 89Zr-pembrolizumab in patients with advanced-stage NSCLC confirmed its safety and feasibility for immunotherapy. The findings indicated that patients with higher tumor uptake for 89Zr-pembrolizumab showed a tendency for better response to pembrolizumab (93). A later study showed that 89Zr-pembrolizumab uptake was positively associated with PFS and OS in melanoma and NSCLC patients (94).

PD-L1 targeting imaging agents mainly include 89Zr-atezolizumab, 89Zr-durvalumab, and 18F-BMS-986192, all of which have been in clinical trials (95). Researchers uncovered that 89Zr-atezolizumab uptake performed better than IHC or RNA sequencing-based predictive biomarkers in evaluating clinical responses for ICIs (96). 89Zr-atezolizumab is also reported to be helpful in identifying RCC patients who may benefit from anti-PD-1/PD-L1 therapy (97). Meanwhile, a number of preclinical studies on PD-L1-targeting molecular probes (including antibodies, peptides, and small molecules) using nuclear medicine, MRI, or optical imaging, have been documented (98, 99).



CTLA-4 targeting

CTLA-4 is another well-known immunosuppressive checkpoint. It is expressed on T cells and binds with CD80/86 ligands on DCs with a high affinity to prevent uncontrolled expansion of activated T cells. Accordingly, the blockade of CTLA-4 with antibodies has been used in clinic as a promising option for cancer patients. CTLA-4 targeting imaging agents include 64Cu-NOTA-ipilimumab-F(ab’)2, 64Cu-NOTA-ipilimumab, and 64Cu-DOTA-ipilimumab (100, 101), and all of them have not yet entered clinical trials.



Other immune checkpoints targeting

Apart from PD-1, PD-L1, and CTLA-4, several novel immune checkpoint molecules, both the inhibitory and stimulatory ones, have been discovered over the past decade (43). The former molecules include lymphocyte activation gene-3 (LAG-3), T cell immunoglobulin and mucin-domain containing-3 (TIM-3), T cell immunoglobulin and ITIM domain (TIGIT), sialic acid-binding immunoglobulin-like lectin 15 (Siglec-15), and V-domain Ig suppressor of T cell activation (VISTA), which express on a variety of immune cells and exhibit inhibitory roles in the context of malignancy.

The positive immune regulators, such as glucocorticoid-induced TNFR-related gene (GITR) and tumor necrosis factor receptor superfamily member 4 (OX40), are co-stimulatory molecules expressed on T cells. In addition, inducible T-cell co-stimulator (ICOS) is an indicator of T-cell-mediated immune response, and some animal experiments showed that 89Zr-DFO-ICOS mAb targeting ICOS could monitor immunotherapy response (102, 103). With the discovery of new immune checkpoints, molecular probes targeting these targets are emerging.



T cell targeting

CD8+ TILs are an important feature reflecting TIME and significantly impact the tumorigenesis and development of tumors. Responders showed higher numbers of pre-existing CD8+ Teff cells within the tumor and at tumor margins prior to ICIs therapy (104). Therefore, targeted imaging of CD8+ T cells is of great significance for immunotherapy.

89Zr-Df-IAB22M2C, a new molecular probe targeting CD8+ TILs, is used to assess CD8+ TILs in tumors accurately. The first human trial of 89Zr-Df-IAB22M2C has proven its safety and validity in patients with solid malignancies (105). 89Zr-PEGylated VHH-X118 has also been confirmed to have the potential for CD8+ TIL targeting imaging (106). Iravani et al. demonstrated that 18F-FDG and other new imaging agents, such as those targeting CD8+ TILs or T cell function, can be used for PET/CT imaging to guide ICI treatment in the future (107). However, due to the complexity of lymphocyte subsets, CD8+ TILs imaging agents can only reflect part of the overall immune effect (108). Another problem with T cell targeting imaging is to determine the optimal timing of evaluation to reasonably reflect the activation degree of T cells.



Secretory substance targeting

Secretory substances exist in the extracellular environment and participate in information transmission and effect exertion. Imaging targeting such substances, such as granzyme B and interferon-gamma (IFN-γ), has potential advantages in showing the immune treatment response. With regards to granzyme B targeted imaging, 18F-Ara-Gand and 68Ga-NOTA-GZP can reflect the activation of CD8+ T cells and help to distinguish between pseudoprogression and true progression (107). Another study showed that the detection of granzyme B with 68Ga-NOTA-GZP helps differentiate the responders from non-responders to immunotherapy (109). 89Zr-DFO-AN-18, a novel probe targeting IFN-γ, has been indicated to monitor the response to immunotherapy in mouse mammary tumors (110).




Conclusion

In summary, an in-depth understanding of the underlying mechanisms of cancer immunotherapy is an important cornerstone for expanding the benefits of ICIs treatment to a larger cancer population. Hence, diagnostic approaches, especially PET/CT molecular imaging, should be vigorously developed to identify patients who might benefit from ICIs treatment. Concurrently, under the guidance of PET/CT molecular imaging, clinicians can shift the paradigm to improve the outcome of cancer patients, and even facilitate the development of novel therapeutic strategies to enhance therapeutic effectiveness. It is believed that with the extensive availability of standardized protocols, various affordable imaging agents, and user-friendly analysis platforms, PET/CT imaging will play a more important role in the era of immuno-oncology.
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Neoadjuvant chemoradiotherapy (nCRT) is widely used to treat patients with locally advanced rectal cancer (LARC), and treatment responses vary. Fatty acid metabolism (FAM) is closely associated with carcinogenesis and cancer progression. In this study, we investigated the vital role of FAM on the gut microbiome and metabolism in the context of cancer. We screened 34 disease-free survival (DFS)-related, FAM-related, and radiosensitivity-related genes based on the Gene Expression Omnibus database. Subsequently, we developed a five-gene FAM-related signature using the least absolute shrinkage and selection operator Cox regression model. The FAM-related signature was also validated in external validation from Fujian Cancer Hospital for predicting nCRT response, DFS, and overall survival (OS). Notably, patients with a low-risk score were associated with pathological complete response and better DFS and OS outcomes. A comprehensive evaluation of the tumor microenvironment based on the FAM-related signature revealed that patients with high-risk scores were closely associated with activating type I interferon response and inflammation-promoting functions. In conclusion, our findings indicate the potential ability of FAM to predict nCRT response and the prognosis of DFS and OS in patients with LARC.
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Introduction

Colorectal cancer (CRC) is one of the three most common cancers and the second leading cause of cancer-related deaths worldwide (1). Rectal cancer accounts for approximately 30% of all newly diagnosed CRC cases (2). Neoadjuvant chemoradiotherapy (nCRT) followed by total mesorectal excision is the standard treatment modality for patients with locally advanced rectal cancer (LARC) (T3, T4, or N+) (3). nCRT has been confirmed to be associated with better survival outcomes, especially in improving disease-free survival (DFS) rates (4, 5). Patients with pathological complete response (pCR) have been confirmed to have much better overall survival (OS) and DFS. However, treatment responses varied widely among patients. About 15%–30% of patients achieve pCR after nCRT (6, 7). Hence, it is crucial to identify potential biomarkers to predict treatment response and prognosis in patients with rectal cancer who undergo nCRT.

Microbiomes and metabolites have been recognized as indispensable cancer hallmarks (8, 9). The gut microbiome is known to be related to tumor development, especially in digestive system tumors (10, 11). Metabolic reprogramming also plays an important role in cancer development (12–14). In addition, gut microbiome dysbiosis and metabolic disorders are associated with the development of CRC (15). The gut microbiome and metabolites can be used to predict treatment response to radiotherapy, chemotherapy, and immunotherapy (16, 17). In addition, the gut microbiome and metabolites have been shown to be useful in predicting nCRT response in patients with LARC (18, 19). However, little is known about the mechanisms by which the gut microbiome and metabolites influence radiotherapy response in rectal cancer (20).

Fatty acid metabolism (FAM) has been the focus of related research because of its close relationship with carcinogenesis and cancer progression (21). Fatty acids (FAs) are a principal structural component of the human body. They are also vital secondary messengers and materials for energy production (22). FAM has been confirmed to be associated with sensitivity to chemotherapy, radiotherapy, and targeted therapy in cancers (19, 23). Given the important role of FAM, therapies targeting FAM are of great concern. Previous studies have shown the potential ability of FAM-related genes to guide prognosis in CRC (24, 25). However, evidence of FAM-related genes predicting treatment response in patients with rectal cancer is lacking. Therefore, further exploration of the relationship between FAM-related genes and clinicopathological characteristics in patients with rectal cancer treated with nCRT would be helpful in developing personalized regimens and management.

In this study, we first analyzed the potential function of the gut microbiome and its metabolites in rectal cancer patients with different nCRT responses. Additionally, we established a reliable signature for FAM-related genes. We fully evaluated its ability to predict survival outcomes and treatment responses in rectal cancer patients treated with nCRT based on the Gene Expression Omnibus (GEO) database. The findings of this study provide new insights that may be used to personalize the treatment of patients with rectal cancer who have undergone nCRT.



Materials and methods


Study participants

The procedure used in this study is shown in Figure 1. This study was approved by the Ethics Committee of the Fujian Cancer Hospital (No. K2017-082-01). Between September 2020 and September 2021, 42 patients with newly diagnosed rectal cancer were administered nCRT before surgery at Fujian Cancer Hospital. The inclusion criteria were 1) pathologically confirmed rectal adenocarcinoma; 2) clinical T3, T4, and/or N+ without distant metastasis; 3) long-course nCRT comprising 50 Gy in 25 fractions and concurrent oral capecitabine chemotherapy; 4) surgery 6–8 weeks after nCRT; 5) Fujian Province resident for >10 years. The exclusion criteria were as follows: 1) patients with metabolic diseases; 2) incomplete clinical information; 3) treatment interruption or did not accept nCRT before surgery; 4) antibiotic or steroid therapy within 6 months before nCRT.




Figure 1 | Workflow of this study. pCR, pathological complete response; UHPLC-MS/MS, ultra-high performance liquid chromatography–tandem mass spectrometry; RS, radiation sensitivity; FAM, fatty acid metabolism; RT, radiotherapy.



The histopathological responses to nCRT were classified according to the American Joint Committee on Cancer tumor regression grade (TRG) system, which is considered to be the most accurate (26). Patients with TRG grade 0 (no residual tumor cells) were classified as pCR, whereas patients with TRG grades 1–3 were classified as non-pCR. These specimens were examined by two experienced clinical pathologists.



16S rRNA gene sequencing and bioinformatics analysis

The V3–V4 region of the rRNA gene was amplified using primers 341F and 806R (27). The “DADA2” package was used to convert the paired-end FASTQ files. Raw data were processed using Quantitative Insights Into Microbial Ecology 2 (QIIME2, v. 2021.11). Representative amplicon sequence variant (ASV) sequences were classified into organisms using a naive Bayesian model and the RDP classifier (v. 2.2), according to the SILVA database (v. 132).

The abundance statistics for each taxon were visualized using Krona (v. 2.6). Venn analysis was performed using the R project “VennDiagram” package. The biomarker features were screened using linear discriminant analysis effect size (LEfSe) software (v. 1.0). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses of ASVs were performed using the Phylogenetic Investigation of Communities by Reconstruction of Unobserved States 2 (PICRUSt2) Tool (v. 2.1.4). Wilcoxon rank sum tests were performed in the R package “vegan”.



Ultra-high-performance liquid chromatography–tandem mass spectrometry analysis and statistical metabolism analyses

Ultra-high-performance liquid chromatography–tandem mass spectrometry (UHPLC-MS/MS) analyses were performed using a Vanquish UHPLC System (Thermo Fisher Scientific, Waltham, MA, USA) coupled with an Orbitrap Q Exactive™ HF-X mass spectrometer (Thermo Fisher Scientific). The peaks were then matched with the mzCloud (https://www.mzcloud.org/), mz Vault (Thermo Fisher Scientific), and Masslist databases (www.maldi-msi.org/mass) to obtain accurate qualitative and quantitative results.

A partial least-squares discriminant analysis (PLS-DA) was conducted with the “ropls” package in R. Variable importance in projection (VIP) based on PLS-DA was used to rank candidate metabolites (p< 0.05, t-test; VIP ≥ 1). Metabolite set enrichment analysis (MSEA) was used to evaluate pathway overrepresentation using the MetaboAnalyst module with the R package “MSEAp”.



Date source

Gene expression and clinicopathological information were downloaded from the GEO database (https://www.ncbi.nlm.nih.gov/geo/). Two GEO cohorts (GSE56699 and GSE87211) were used in our study. The RNA sequencing data of two cohorts were corrected for batch effects by using the R package “sva”. A total of 158 FAM-related genes were obtained from the Molecular Signatures Database (MSigDB) (http://www.broad.mit.edu/gsea/msigdb/, Supplementary Table 1). In addition, 82 frozen cancer samples of patients with LARC at Fujian Cancer Hospital (FJCH) between June 2016 to June 2021 were used for external validation. All the patients received nCRT and radical surgery. The clinical information of the GEO validation sets and FJCH set is detailed in Supplementary Table 2.



Single-sample gene set enrichment analysis

Single-sample gene set enrichment analysis (ssGSEA) was performed using the R package “GSVA” to calculate the pathway activity of “Hallmark_Fatty_Acid_Metabolism”. The patients were then divided into high and low pathway activities based on the median of all patients’ pathway activity.



Identification of differentially expressed genes

FAM-related differentially expressed genes (DEGs) of patients with high and low pathway activities were screened with an adjusted p-value of<0.05 by using the R package “limma”. The same method was used to identify the radiosensitive (RS) DEGs between nCRT-sensitive and nCRT-resistant patients. Univariate Cox regression analysis was performed to select prognosis-related DEGs based on DFS by applying the Kaplan–Meier R package “survival” with a p-value of <0.05.



Development of the fatty acid metabolism-related signature

The intersection of FAM-related DEGs, RS DEGs, and prognosis-related DEGs yielded candidate FAM-related genes. To avoid overfitting, the least absolute shrinkage and selection operator (LASSO) Cox regression algorithm was applied using the R package “glmnet”. Finally, the risk score of FAM-related genes was calculated using the following formula:

	

The patients were divided into high-risk and low-risk groups based on the median values. A heatmap of the model-related genes was generated for the two cohorts.



Assessment of fatty acid metabolism-related signature

FAM-related signatures were divided into two cohorts (GSE56699 and GSE87211). Patients in both cohorts were divided into high- and low-risk groups based on their FAM-related signature. Patients in both groups were then evaluated using the Kaplan–Meier survival analysis of DFS and OS by using the R package “survival”. The time-dependent receiver operating characteristic (ROC) curve was calculated using the R package “timeROC” to evaluate the predictive accuracy of the FAM-score prognostic model.



Evaluation of fatty acid metabolism-related signature and clinicopathological features

Multivariate Cox regression analysis and Wilcoxon rank sum tests were performed to identify the relationship between risk scores and clinical features. The area under the curve (AUC) analysis was calculated by using the R package “pROC” to evaluate the accuracy of using risk scores in predicting nCRT response in patients with rectal cancer.



Function enrichment analysis of fatty acid metabolism-related signature

Gene Ontology (GO) function enrichment analysis and KEGG function enrichment analysis were performed based on DEGs between high-risk and low-risk patients.



Relationship between fatty acid metabolism-related signature with tumor microenvironment and immune-related analysis

The R package “GSVA” was applied to calculate the abundance of 28 immune-infiltrating tumor cell types in each patient. The Wilcoxon test was used to assess the differences between patients with high-risk and low-risk scores. The ESTIMATE algorithm was used to evaluate the immunity, tumor purity, and stromal scores of each patient. Furthermore, we analyzed the differential expression levels of immune checkpoints between high-risk score patients and low-risk score patients by applying the R package “limma”.



Tissue samples and quantitative real-time polymerase chain reaction

Quantitative real-time polymerase chain reaction (qRT-PCR) was performed on 82 rectal cancer samples from FJCH. Total RNA was extracted from paraffin sections of tumor tissues using the E.Z.N.A. FFPE RNA Isolation Kit (R6954-01; Omega Bio-Tek, Doraville, GA, USA). The primer sequences are listed in Supplementary Table 3. Quantitative real-time PCR (qPCR) was used to determine RNA levels using SYBR Green (29139149001; Roche, Basel, Switzerland). RNA levels were normalized to those of β-actin. All the qRT-PCR analyses were performed in triplicates, and the average value was calculated by the Livak method.



Statistical analyses

R (version 3.6.1) was used to perform statistical analyses in this study. Bioinformatics analyses were performed using Omicsmart, which is a real-time interactive online data analysis platform (http://www.omicsmart.com). Pearson’s χ2 test and Student’s t-test were used to compare normally distributed variables, whereas the Kruskal–Wallis test and Wilcoxon rank sum test were used to compare non-normally distributed variables. Statistical significance was set at p< 0.05.




Results


Relationship between baseline gut microbiome and neoadjuvant chemoradiotherapy response in patients with rectal cancer

Data from 14 patients were analyzed according to the inclusion and exclusion criteria. Detailed clinicopathological characteristics of the 14 patients are shown in Supplementary Table 4. There were 134 species included in the pCR group and 155 species in the non-pCR group (Supplementary Figure 1B). We first determined community composition at the species level in the top 10 microbiomes of the pCR and non-pCR groups (Supplementary Figure 1A). To further identify the significantly different gut microbiomes in patients with rectal cancer with different nCRT responses, we performed LEfSe with |log10 LDA| ≥ 2 (Figure 2A; Supplementary Table 5). The microbiome of the phylum Proteobacteria, including the class Betaproteobacteriales and the families Xanthobacteraceae and Burkholderiaceae, was enriched in the pCR group, which may be associated with treatment response.




Figure 2 | Gut microbiome and metabolism characteristics at the baseline associated with neoadjuvant chemoradiotherapy treatment response. (A) Differentially abundant taxa between pCR and non-pCR groups analyzed by LEfSe (Kruskal–Wallis test; p< 0.05; LDA > 2). (B) Differences in KEGG pathway analyses between pCR and non-pCR groups (p< 0.05). (C) The bar plots show upregulated and downregulated metabolites of patients with different nCRT responses. (D) MSEA of metabolites from each patient showed significantly enriched signaling pathways. nCRT, neoadjuvant chemoradiotherapy; pCR, pathological complete response; LEfSe, linear discriminant analysis (LDA) effect size; KEGG, Kyoto Encyclopedia of Genes and Genome; MSEA, metabolite set enrichment analysis.



Functional analysis was performed, and the results are shown in a streamgraph (Supplementary Figure 1C). We found that the functions of each patient were enriched in the metabolism-related pathways. Finally, the difference analysis between the pCR and non-pCR groups showed significant differences in linoleic acid metabolism, which is included in lipid and FAM (p< 0.05, Figure 2B).



Characteristic of baseline metabolites of patients with rectal cancer with different neoadjuvant chemoradiotherapy responses

PLS-DA significantly segregated the patients into the pCR and non-pCR groups (Supplementary Figure 1D). We then screened the metabolites by combining the VIP scores based on PLS-DA and the p-values based on the t-test for the pCR and non-pCR groups. We found 72 metabolites with different abundance in patients with different nCRT responses at baseline (Figure 2C; Supplementary Table 6). Further functional enrichment analysis showed that different metabolites were primarily enriched in FAM (Figure 2D). Finally, propanoate and glycerol lipid metabolism were significantly different in patients with different nCRT responses (p< 0.05, Supplementary Figure 1E). Based on the analysis of the baseline gut microbiome and metabolites, we hypothesized that FAM may influence the response to nCRT in patients with rectal cancer.



Identification of different expression genes and construction of fatty acid metabolism-related signatures

We first scored 72 patients in GSE56699, based on 158 FAM-related genes (FAM-related genes). Patients who received pCR after nCRT had a higher score based on FAM-related genes than those who did not achieve pCR after nCRT (p< 0.05, Figure 3A). Once again, the results showed the vital role of FAM in influencing the treatment response in patients with rectal cancer. Thus, we divided the patients into two groups based on the median FAM-related genes score.




Figure 3 | Construction of the FAM-related signature for patients with rectal cancer treated with neoadjuvant chemoradiotherapy. (A) The expression of FAM-related genes in relation to nCRT response. (B) Venn diagram identifying the intersection of genes among RS DEGs, FAM-related genes, and prognostic genes. (C, D) The expression levels of five FAM score-related genes in GEO database (GSE56699 and GSE87211). nCRT, neoadjuvant chemoradiotherapy; RS, radiation sensitivity; DEGs, differentially expressed genes; FAM, fatty acid metabolism; LASSO, least absolute shrinkage and selection operator.



We identified 2,734 DEGs between the two groups with different FAM-related gene scores (Supplementary Table 7). Additionally, 2,912 RS DEGs were identified in patients with different nCRT responses (Supplementary Table 8), and 1,032 prognosis-related genes based on DFS were identified in patients from the GSE56699 dataset (Supplementary Table 9). Finally, 34 genes at the intersection of three parts of DEGs were recognized as potential candidate genes (Figure 3B; Supplementary Table 10). With the use of LASSO regression analysis, five genes (CYP1B1, DDC, ANO1, DAPL1, and RIOK3) were screened based on their minimum lambda values (Supplementary Figure 2, Supplementary Table 11). Among these five genes, two were protective genes (DDC and DAPL1) and three were risk-related genes (CYP1B1, ANO1, and RIOK3). Therefore, the FAM-related risk score was calculated using the following formula:

	

According to the FAM-related risk score, patients with a score lower than the median risk score were classified into the low-risk group, whereas those with a score higher than the median risk score were classified into the high-risk group. The expression levels of the five genes are described in the heatmap of the GSE56699 and GSE87211 datasets (Figures 3C, D). DDC and DAPL1 showed lower expression levels than CYP1B1, ANO1, and RIOK3 in patients in the high-risk group.



Prognostic analysis based on fatty acid metabolism-related signature

We evaluated the prognostic ability of FAM-related signatures in patients with rectal cancer from the training (GSE56699) and testing (GSE87211) datasets. All patients from the two datasets underwent nCRT. The distribution graph shows that the mortality rate of patients increased with an increase in the FAM-related risk score in the GSE56699 dataset (Figure 4A). The Kaplan–Meier survival curves revealed that patients in the low-risk group had significantly better DFS than those in the high-risk group (p< 0.05, Figure 4C). In addition, the AUC values of the 1-, 2-, and 3-year survival rates of the FAM-score prognostic model were 0.780, 0.910, and 0.942, respectively (Figure 4E). To further evaluate the prognostic ability of the FAM-score prognostic model, we calculated the FAM score in the test dataset (GSE87211). Similarly, patients with a low-risk score had a significantly favorable survival rate and DFS (p< 0.05, Figures 4B, D). The AUC values of the 1-, 2-, and 3-year survival rates in the test dataset were 0.736, 0.710, and 0.702, respectively (Figure 4F). Univariate and multivariate Cox regression analyses showed that the FAM score was an independent risk factor for DFS (both p< 0.05, Figure 4G).




Figure 4 | Evaluation of the ability of FAM-related signatures to predict prognosis in training and validation cohorts. (A, B) The association between DFS and FAM-related risk score in the training cohort (GSE56699) and the validation cohort (GSE87211). (C, D) Kaplan–Meier survival analyses of DFS between patients with high-risk scores and low-risk scores in the training and validation cohorts. (E, F) Time-dependent ROC curves used to evaluate the prognostic value of risk score in training and validation cohorts. (G) Univariate Cox analysis and multivariate Cox analysis of clinicopathological features and FAM-related signature in DFS. (H) Univariate Cox analysis and multivariate Cox analysis of clinicopathological features and FAM-related signature in OS. FAM, fatty acid metabolism; DFS, disease-free survival; ROC, receiver operating characteristic. OS, overall survival.



In terms of OS, the same phenomenon was observed in both the training (GSE56699) and testing (GSE87211) datasets. The survival rates decreased with increasing risk scores (Supplementary Figures 3A, B). In the training cohort, OS was not significantly different between the high- and low-risk groups (p = 0.2, Supplementary Figure 3C). In the testing cohort, patients in the high-risk group had a worse OS than those in the low-risk group (p = 0.04, Supplementary Figure 3D). The AUC values of 1-, 2-, and 3-year overall survival rates in the training dataset were 0.933, 0.596, and 0.739, respectively, and in the testing dataset, they were 0.907, 0.868, and 0.864, respectively (Supplementary Figures 3E, F). Therefore, we considered that the FAM-score prognostic model has an excellent ability to predict DFS and OS in patients with rectal cancer who have undergone nCRT. Similarly, the FAM score was an independent risk factor for OS (p< 0.05, Figure 4H).



Association between clinicopathological features and fatty acid metabolism-related signature

FAM-related signatures were significantly associated with patient age (Supplementary Figure 4A). Patients who are less than 65 years of age had a higher FAM-related risk score than those older than 65 years (p = 0.039, Supplementary Figure 4B). In addition, patients who achieved pCR after nCRT had a lower risk score than nCRT-resistant patients (p = 0.002, Figure 5A). In predicting the nCRT responses of patients with rectal cancer, the FAM-related risk score showed promising predictive ability (AUC = 0.706, Figure 5B). Once more, our observations reflected the ability of the FAM score to predict nCRT response in patients with rectal cancer.




Figure 5 | Comparison of FAM-related signature and previously published multi-gene models. (A) FAM-related risk score association with nCRT response. (B) ROC curves used to evaluate the ability of predicting nCRT response using FAM-related signature. (C) The ability of the FAM-score model to predict nCRT response of patients with rectal cancer treated with nCRT is better than previously published multi-gene models. (D–F) AUC values at 1-, 2-, and 3-years DFS of FAM-score model and previously published multi-gene models. (G–I) The DCA for FAM-score model compared with previously published multi-gene models. nCRT, neoadjuvant chemoradiotherapy; FAM, fatty acid metabolism; AUC, area under the curve; DCA, decision curve analysis.





Comparison of fatty acid metabolism-related signature and previously published multi-gene signatures

The FAM-related signature showed the potential ability to predict DFS, OS, and even nCRT response in patients with rectal cancer. To further evaluate the predictive ability of the FAM-related signature, we compared it with previously published multi-gene signatures. The FAM-related signature showed a better predictive ability for nCRT responses than the other previously published multi-gene signatures (Figure 5C). FAM-related signatures were more efficient in predicting the 1-, 2-, and 3-year DFS and OS of patients who received nCRT than other signatures (Figures 5D–F; Supplementary Figures 5A–C). Furthermore, the decision curve analysis (DCA) curves also suggested that the FAM-related signature outperformed the other signatures in predicting 1-, 2-, and 3-year DFS and OS (Figures 5G–I; Supplementary Figures 5D–F). Therefore, the FAM-related signature shows promising potential not only in predicting the prognosis of DFS and OS but also in predicting the nCRT response of patients with rectal cancer who underwent nCRT.



Function enrichment of differentially expressed genes between high- and low-risk groups

GO and KEGG enrichment analyses were used to reveal the biological processes and functions of the DEGs between the high- and low-risk groups based on FAM-related signatures. GO enrichment analysis revealed that the functions of DEGs were enriched in the biogenesis and targeting of proteins, including the biogenesis of ribonucleoprotein complexes and calmodulin binding (Figure 6A). KEGG enrichment analysis revealed that the cAMP signaling pathway and neuroactive ligand–receptor interaction metabolic pathways were significantly enriched based on the DEGs between the two groups (Figure 6B).




Figure 6 | Functional analysis of differentially expressed genes and the immune landscape of fatty acid metabolism-related signatures. (A, B) The enriched GO and KEGG terms based on DEGs between low-risk and high-risk groups. (C–E) Correlation between estimate scores, immune scores, stromal scores, and risk scores. (F) The expression of immune checkpoints in low-risk and high-risk groups. (G) The ssGSEA score of immune cells and immune-related functions with low-risk and high-risk groups. GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; DEGs, differentially expressed genes. ns: not significant; *: P< 0.05; **: P< 0.01; ***: P< 0.001.





The landscape and evaluation of immune checkpoints based on fatty acid metabolism-related risk score

To further reveal the relationship between FAM-related signatures and tumor features, we first evaluated the tumor microenvironment (TME) score, including the estimated score, immune score, and stromal score, of patients with rectal cancer who underwent nCRT (Figures 6C–E). Patients with high FAM scores were closely associated with higher estimated and immune scores (both p< 0.05). Interestingly, we found that the number of immune-related cells, including interdigitating dendritic cells (iDCs), macrophages, and NK cells, was much higher in patients with a high FAM score (Figure 6F). We next analyzed the immune checkpoints to determine why patients with high-risk scores had higher immune cell infiltration but showed a worse treatment response. We observed that patients with high-risk scores were associated with high-level expression of genes associated with immune checkpoints, including BTLA, CD160, CD200, CD274 (PD-L1), HHLA2, IDO2, LAG3, and LGALS9 (p< 0.05, Figure 6G). These results also showed that patients with high-risk scores might respond better to therapies targeting the above checkpoints, especially PD-L1.



Validation of the fatty acid metabolism-related signature in the Fujian Cancer Hospital cohort

To confirm the ability of the FAM-related signature to predict DFS and OS, qPCR was used to examine the expression of five genes (CYP1B1, DDC, ANO1, DAPL1, and RIOK3) in 78 tumor tissues. The patients in our independent cohort were divided into high- and low-risk groups based on their FAM-related risk scores. Consistent with the training dataset, patients in the low-risk group had better DFS and OS rates (Figure 7A; Supplementary Figure 6A). The FAM-related signature also had the potential to predict DFS and OS based on ROC analysis (AUC values of 1-, 2-, and 3-year DFS rates were 0.813, 0.767, and 0.808, respectively; AUC values of 1-, 2-, and 3-year OS rates were 0.813, 0.735, and 0.762, respectively) (Figure 7B; Supplementary Figure 6B). Univariate and multivariate Cox regression analyses showed that the FAM score was an independent risk factor for DFS and OS (both p< 0.05, Figure 7C; Supplementary Figure 6C). In addition, patients with lower risk scores tend to achieve pCR in the FJCH cohort (p = 0.021, Figure 7D). The FAM-score model also showed a satisfactory ability to predict the response to nCRT (AUC = 0.718, Figure 7E).




Figure 7 | Evaluation of the ability of FAM-related signatures to predict prognosis and nCRT response in the FJCH set. (A) Kaplan–Meier survival analyses of DFS between patients with high-risk and low-risk scores in the independent cohort. (B) Time-dependent ROC curves used to evaluate the prognostic value of risk score. (C) Univariate Cox analysis and multivariate Cox analysis of clinicopathological features and FAM-related signature in DFS. (D) FAM-related risk score associated with nCRT response. (E) Evaluation of FAM-related signature to predict nCRT response. FAM, fatty acid metabolism; DFS, disease-free survival; OS, overall survival; ROC, receiver operating characteristic.






Discussion

Metabolism is considered a hallmark of cancer and is closely associated with tumor occurrence and development (28, 29). FAM has also been linked to cancer development and treatment response (30, 31). To the best of our knowledge, this is the first report revealing the important role of FAM in locally advanced rectal cancer that applies gut microbiome, metabolome, and human transcriptome sequencing based on the GEO database in patients with rectal cancer treated with nCRT. In addition, the FAM-related signature composed of five genes showed excellent ability not only in predicting DFS and OS but also in predicting nCRT response in patients with rectal cancer treated with nCRT.

At the baseline of patients with rectal cancer who underwent nCRT, we observed that the gut microbiome from the phylum Proteobacteria, including the class Betaproteobacteriales and the families Burkholderiaceae and Xanthobacteraceae, was strongly associated with favorable nCRT response. Proteobacteria are a major constituent of the human gut microbiome and are associated with the synthesis of medium-chain fatty acids and long-chain fatty acids (32–34). Anaerotruncuscolihominis_DSM_17241, which is also enriched in the pCR group of Ruminococcaceae, produces butyric and acetic acids (35, 36). Functional enrichment analysis based on the significantly different gut microbiomes also confirmed that linoleic acid metabolism, a part of FAM, was significantly different between patients in the pCR and non-pCR groups. Linolenic acid is inversely associated with the development of CRC (37). In addition, functional enrichment based on metabolism analysis showed a vital role of FAM in our study. FA intake has been associated with the occurrence of CRC (37, 38). Furthermore, peroxidase damage to polyunsaturated fatty acids drives ferroptosis, which is strongly related to radiotherapy-induced cell death (39, 40). Recently, targeting FAM has become a potential method for radiation sensitization of cancers (23, 41).

A previous study reported an association between FAM-related genes and CRC (41). Nevertheless, no similar multi-gene signature that can predict prognosis and treatment response has been developed based on FAM-related genes in patients with rectal cancer treated with nCRT. According to our results, previous models for predicting the prognosis of rectal cancer did not perform the same ability in such patients. In the current study, a FAM-related signature was constructed using CYP1B1, ANO1, RIOK3, DDC, and DAPL1, with favorable AUC at 1-, 2-, and 3-year DFS and 1-, 2-, and 3-year OS. In addition, it showed a high AUC for predicting nCRT response in patients with rectal cancer treated with nCRT. Cytochrome P450 1B1 (CYP1B1), a member of the cytochrome P450 (CYP) family, is highly expressed in tumor tissues, including in CRC, but its expression is lower than in normal tissues (42). A previous study confirmed a significant relationship between CYP1B1 expression and poor prognosis in patients with CRC, which is similar to our result (43). CYP1B1 is considered to be an important modulator of FAM and a potential therapeutic target in cancer therapy because of its ability to activate procarcinogens (44, 45). Anoctamin 1 (ANO1) is upregulated in CRC and is associated with cancer development by activating the mitogen-activated protein kinase signaling pathway (46, 47). Furthermore, Fusobacterium nucleatum has been found to promote the expression of ANO1 in CRC cells, which prevents CRC cell apoptosis caused by chemotherapy (48). Right open reading frame kinase 3 (RIOK3) has been reported to be involved in cancer invasion and metastasis (49, 50). In addition, the expression level of RIOK3 increases with hypoxia, which is an important factor in preventing effective radiotherapy and immunotherapy of cancer (51, 52). l-DOPA decarboxylase (DDC) has been proposed in recent research to serve apoptotic and antiproliferative functions with phosphatidylinositol 3-kinase (PI3K) (53, 54). Moreover, high expression of DDC is closely associated with better prognosis in CRC (55). Death-associated protein like-1 (DAPL1) has also been confirmed to be associated with cell death in previous studies (56, 57). In our study, CYP1B1, ANO1, and RIOK3 were negatively associated with prognosis and nCRT response in rectal cancer. Nevertheless, DDC and DAPL1 were positively associated with prognosis and treatment response in rectal cancer. This five-gene FAM-related model thus assists in predicting prognosis and guiding therapeutics in patients with rectal cancer treated with nCRT.

nCRT is undoubtedly an important treatment for LARC that can improve sphincter preservation and down-staging and decrease local recurrence. An increasing number of researches have shown that radioresistance is closely related to altered tumor metabolism (58, 59). Current evidence has confirmed the value of glycolytic metabolism in improving the sensitivity to radiation therapy for tumors (60), although the mechanism of fatty acid metabolism in improving the radiosensitivity of tumors is not clear. The extensive network of tumor metabolism is interconnected and plays an important role in affecting tumor radiosensitivity. Irradiation induces tumor cell death and can activate the immune response in the TME (61, 62). Interestingly, in this study, we observed that patients with high-risk scores had a higher abundance of immune cells and higher immune scores, which contradicted their higher immune cell infiltration and poor prognoses. However, further exploration of immune checkpoints yielded an explanation. We found that immune checkpoints showed higher expression levels of CD274 (PD-L1) in patients with high-risk scores. Overexpressed PD-L1 in cancer cells binds to PD-1 on tumor-infiltrating lymphocytes with impaired T-cell activation (62, 63). In addition, some types of cells in the TME, including dendritic cells, also express PD-L1, which orchestrates the immunosuppressive microenvironment that supports tumor growth (64). Therefore, immune-related cells cannot act efficiently because of PD-L1 overexpression, although there is a higher abundance of immune cells. In addition, high expression levels of PD-L1 are associated with a poor prognosis of rectal cancer (65, 66). Currently, the PD-1/PD-L1 axis is considered an immunotherapeutic target for cancers (67). With intense research on immunotherapy, a combination of conventional cancer treatment methods with PD-L1 may benefit patients with rectal cancer (68). Thus, the overexpression of PD-L1 may provide a new therapeutic strategy for rectal cancer patients treated with nCRT.

Despite these promising results, some limitations remain. First, the FAM-related signature was constructed based on the GEO database and examined in an independent cohort; however, multicenter, large-scale prospective research is still needed to confirm the ability of FAM-related signatures to predict prognosis and nCRT response in patients treated with nCRT. Furthermore, this was a retrospective study, and clinical data were in some cases incomplete or unavailable, which caused a selection bias and incomplete analysis. The potential mechanism by which FAM impacts prognosis and treatment response in patients with rectal cancer needs to be explored. In the future, the results of the present study, including the microbiome, metabolism, and high-throughput sequencing, must be validated both in vitro and in vivo.



Conclusion

In conclusion, FAM is an important link between the gut microbiome and treatment response. A novel FAM-related signature was constructed that has an excellent ability to predict prognosis in patients with rectal cancer treated with nCRT. In addition, the FAM-related risk score can also be recognized as a potential biomarker of nCRT response in such patients. Finally, the findings of this study provide innovative insights into the individualized management of patients with rectal cancer treated with nCRT.
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Emerging evidence indicates that the induction of radiotherapy(RT) on the immunogenic cell death (ICD) is not only dependent on its direct cytotoxic effect, changes in the tumor immune microenvironment also play an important role in it. Tumor immune microenvironment (TIME) refers to the immune microenvironment that tumor cells exist, including tumor cells, inflammatory cells, immune cells, various signaling molecules and extracellular matrix. TIME has a barrier effect on the anti-tumor function of immune cells, which can inhibit all stages of anti-tumor immune response. The remodeling of TIME caused by RT may affect the degree of immunogenicity, and make it change from immunosuppressive phenotype to immunostimulatory phenotype. It is of great significance to reveal the causes of immune escape of tumor cells, especially for the treatment of drug-resistant tumor. In this review, we focus on the effect of RT on the TIME, the mechanism of RT in reversing the TIME to suppress intrinsic immunity, and the sensitization effect of the remodeling of TIME caused by RT on the effectiveness of immunotherapy.
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Introduction

Characteristics of tumor include sustained proliferation, resistance to cell death, angiogenesis, invasion and metastasis, as well as suppression of inflammation and immunity (1). Among them, immunosuppression, an important feature of the tumor immune microenvironment (TIME), is considered to be an important reason of tumor progression and metastasis and has become a therapeutic target for numerous tumor types. Radiotherapy (RT) with highly effective and non-specific in nature is one of the commonly used therapies in the treatment of malignant tumors. RT is regarded as the most effective cytotoxic therapy for treating patients with solid tumors and is used as first-line treatment in approximately 60% of newly diagnosed patients (2, 3). Firstly, RT directly or indirectly induces DNA damage and endoplasmic reticulum (ER) stress, leading to tumor cell death, which is thought to target cancer cells. In addition, non-targeted and systemic effects of RT have also been identified (4). There is growing body of evidence that RT can remodel TIME to alter the original immunosuppressive state, exert anti-tumor effects, and exhibit enhanced immune responses and therapeutic effects when combined with immunotherapy (5–7). This article partly reviewed the impact of TIME on immunosuppression and the effects of RT on TIME, elaborated the mechanisms of reversal of TIME on the suppression of intrinsic immunity, and the sensitizing effect of the remodeling of TIME on the effectiveness of immunotherapy.



TIME

TIME is the structural and functional niche where tumor cells arise and live, and includes not only tumor cells and extracellular matrix (ECM), but also fibroblasts, epithelial cells (ECs), immune or inflammatory cells, blood and lymphatic vessels, etc (8). TIME, mediated by the secretion of a large variety of factors by a diverse range of cells, forms a local milieu that favors tumor proliferation, infiltration and metastasis. Tumorigenesis is usually accompanied by the activation of innate and adaptive immunity, called functional cancer immunosurveillance, which gradually results in the accumulation of immune or inflammatory cells within the TIME. The immune response plays a dual role in the complex interaction between tumor and host (pro-/anti- tumor) and undergoes cancer immunoediting processes (elimination, equilibrium, and escape), culminating in the formation of an immunosuppressive microenvironment that promotes malignant tumor progression. Natural killer (NK) cells are key cells in innate immunity, relying on granzymes and perforin for direct cell killing without prior sensitization or MHC restriction. In the adaptive immune system, CD4+ T cells and dendritic cells (DCs) are important mediators, while CD8+ cytotoxic T lymphocytes (CTLs) play the ultimate tumor-killing role. CD4+ T cells, mainly T helper cells, broadly play an important adjuvant function in the recognition and clearance of tumor cells, through promoting the proliferation and activation of CTLs, the formation of memory CTLs, and enhancing the antigen presentation of DCs (9, 10). Cytolytic CD4+ T cells recognize antigenic peptides presented by MHC-II molecules mainly on antigen-presenting cells (APCs), and are relevant to antitumor immunity in cancer patients (11, 12). DCs are the most important APCs that initiate adaptive immune responses via activation of naive T cells (13). DCs cross-present MHC-I molecules to CD8+ T cells to induce the production of cytotoxic effector CD8+ T cells, known as CTLs (14). CTLs recognize MHC-I molecules expressed by tumor cells and specifically kill tumor cells through Granule exocytosis and Fas ligand (Fas-L)-mediated apoptosis induction (15). Moreover, CTLs release interferon-γ (IFN-γ) and tumor necrosis factor α (TNF-α) to induce cytotoxicity within tumor cells (16). Tumor-associated macrophages (TAMs) are abundant in TME and are major players in the inflammatory response. In addition to promoting tumor cell proliferation and angiogenesis, TAMs suppress adaptive immune responses (17). Cancer Associated Fibroblasts (CAFs), the plentiful stromal cells in the TME, are a major source of extracellular matrix fibrogenic components such as collagen, hyaluronic acid and fibronectin (18). CAFs actively contribute to cancer invasion by modulating distinct malignant processes (angiogenesis, chronic inflammation and ECM remodeling) and therapeutic resistance (19). CAFs control the functional fate of innate and adaptive immune cells in the TIME by secreting cytokines/chemokines and engaging in direct intercellular interactions (20). Moreover, CAFs play important metabolic effects. The secretion of alanine by CAFs supports malignant cell growth and may also have a positive effect on T cell function (21, 22).



TIME suppresses intrinsic immunity

Although the immune system can clear tumors through the cancer-immune cycle, tumors often evade the body’s immune surveillance by shaping an inhibitory TIME. The complex interactions between the mediators of pro- and anti-tumor in TIME ultimately determine trends of anti-tumor immunity (23, 24). Among these, pro-tumor immune cells include regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs), TAMs, CAFs, and tumor-associated neutrophils (TANs). In TIME, CAFs, TAMs and Tregs form an immune barrier to CTLs-mediated anti-tumor immune responses (15). In addition, pro-tumor immune cells and immunosuppressive factors (e.g., transforming growth factor β, interleukin-10) act synergistically to exert important immunosuppressive effects, including inhibition of differentiation and maturation of DCs, inhibition of NK cell toxicity, inhibition of antigen presentation, inactivation of the pro-apoptotic pathway, and disturbance of T cell receptor signaling (25) (Figure 1).




Figure 1 | Cross-talk between various components in TIME. Hypoxia is an important feature of TIME in solid tumors, which exerts multiple effects by inducing HIF-1α, such as 1) promoting angiogenesis, tumor invasion and metastasis, 2) increasing Tregs abundance to suppress host immune response, and 3) upregulating PD-L1 and A2AR on tumor cells to evade immunity (26–30). Tumor cells induce and chemotactic immunosuppressive cells (Tregs, M2 TAMs, MDSCs, CAFs) to infiltrate in TIME by secreting TGF-β and CSF (31, 32). Moreover, tumor cells inherently upregulate PD-L1 and A2AR expression to suppress the immune function of CTLs, as well as downregulate MHC and tumor-associated antigens (TAAs) expression to reduce antigen presentation and immune activation (29, 30). Tregs produce multiple immunosuppressive cytokines and express CTLA4 to inhibit CTLs and DCs by binding CD80/86 (33). M2 TAMs in TIME suppress T cell function by upregulating ARG and PD-L1 expression while recruiting Tregs via CCL20/CCL22 (34–36). MDSCs produce inhibitory cytokines and inhibit the formation and cytotoxicity of NK cells by reducing NKG2D expression and IFN-γ secretion (37). CAFs secrete a large number of cytokines, chemokines and ECM, which exhibit immunosuppressive and tumor-supportive effects (31, 38, 39). For example, IL-6 from CAFs recruits MDSCs, CAFs reduce M1 macrophages while recruiting M2 TAMs via hyaluronic acid, upregulated expression of Fas and PD-1 suppresses and depletes T cells (40–42). Suppressive cytokines (e.g., TGF-β, IL-10, IL-35) can be produced by tumor cells and a variety of immunosuppressive cells in TIME to inhibit immune killing of CTLs, suppress the differentiation and antigen presentation of DCs, and restrain the proliferation and cytotoxicity of NK cells (43–46). In addition, glucose and arginine deficiency in TIME, as well as high lactate levels inhibit T cell function (47–51).




Immunosuppression of tumor cells

Cytokines, chemokines and metabolites from tumor cells have a significant impact on TIME, such as transforming growth factor-β (TGF-β) and interleukin (IL)-10. Tumor cells inhibit the function of NK cells, CD8+ T cells and evade recognition and attack by the immune system. Most tumor cells express a large amount of stem cell factor, which induces mast cells to infiltrate the tumor site. Mast cells inactivate T cells and NK cells, as well as inhibit their anti-tumor activity (31). Colony stimulating factor 1 (CSF1) produced by tumor cells promotes differentiation of TAMs and production of granulocyte-specific chemokines in CAFs (31). CSF1 receptor inhibitor and CXCR2 antagonist treatment inhibit the recruitment of MDSCs to TIME, exhibiting significant anti-tumor effects (32). TIME also modify certain inflammatory cell types so that they present a pro-tumor phenotype, in particular many chronic inflammation-associated inflammatory cells promoting tumor progression (52, 53). Hypoxia is a prevalent feature in solid tumor TIME and contributes to the suppression of immune killer cells and protection of tumor cells from immune attack (26, 27). Hypoxia-induced factor 1α (HIF-1α) is a key regulator of adaptive responses to hypoxia, involved in angiogenesis, tumor invasion and metastasis, and increases Tregs abundance by inducing FOXP3 (28). Moreover, HIF-1α also increases PD-L1 expression on tumor cells and suppresses immune cell responses by targeting PD-1 on activated T cells. Tumor cells reduce the expression of MHC or tumor antigens to avoid recognition and clearance by immune cells (29). Adenosine A2a receptor (A2AR) expressed on tumor cells inhibits the activation of immune cells and its expression is associated with cytokines such as HIF-1α. A2AR blockade reduces CD4+ FOXP3+ Tregs infiltration and enhances the anti-tumor response of CD8+ T cells by attenuating hypoxic HIF-1α signaling (30).



Immunosuppression of Regulatory T cells

Tregs are an immunosuppressive subset of CD4+ T cells characteristically expressing CD4, CD25, and FOXP3, and exhibit diversity and functional heterogeneity across tumor types. Hypoxia in TIME increases Tregs abundance by upregulating FOXP3 (28). Tregs, the important Tumor-Promoting Immune Cells, affect a variety of tumor-infiltrating immune cells by producing multiple immunosuppressive cytokines (such as TGF-β, IL-10 and IL-35) and exhibit a significant anti-tumor immune response (43). Tregs inhibit tumor killing by CTLs through TGF-β-dependent cell contact (54), inhibit the production of memory CTLs via cytotoxic-T-lymphocyte-associated protein-4 (CTLA-4) (33), and induction of CTLs death via granzyme B and perforin-dependent manner (55). In addition, Tregs inhibit IFN-γ secretion by CD8+ T Cells and promote the polarization of M2 TAMs (suppressing immunity) (56). Tregs-expressed CTLA-4 binds to CD80/CD86 on DCs to downregulate co-stimulatory signaling and inhibit DCs function (57). Tregs restrain NK cell proliferation, IFN-γ production, degranulation and cytotoxicity (58). Tregs-produced TGF-β and IL-35 enhance the function of MDSCs (59).



Immunosuppression of tumor-associated macrophages

Macrophages account for >50% of tumor-infiltrating immune cells. According to function and cytokine secretion, macrophages are classified as classical activation (M1) with immunostimulatory function and alternative activation (M2) with immunosuppressive and tumor-supportive effects (60). Macrophages are referred to as TAMs in solid tumors, mainly M2, and there is a strong negative correlation between their presence and survival in a variety of solid tumors including breast, colon, bladder and lung cancers (61–64). TAMs are functionally heterogeneous and display remarkable plasticity, which allows macrophages to ‘switching’ into an ‘M2’ phenotype in TIME, associated with immunosuppressive, tumor angiogenic and metastatic consequences (44). In contrast to classical M1 macrophages, these M2 TAMs secrete large amounts of IL-10, and TGF-β, which exert anti-inflammatory effects (44). Hypoxia in TIME also increases arginase 1 (ARG1), VEGF, and macrophage-derived protein kinase signaling by activating mitogen-activated protein kinase signaling in TAMs (34, 65). ARG1 expression is upregulated in TAMs and tumor cells, inhibiting T cell activation by reducing arginine entry into tumor-infiltrating immune cells (34). M2 macrophages-derived CCL20/CCL22 is involved in the recruitment of Tregs (35). M2 TAMs also increases PD-L1 expression to attenuate the effect of CTLs (36).



Immunosuppression by myeloid-derived suppressor cells

MDSCs represent a heterogeneous population of immature myeloid cells with different transcriptional activity and differentiation states, including granulocytic or polymorphonuclear MDSCs (PMN-MDSCs) and monocytic MDSCs (M-MDSCs) (66). They prevent T cell-mediated adaptive immune responses and killing of tumor cells via the innate immune system mediated by NK cells or TAMs (67). Among them, PMN-MDSCs produce ROS and reduce T-cell responses to antigens (66). M-MDSCs produce nitric oxide or differentiate into immunosuppressive macrophages to suppress immune activation (68, 69). Similar to Tregs, the secretion of IL-10 and TGF-β by MDSCs impairs CTLs function and facilitates the induction of Tregs formation (45, 46). MDSCs also cause arginine deficiency by consuming nutrients in the TIME, which in turn causes Teff cell inactivation (46). In a xenograft mouse model, MDSCs inhibit NK cells formation and cytotoxicity by reducing natural killer group 2 member D (NKG2D) expression and IFN-γ secretion (37).



Immunosuppression of cancer-associated fibroblasts

CAFs generally exhibit immunosuppressive and tumor-supportive functions (70–72). CAFs secrete a large number of immunosuppressive cytokines and chemokines, such as CXCL12, CXCL8, IL-6, TNF, TGF-β, etc. (31). Among these, high levels of IL-6 recruit MDSCs, upregulate PD-L1 expression and induce tumor immunosuppression (40). CAFs inhibit the production of regulatory factors such as IFN-γ and TNF-α by T cells and block the migratory capacity of T cells (73). In addition, factors secreted by CAFs also reduce the migration of M1 macrophages and inhibit the pro-inflammatory function of M1 macrophages (41). Meanwhile, CAFs upregulate Fas and PD-1 expression on T cells and deplete CD8+ T cells by binding PD-L2 and FasL (42). CAFs remodel the ECM and protect tumor cells from CTLs, for example, hyaluronic acid produced by CAFs recruits TAMs to the TIME (38, 74, 75). In short, CAF-derived cytokines/chemokines mediate immune escape, growth and metastasis of tumors (39). The SynCon FAP DNA vaccine reduces the number of FAP+ CAFs by targeting Fibroblast activation protein (FAP), a major marker of CAFs, thereby inducing T cell activation and suppressing tumor metastasis (76, 77).



Immunosuppression of TGF-β

In preinvasive disease, TGF-β mainly acts as a tumor suppressor. Once the tumor has invaded, TGF-β promotes tumor progression through epithelial mesenchymal transition, angiogenesis, tumor metastasis, proliferation and immunosuppression of CAFs in TIME (16, 78–81). RT-mediated reactive oxygen species(ROS) production can activate TGF-β (82). TGF-β promotes immunosuppressive TIME through its effects on all immune subgroups (16). For example, TGF-β promotes stromal fibrosis and immune escape, which exclude T cells from infiltrating into tumor tissue, thereby mediating resistance to T cell-directed immunotherapy (64).



Immunosuppression of nutrient competition, metabolite and ion pooling

The high consumption of glucose and amino acids by tumor cells contributes to the achievement of tumor growth, metastasis and immune tolerance (83). Glucose deficiency leads to a decrease in glycolysis in immune cells, which hinders IFN-γ production and the function of CTLs (47). Arginine is exhausted by MDSCs and macrophages, resulting in arginine deficiency in TIME. The anti-tumor activity of T cells is inhibited due to protein biosynthesis-mediated cellular exhaustion (48, 49). Indoleamine 2,3-dioxygenase (IDO) is an important rate-limiting enzyme expressed in CAFs, macrophages, and tumor cells that catalyzes the production of kynurenine from tryptophan (84, 85). Tryptophan metabolites/enzymes suppress inflammatory responses by recruiting Tregs and inhibiting Teff cells proliferation (86, 87). High levels of extracellular lactate inhibited the proliferation and cytokine production of human CTLs (88). Excess lactate led to an acidic environment that reduced arginine concentrations in TIME by inducing ARG1 expression in macrophages, which in turn inhibited CD8+ T cell proliferation and function (50, 51). Intracellular lactate, a product of glycolysis, inhibits T-cell glycolysis by suppressing the mTORC1-mediated signaling pathway (89). The increase in extracellular fluid potassium ions caused by tumor necrosis leads to severe suppression of T cell effector function (90).



Immunosuppression of blood vessels

The immunosuppressive properties of TIME promote vascular destruction, which limits the infiltration of cytotoxic T lymphocytes into the tumor and exacerbates hypoxia (91). And there is a functional defect in the emerging vascular network in TIME that promotes hypoxia formation (92).

In summary, according to the immune characteristics in TIME, Tumor immunophenotype is usually classified as “cold” or “hot” tumors, which suggests individualized clinical treatment options. In “hot” or “inflamed” tumors, high expression of PD-L1, enrichment of Th1-type chemokines, and a large number of NK cells, CD8+ T cells and APCs are found (93, 94). And it has been established that immune “hot” as a protective factor leads to better clinical outcomes when treated with anti-PD-1/PD-L1 (95). In contrast, “cold” tumors so-called “immune-desert” tumors, are characterized by a high number of Tregs and MDSCs, few NK cells, CD8+ T cells, Th1 cells and DCs, but abundant immunosuppressive cytokines (93, 94).




Effects of RT on the TIME

RT is a form of local ablative physiotherapy, the principle of which was using high-energy radiation to treat localized tumors (96). In addition to damaging tumor cells through different pathways, RT also affects other components of the TIME, including immune cells, CAFs, etc. Besides, RT has both “Non-targeted” and abscopal effects on tumor cells. “Non-targeted” effects, also called bystander effects, are molecular signals from irradiated cells that affect adjacent non-irradiated tissues (97). An abscopal effect, explained by the regression of the tumor occurring at a site far from the radiation, is thought to be the result of a systemic immune response (98). Weichselbaum and colleagues experimentally confirmed that the host immune response was the primary cause of the RT response and not the intrinsic radio-sensitivity of the tumor cells (99). RT is involved in every process of the immune response, the recruitment and accumulation of T cells in tumors, the release and presentation of antigens, the initiation and activation of T lymphocytes, and the recognition and killing of tumor cells by T lymphocytes. The effect of RT on irradiated TIME is immunostimulatory or immunosuppressive, which is primarily influenced by the immune landscape of the tumor as well as the dose and fractionation of RT (100).


RT and tumor cells

RT achieves single- and double-stranded DNA damage, mis-repair and chromosomal aberrations through the induction of ROS and reactive nitrogen species (RNS) (92, 101). When RT-induced damage is limited, cells initiate damage repair mechanisms (including DNA damage response, the unfolded protein response and autophagy) to ensure the survival of irradiated cells and re-entry into the cell cycle (102). However, when damage cannot be resolved by repair mechanisms, the molecular mechanism of adaptation to stress switches from a cytoprotective to a cytostatic or cytotoxic mode, usually in one of these forms, ultimately leading to cellular senescence or regulated cell death (RCD) (103). Moreover, both protective repair mechanisms and senescence or RCD have an impact on the local microenvironment and organismal homeostasis, not only through the production of many different cytokines and chemokines, but also through the involvement of damage-associated molecular patterns (DAMPs), ions, and metabolites (103). RT-driven DNA damage response (DDR) can mediate immunostimulatory effects (104). For example, irradiated cancer cells express NK cell-activating ligands (NKALs) on the cell surface after DDR, which support antigen-independent NK cell activation by binding to specific receptors on NK cells (105). NF-κB is sensitive to intracellular alterations that occur after RT, including DNA damage and oxidative stress (102). RT-induced initiation of NF-κB signaling increased the release of cytokines including TNF and IL-1β (106). Tumor cells and CAFs have a proficient autophagic response and successful autophagic response to RT not only preserves cellular viability but also facilitates the maintenance of immunosuppression by TIME (102). However, apoptotic RCD resulting from failing DDR, UPR and autophagic responses transmits danger signals to TIME via membrane exposure and secreted factors in response to lethally irradiation (102). In addition, radiation also induces a variety of non-apoptotic cell death signals, for example, RT-driven mitotic catastrophe activates cGMP-AMP (cGAMP) synthase (cGAS)-stimulator of interferon genes (STING) signaling via TBK1 and IRF3, thereby facilitating the secretion of large amounts of type I IFN (107, 108). Necroptosis is a major pro-inflammatory RCD modality that may ultimately lead to increased tumor infiltration of myeloid cells and CTLs (103, 109). Genetic data suggested that necroptosis was the predominant RCD mechanism in non-small cell lung cancer (NSCLC) cells expressing high RIPK3 levels after ablative hypo-fractionated RT (110). In contrast, a study by Sandy Adjemian et al. showed that necroptosis was not the predominant form of IR-induced death (111). The intrinsic radio-sensitivity of malignant cells exhibits intra- and inter-cancer variability, which depends not only on intrinsic cell characteristics (including efficient DDR, UPR and autophagic competence) but also on TIME factors (e.g. partial oxygen tension) (112–114). Depending on the radiation dose, high doses tend to trigger powerful cytotoxic effects and a strong immune response, while low doses tend to induce cellular senescence and acquire a senescence-associated secretory phenotype (SASP) mainly promoting immunosuppression (102, 115). Data suggest that when cells are irradiated with doses below 10 Gy, most DNA breaks can be repaired and the cells can resume their cell cycle, divide and remain viable. However, at doses higher than 10 Gy some DNA damage fail to repair, at which point mitotic catastrophe and many different forms of death occur (111).

Abscopal radiation-induced antitumor immune responses are rarely observed in clinical practice (116). Apparently, RT-induced antitumor immunity is dependent on RT-generated immune activation signals and immunosuppressive factors (4). One immunosuppressive component is TGF-β1, which promotes tumor progression, invasion and metastasis. Active TGF-β1 is produced in tumors after RT, particularly in endothelial cells undergoing low-dose ionizing-radiation (82, 117). TGF-β1 induces a phenotype of infiltrating inflammatory cells with immunosuppressive effects, e.g. TANs N2 with a protumor phenotype, TAMs M2 (118, 119). RT induces the expression of immunosuppressive molecules, such as PD-L1, through local cytokine-mediated extrinsic effects or P53-mediated intrinsic mechanisms (120, 121).



RT and lymphocytes

Various subtypes of T cells have different resistance to RT, and unlike Th cells and CTLs, Tregs cells are relatively radioresistant (122). B cells and their precursor cells are highly sensitive to radiation-induced DNA damage (123). However, focal radiation treatment of tumor sites at 12-18 Gy using a mouse model suggests that radiation alters B-cell activation, differentiation and clonogenicity, prompting B cells resistance to tumorigenesis (124). Irradiation induces B cells maturation and activation as well as increases the differentiation of tumor antigen-specific plasma cells (124). RT induces the expression of CD20, a common surface antigen on B cells, which is now used as a target for some therapeutic strategies, such as radio-immunotherapy (125).



RT and macrophages

Monocytes, the source of macrophages and DCs, show a high sensitivity to RT and oxidative damages that can lead to single- and double-strand DNA breaks (126). However, both macrophages and dendritic cells upregulate DNA damage repair mechanisms and display a relatively normal DNA repair damage response, leading to an increase in their radio-resistance (126). In TIME, a low-dose RT (LDRT) of 2 Gy induced the differentiation of iNOS+M1 macrophages promoting a pro-immunogenic environment (127). In contrast, higher RT doses promoted tumor infiltration via pro-tumorigenic M2-TAMs polarization (128, 129). In addition, high-dose RT (>8 Gy) may promote anti-inflammatory activation of macrophages (130) and doses of 20 Gy activate the M2 TAMs with pathogenic properties via induction of the immunosuppressive molecules COX-2/PGE2 and NO (128, 131).



RT and DCs

Higher doses of irradiation (20 Gy) affect the function of DCs, leading to a reduction in the efficiency of antigen presentation and a reduced ability to induce T lymphocyte proliferation (126, 132). According to some reports, irradiated DCs secrete increased amounts of pro-inflammatory cytokines (including IL-1β and IL-12) and decreased amounts of anti-inflammatory cytokines such as IL-10 (133, 134). Fractionated RT along with anti-CTLA4 produced abscopal effects caused in part by an increased number of Batf3 DCs, which were abolished in Batf3-/- mice, confirming the important role of Batf3 DCs in RT-induced anti-tumor immunity (135–137).



RT and Natural Killer Cells

Mature NK cells have been reported to be relatively radioresistant, while their precursors are radiosensitive (138). It is generally accepted that the effect of RT on NK cells is influenced by the radiation dose, with low doses of RT activating NK cells and high doses leading to impaired NK function (139). Low doses of RT (0.075 Gy to 0.15 Gy) triggered increased expression of IFN-γ and TNF-α in vitro, and doses of 0.1 Gy to 0.2 Gy resulted in NK activation in an vivo rat model (139). RT induces an ATM-dependent DNA damage response in NK that promotes immune response and reduces exhaustion (140). Radiation increased the ability of NK cells to kill experimental cells such as MCA105 and K562cells (141, 142), and studies using human primary NK cells or the NK-92 cell line also confirmed increased NK cell-mediated cytotoxicity after radiation (143). In addition, RT also induces the migration of NK cells towards the tumor with the help of the chemokine CXCL16/CXCR6 (144). Clinical data from patients with cervical cancer showed increased cytotoxic activity of circulating NK cells post-RT, suggesting systemic activation of NK cells (145). Some studies have also shown a decrease in circulating NK cells but an increase in robust TIM3+ NK cells after ablative RT (146). Conversely, several clinical studies have shown a decrease in NK cell activity post-RT (147–149).



RT and CAFs

CAFs are extremely radio-resistant, do not trigger apoptosis even at high doses of radiation (e.g. 30 Gy) and maintain a strong immunosuppressive effect on activated T cells (in a single dose of 18 Gy) (73). However, post-RT CAFs become senescent and produce a different combination of immunomodulatory molecules (73). In particular, senescent CAFs secrete high levels of TGF-β1, which mediates T-cell rejection and facilitates the establishment of immunosuppressive TIME (150, 151). RT was associated with increased radio-resistance of tumor cells, including in NSCLC, which may be due to the pro-tumor activity of CAFs (152). The pro-tumorigenic nature of radiated CAFs is achieved by direct tumor cell stimulation and suppression of immune cells, including macrophages, DCs, NK cells and T cells (41, 70, 73). Differently, in vivo models have shown that irradiation of CAF (iCAF) alters pro-cancer characteristics and reduces tumor engraftment and angiogenesis (153). In conclusion, CAFs are the main drivers of becoming established immunosuppressive TIME post-RT.



RT and vasculature, endothelial cells

There is evidence that single radiation doses of 5-10 Gy result in relatively mild vascular changes, while higher doses(>10 Gy) result in significant vascular damage, at which point reduced vascular flow due to endothelial cell death leads to hypoxia, reduced effector T cell recruitment and suppression of local immune responses in TIME (154). In addition, high doses of RT (HDRT) also exhibited pro-tumor effects by inducing HIF-1α/TGF-β signaling, increasing the number of CAFs and promoting fibrosis and remodeling of TIME (94).



RT and chemokines, cytokines, and other soluble factors

Increased expression of type I IFNs post-RT stimulates the expression of chemokines CXCL9 and CXCL10, which recruit CXCR3-expressing T cells to the TIME (94). In addition, type I IFNs promote Battf3-expressing DCs to present antigens to CD8+ T cells and initiate anti-tumor immunity (155). IFN-γ promotes Th1 cells polarization and CTLs activation, but also upregulates PD-L1 expression in TIME (156, 157). HDRT induces the production of tumorigenic cytokines, such as HIF-1α/VEGF-A, which promotes the release of a large number of cytokines including IL-1, IL-6, IL-10, and TGF-β (94, 152). Among these, TGF-β exerts multiple immunosuppressive effects. TGF-β inhibits the expansion and cytotoxicity of CD8+ T cells, suppresses the differentiation of CD4+ T cells and induces Tregs transformation (94). In addition, RT-induced TGF-β signaling increases the number of CAFs whose release of CXCL12 binds to the ligands CXCR4 and CXCR7, exerting pleiotropic pro-tumor activity, including induction of tumor survival, metastasis and affecting immune cell infiltration, and function (158–162). RT-induced hypoxic TIME depletes glucose and essential amino acids, and metabolite accumulation occurs, such as lactate, adenosine, and kynurenine, which can blunt the function of CTLs while promoting the accumulation of Tregs (163).

Furthermore, while radiation initially induces an anti-tumor response, radiation also induces chronic inflammation and rebound immune suppression (64). During this phase, tumor-promoting macrophages are recruited to the tumor in a radiation dose-dependent manner, resulting in an immunosuppressive TIME that supports tumor regeneration or resistance. RT also induces HIF-1α which induces PD-L1 expression in tumor cells and TAMs, leading to resistance to RT and immunosuppression (164, 165). In addition, the inflammatory response induced by RT also induced upregulation of IDO, which increased TAMs and MDSCs in TIME, associated with tumor immunosuppression (166, 167). From this, it appears that radiation may have a temporary effect on the immune response to TIME, where there appears to be a window of anti-tumor response. The clinical data from the PACIFIC trial suggested that patients who started checkpoint suppression within 14 days of completing RT appeared to have better outcomes than those who started later (168).




Reversal of RT: From immunosuppression to immunostimulation

A growing number of studies have confirmed that radiation increases the amount of MHC on the cell surface, leading to the expression and release of immunostimulatory cytokines and danger signals, which in turn leads to the activation of innate and adaptive immune responses (92, 169). (Variations of multiple factors in TIME post-RT are summarized in Table 1.) RT acts in several aspects of the immune response, transforming the immunosuppressed state into an immune activated state, e.g. increased infiltration of immune cells in TIME, activation of innate and adaptive immunity, enhanced existing T cell responses, neoantigen-induced immune responses and diminished immunosuppression.


Table 1 | Summary of alterations in immunomodulatory factors post-RT.




Increased immune cell infiltration in TIME

A single irradiation with 2 Gy increased the ability of tumor-specific CD4+ and CD8+ T cells to migrate into the tumor (127). LDRT-induced expression of inflammatory cytokines (IL-1β, TNF-α and type I and II IFN) and endothelial cell-activated adhesion molecules (ICAM1 and VCAM1) facilitates extravasation and activation of immune cells (92, 193). RT induced the expression of E- and P-selectin on the surface of vascular endothelial cells, facilitating lymphocyte homing (195). RT induced polarization of M1 macrophages and secretion of NO via iNOS activation, promoting normalization of blood vessels and facilitating adhesion and infiltration into the TIME (181). Cytoplasmic DNA produced by irradiated tumor cells is sensed by cGAS, which enhances the expression of type I IFNs through cGAS-STING signaling in host immune cells and tumor cells (188, 189). Increased expression of type I IFNs after RT stimulates the expression of chemokines CXCL9 and CXCL10, which recruit CXCR3-expressing T cells to the TIME (94). Similarly, RT induced CXCL16 to interact with CD8+ T cells to promote their recruitment activity (191). Tumor cells with senescent characteristics induce targeted migration of CD56dim NK cells by secreting CXCL8, which in turn initiates an innate anti-tumor immune response (192). In addition, radiation generates a pro-inflammatory microenvironment with remodeling of the vasculature, allowing T cells extravasation and tumor destruction (212). RT makes refractory “cold” tumors sensitive to immune checkpoint inhibitors by promoting the recruitment of anti-tumor T cells (213). One study showed that HDRT reshaped the immunosuppressive tumor microenvironment, leading to a significant increase in CD8+ T cell tumor infiltration, while suppressing MDSCs, however, the number of CD8+ T cells decreased when extended fractionated radiation was given (170). In studies on oral squamous cell carcinomas, metastatic renal cell carcinomas, and soft tissue sarcomas, neo-adjuvant RT increased the number of locally infiltrating immune cells in a variety of tumors, including CD4+, CD8+, and CD20+ TILs (64, 171, 172). Recent experiments in both mouse models and patient tumors have found that LDRT induces predominantly infiltration of CD4+ T cells with Th1 signatures in TIME (179). (Figure 2)




Figure 2 | RT-induced increase in immune cells in TIME and tumor-special immune response activated by ICD. LDRT induces increased expression of a variety of molecules, including inflammatory cytokines (type I IFN), chemokines (CXCL9, CXCL10, CXCL16), adhesion molecules (ICAM1 and VCAM1) and E-/P-selectin, which facilitate the recruitment of multiple immune cells (DCs, NK cells, M1 macrophages, CD8+ and CD4+ T cells) (92, 94, 191, 193, 195). Concurrently, RT-induced vascular normalization also promotes immune cell infiltration in the TIME (181). Ultimately, RT transforms “cold” tumors (lymphocyte deficiency) into “hot” tumors sensitive to immunotherapy. RT directly or indirectly causes DNA damage in tumor cells and induces various forms of cellular responses and death, such as DDR, UPR, autophagy, mitotic catastrophe, senescence, apoptotic RCD, necroptosis, necrosis, etc (102, 103, 107, 108). Exposure and release of multiple DAMPs are critical for RT-induced ICD, including CRT (binding to CD91), HMGB1 (binding to TLR4), ATP (binding to P2Y2), and dsDNA (entering DCs) (25, 196–198, 214). DAMPs or danger signals recruit DCs and other APCs into irradiated TIME and to promote the maturation and activation of DCs. Mature DCs enhance uptake of tumor-associated antigens (TAAs) and subsequent cross-presentation with CD8+ CTLs, thereby initiating a tumor-specific adaptive immune response (181–183). During the process, dsDNA from irradiated cells activates the cGAS-STING pathway signaling via TBK1 and IRF3 in host DCs and tumor cells, culminating in the production of type I IFN (188, 189, 199, 200). Type I IFN in TIME is thought to be crucial for the induction of anti-tumor immune responses by RT (165, 190). In addition, RT enhances the immunogenicity of tumor cells by modulating the expression of cell surface molecules and receptors, and enhances the existing immune response, such as MHC-I, stimulatory molecules (CD80, CD86), adhesion molecules (ICAM1), death receptors (Fas) (204, 207, 215–218). PD-L1 expression is increased on tumor cells post-RT, which is one of the important targets for ICB therapy (120, 121, 164, 165, 176).





Innate and adaptive immune response activation

A series of studies have demonstrated that radiation induces innate and adaptive immune response activation, of which RT-induced ICD is a very important mechanism that alters intracellular immunogenicity through external stimulation (182, 214, 219). ICD is characterized by the translocation of the calreticulin (CRT), the release of high-mobility group box 1 (HMGB1) protein and the release of ATP following apoptosis (214). Among these, the ER-derived proteins CRT translocated from the ER to the cell surface are key to the ICD, which binds to CD91 receptors as prophagocytic signals for macrophages and DCs (196, 197). HMGB1 stimulates the TLR4/MyD88/TRIIF pathway and activates T cells (25). In TIME, these factors act synergistically as DAMPs or danger signals to recruit DCs and other APCs into irradiated TIME and to promote the maturation and activation of DCs. Mature DCs enhance uptake of tumor-associated antigens (TAAs) and subsequent cross-presentation with CD8+ CTLs, thereby initiating a tumor-specific adaptive immune response, activating T cells and forming memory phenotypes (181–183). The current study demonstrates that during RT-mediated ICD, tumor-derived dsDNA enters the cytoplasm of DCs and activates the cGAS-STING DNA-sensing pathway signaling a type-I IFN response in which TREX1 exerts an inhibitory effect by degrading DNA (199, 200). STING induces IFN-β transcription and type I IFN expression, which are required for DC activation, ultimately leading to cross-presentation of TAAs and initiation of tumor-specific CTLs (155, 190). In addition to host immune cells, DNA-sensing pathways in tumor cells were also activated, which increase type I IFN production (188, 189). Inflammatory pathways activated by STING ligands have adjuvant activity enhancing tumor-specific adaptive immune responses post-RT (220). ATP is involved in the recruitment of monocytes into tumors (via P2Y2 receptor) and in the production of IL-1β (via P2RX7 receptor and inflammasome NLRP3), which is required for the activation of T cells (198). Unlike Apoptotic cells, which are normally cleared via the anti-inflammatory pathway, necrotic cells are immunogenic due to loss of membrane integrity and sustained release of DAMPs, inducing strong immune and inflammatory responses (207, 221). For example, the apoptosis inhibitor zVAD-fmk effectively blocked programmed cell death and induced necrosis as a form of ICD, and its combination with radiation altered the infiltration of immune cells in TIME, i.e. increased DCs and CD8+ T cells and decreased Tregs and MDSCs (173).(Figure 2)



Enhancement of existing T-cell responses

Preclinical studies have shown that SBRT can also enhance immunogenicity by modulating the expression of cell surface molecules and receptors to reinforce existing immune responses, such as MHC-I, stimulatory molecules (e.g. CD80, CD86), adhesion molecules (e.g. ICAM1), death receptors (e.g. Fas), NKG2D ligands, heat-shock proteins (e.g. HSP70), endoplasmic reticulum (ER)-derived calreticulin, etc. (204, 207, 215–218). Garnett et al. investigated the increase in five cell surface antigen proteins (including Fas, MHC-I, ICAM-1, CEA, or mucin-1) post-RT in 23 human carcinoma cell lines and the results suggested that 91% of human carcinoma cell lines showed dose-dependent increases in at least one antigen (201). Among other things, radiation increased Fas gene expression in tumor cells of CEA-expressing mice, thereby enhancing their sensitivity to CEA-specific CTL-mediated killing (201).

Several studies have confirmed that radiation increases the expression of tumor cell surface antigens, particularly MHC class I/II antigens, and that its expression upregulation is dose-dependent (222, 223). RT upregulates MHC-I molecules and generates unique MHC-I antigenic peptides that promote antigen-specific CTLs responses, one of the important mechanisms of RT induced immune sensitization (201, 204). RT has also been shown to enhance the susceptibility of tumor cells to immune-mediated cytotoxicity via the Fas/FasL pathway, a key mechanism for cell death mediated by NK cells and CTLs (202). Chakraborty et al. demonstrated that RT can upregulate Fas and ICAM-1 expression on MC38 mouse colon cancer cell lines in a dose-dependent manner (194). Hsp70 translocates from the cytoplasm to the extracellular matrix by binding to CD14, CD40, CD91, Lox1 and Toll-like receptors to activate monocytes, macrophages and DCs (205).

NKG2D is an essential costimulatory receptor expressed mainly on CD8+ T cells and NK cells, contributing to enhanced cytotoxicity of T cells and prevention of Fas-mediated autophagy (224–226). In addition, NKG2D+ CD4+ T cells were found in cervical carcinoma while missing on CD4+ T cells in the physiological state (179, 206). Tumors evade NKG2D through multiple mechanisms and soluble NKG2D ligands improve ICB effects, suggesting an significant anti-tumor function of the NKG2D pathway (227–230). RT was also found to upregulate NGK2D ligand expression on tumor cells, making them more sensitive to NK cell-mediated cytotoxicity (207, 208). Recently Fernanda G Herrera and colleagues found an increase of NKG2D+ CD4+ T cells in TIME post-LDRT and exhibited proliferative capacity (179). Furthermore, an elevated expression of NKG2D ligand RAE1 was observed in DCs, supporting a functional cross-talk between DCs and CD4+ T cells via NGK2D pathway (179).



Neoantigen-induced immune responses

Silvia C Formenti et al. reported that RT in combination with CTLA-4 blockade induced anti-tumor responses in chemotherapy-refractory metastatic non-small cell lung cancer (NSCLC), where TCR-Seq analysis of responding patients suggested that CD8+ T cells expanded rapidly in vivo due to the recognition of a new antigen encoded by a gene that was upregulated by radiation (209). RT upregulated the expression of genes containing immunogenic mutations in a mouse model of triple-negative breast cancer with poor immunogenicity and increased tumor cell surface death receptors Fas and DR5, with the result that neoantigen-specific CD8+ T cells and CD4+ T cells preferentially killed irradiated tumor cells as well as promoted epitope spreading (203). This suggests that exposure to RT-induced immunogenic mutations stimulates a systemic anti-tumor response. Factors released from dead cells may be the source of radiation-associated antigenic proteins (RAAPs) (231). RT is able to modulate the peptide repertoire of irradiated cells, and in particular, radiation induces the expression of novel proteins that result in unique MHC-I antigenic peptides that enhance polyclonal antigen-specific CTLs responses (204).Whole-exome sequencing of NSCLC treated with PD-1 blockade confirmed treatment response was better when there was increased mutational burden, higher neo-antigenic burden and mutations in the DNA repair pathway (232). This suggests that the response to immunotherapy after RT is associated with irradiation-induced neoantigens.



Decreased immunosuppression

Radiation also reduces the immunosuppressive properties to achieve remodeling of the TIME. TNF production by radiation-activated T cells leads to direct elimination of MDSCs locally and in the system (187). In contrast, found in experiments of RT combined with DNA vaccines, RT induced a decrease in Tregs, but not MDSCs (174). The transmembrane protein CD47 is overexpressed in most cancer cells and acts as an anti-phagocytic signal to promote immune evasion, with downregulation of expression in the presence of radiation exposure (210).



The effect of RT-induced reconfiguration of the TIME on the effectiveness of immunotherapy sensitization

Immunotherapies designed to activate the patient’s immune system to kill cancer cells include chimeric antigen receptor T-cell therapy (CAR-T), immune-checkpoint blockade (ICB), and tumor vaccines. ICB is the most commonly used immunotherapy option. Immune checkpoints are a series of inhibitory pathways present in the immune system that are essential for the maintenance of self-tolerance and facilitate the regulation of duration and amplitude of physiological immune responses in order to mitigate additional tissue damage. Unfortunately, tumors use certain immune checkpoint pathways as the primary mechanism of immune resistance (211). CTLA-4 binds to its ligands B7-1 (CD80) and B7-2 (CD86) to generate inhibitory signals that suppress T cell activation and cytokine production and protect tumor cells from T cell attack (233). PD-1, mainly expressed in activated T cells, B cells and macrophages, binds to ligands (PD-L1 and PD-L2) to inhibit T cell activity, induce apoptosis of tumor-specific T cells and suppress Tregs apoptosis (234). PD-L1 is expressed on tumor cells, immune cells and epithelial cells, whereas PD-L2 is only induced on antigen-presenting cells (235). PD-L1 is overexpressed on tumor cells and is thought to be associated with immune escape. ICB alleviate the functional suppression of T cells and have been used to shift the balance of TIME from an immunosuppressed to an immune activated state, resulting in a sustained and durable anti-tumor response at multiple lesion sites (236). Anti-PD-1, anti-PD-L1 and anti-CTLA-4 are currently FDA-approved treatment options for a variety of cancer types (237). In addition, some emerging immune target studies have recently emerged, for example, lymphocyte activation gene 3 (LAG-3) overexpression in Tregs produces the immunosuppressive cytokines IL-10 and TGF-β, which inhibit the activity of effector T cells, and whose expression levels correlate with tumor progression and poor prognosis (238). Dual blockade of LAG-3 and PD-1 also increased the number of tumor-infiltrating CD8+ T cells and reduced Tregs, thereby synergistically enhancing anti-tumor immunity (239). Dual blockade of PI3k-γ and CSF-1R promotes a shift in polarization state from M2 TAMs to M1 macrophages, reduces infiltration of MDSCs and enhances CD8+ T cell activation in TIME (240). DC-based vaccines can activate T-cell responses by removing inhibition of antigen presentation (241).

As radiotherapy can produce anti-tumor immune response and a control mechanism of suppressive tumor immune response, thus the combination of RT and drugs targeting tumor immunosuppression enhances the anti-tumor immune response and improves the efficacy of single modality therapy (64). Currently, numerous preclinical and clinical studies reveal the synergistic effect of RT with ICB (155, 165, 179, 180, 209, 242–245), and part of the relevant clinical trials are summarized in Table 2. Jing Zeng and colleagues showed that the combination of PD-1 blockade and local RT led to long-term survival in mice with in situ brain tumors compared to single radiation or immunotherapy, and that immunological data showed increased infiltration of CTLs(CD8+/IFN-γ+/TNF-α+) and reduced infiltration of Tregs (CD4+/FOXP3) in the combined treatment group (175). Single-cell RNA-sequencing revealed a significant increase in B cells germinal center formation after PD-1 blockade and radiotherapy (124). To take advantage of the enhanced radiation-induced endogenous anti-tumor immune response, increased PD-L1 expression on tumor cells or infiltrating immune cells must be counteracted by blocking the PD-1/PD-L1 pathway (211). In studies on NSCLC, PD-L1 expression was increased both in vitro and in vivo after conventionally fractionated radiation. Further studies showed that RT combined with anti-PD-L1 antibody enhanced anti-tumor immune responses by promoting CD8+ T cell infiltration and reducing MDSCs and Tregs cell aggregation (176). Xiaoqiang Qi et al.’s study of the therapeutic effect of Minimally invasive radiofrequency ablation (RFA) combined with sunitinib in an HCC model showed that the combined treatment increased the frequency of CD8+ T cells and DCs, reduced Tregs infiltration, and activated tumor-specific antigen (TSA) immune response, ultimately favoring inhibition of HCC growth (177). In addition, RFA caused the upregulation of PD-1 in tumor-infiltrating T cells by promoting hepatocyte growth factor (HGF) expression, which was inhibited by sunitinib treatment (177). The combination of anti-CTLA-4 antibody and fractionated RT regimens showed an enhanced antitumor response at the primary site in situ and an abscopal effect was observed (135). The frequency of CD8+ T cells producing tumor-specific IFN-γ correlates with secondary tumor suppression (135). Ming-Cheng Chang et al. demonstrated that local RT stimulated DCs by inducing apoptosis and HMGB-1 release. RT combined with DNA vaccine increased the number of antigen-specific CD8+ CTLs and enhanced antitumor efficacy and suggested that biweekly moderate radiation dose was a more optimal choice (174). Chemoradiotherapy-exposed TIMEs were highly enriched with newly infiltrated tumor-specific CD8+ T cells and tissue-resident memory T cells, moreover, the authors found that chemoradiotherapy combined with dual CTLA-4 and PD-1 blockade achieved optimal anti-tumor effects (254). As recent studies have shown, LDRT combined with ICB improved the anti-tumor outcome of ICB by supporting M1 macrophages polarization, enhancing NK cells infiltration and reducing TGF-β levels. Moreover, Depletion of CD4+ T cells and NK cells attenuated this anti-tumor effect, suggesting a key role of both cells in the anti-tumor immunity (180). Similarly, Preclinical and clinical studies supported LDRT induces predominantly infiltration of CD4+ T cells with Th1 signatures in TIME (179).


Table 2 | Landmark clinical trials of RT combined with immunotherapy for the treatment of cancers.



It is currently believed that HDRT (>5 Gy per fraction) is of limited value in tumor immunomodulation due to the presence of inherent toxicity and immunosuppression, whereas more recent studies have elaborated that LDRT (<3Gy per fraction) stimulates innate and adaptive immune responses, as well as improves the sensitivity of primary and metastatic lesions to ICBs, which is expected to improve cancer treatment outcomes by combining ICB (7). Three recent preclinical studies (1 Gy in lung adenocarcinoma model, 2.5 Gy in melanoma tumors model, 0.5-2 Gy in ovarian cancer model) all elucidated that LDRT acts as a modifier of immune response, remodeling TIME, significantly increasing infiltration of effector immune cells including tumor-infiltrating myeloid cells, DCs, NK cells, CD4+ and CD8+ effector T cells, etc., and was superior to either treatment alone in combination with ICB (178–180). Currently, for “cold” tumors ICB is not effective (255, 256). The corresponding Phase I clinical studies(https://clinicaltrials.gov/ct2/show/NCT02710253, https://clinicaltrials.gov/ct2/show/NCT03728179) were conducted in patients with a variety of “immune desert” tumors, including but not limited to advanced melanoma, anaplastic thyroid carcinoma, and metastatic ovarian cancer, demonstrating the safety, feasibility, and significant therapeutic efficacy of RT in combination with ICB.

It is generally accepted that TGF-β signaling is a strong regulator of radiation response in normal and tumor tissues (257). A preclinical study showed that concurrent administration of TGF-β blockade and RT followed by a PD 1 inhibitor improved tumor control and prolonged survival in a mouse model of metastatic cancer (258). The combination of RT and TGF-β blockade thus offers a new direction for personalized cancer therapy. In recent years, multiple studies using radiosensitizer have revealed potent RT-induced antitumor immunity, while also providing new options for radio-immunotherapy. Experiments by Kaiyuan Ni et al. observed that intra-tumor injection of radiosensitizer repolarized M2 TAMs to M1 macrophages, reduced intra-tumor TGF-β and collagen density, as well as inactivated CAFs. When intravenous radiosensitizer was combined with ICB, the mouse model exhibited enhanced T cells infiltration and a robust abscopal effect (186). Radiosensitizer acting on the STING pathway significantly promoted the activation of DCs and enhanced systemic immune responses against primary and metastatic tumors (184). Recently developed biogenetic gold nanoparticles (Au@MC38), a radiosensitizer, intensified radiation-induced DNA damage and ROS production, exacerbated apoptosis and necrosis, enhanced ICD-mediated immune responses, and achieved a satisfactory survival benefit in combination with ICB (259). Recently, additional pathways have been identified that may be involved in the radio-immunotherapy process. For example, tumor-induced CD45-Ter119+CD71+ erythroid progenitor cells (Ter cells) promote tumor progression by secreting artemin (ARTN), a neurotrophic peptide. Both topical RT and anti-PD-L1 treatment reduced Ter cell abundance and ARTN secretion in mice by an IFN- and CD8+ T cell-dependent manner (260).

Regarding the fractionation and dose of RT, M Zahidunnabi Dewan et al. showed that fractionated but not single-dose RT induced local and systemic anti-tumor immune responses when in combination with anti-CTLA-4 antibody (135). Single radiation doses (>12 Gy) may attenuate immunogenicity through TREX1 induction, while hypo-fractionated regimens (i.e., 8 Gy × 3) may be more effective when used in combination with immunotherapy (188). Fractionated doses of 2.5 Gy×4 and 15 Gy×2 produced higher NK cytotoxicity than single doses (e.g. 30 Gy or 10 Gy) (185). Differently, a study by Byron C Burnette and colleagues suggested that local high single dose RT promotes type I IFN production, initiating a cascade of innate and adaptive immune attacks against tumors by enhancing the ability to prime trans-tumor infiltrating dendritic cells (TIDC) (189). Latest animal and clinical studies indicated that when tumor burden was high, it was necessary to combine high-dose RT, low-dose RT and ICB therapy to achieve optimal therapeutic effects, specifically, HDRT (12 Gy×3) to target primary tumors that had activated T cells, while LDRT (1 Gy×2) targeted metastatic lesions to modulate immunosuppressive stroma and sensitize ICB (180).Thus, fractions and doses can significantly alter the immune response to TIME radiation. Primarily, immune cells must be recruited into the tumor by RT and immune activation achieved, followed by additional immunotherapy in order to exert a stronger anti-tumor immune effect. However, more data are urgently needed to draw more consistent conclusions about RT activation of the immune response and the optimal dose and fractionation in combination therapies with immunotherapy. And there may not be a so-called optimal RT fraction and dose, but different fractions and doses may be the most effective way to utilize the immunogenic properties of radiation in multimodal tumor therapies (4). Regarding the timing of immunotherapy after RT, studies have shown that immune cells migrate into the TIME within two days after the last radiation and remain there for several days, suggesting that immunotherapy is best applied in the middle to end of the treatment cycle (96). Additional studies have also shown that the combination of anti-PD-1 Ab one week after the last irradiation did not improve the tumor effects of RT (165). Thus, hypo-fractionated RT may predominate and longer radiation pauses allow time for the immune system to activate and function (96).




Conclusion

RT remodels the suppressive TIME and mobilizes immune response, which creates the conditions for immunotherapy to work better and thus act locally and systematically against tumors. RT in combination with additional immunotherapy is a promising approach to induce specific anti-tumor immune responses. Accumulating clinical and preclinical data suggest that the immunogenic effects of radiotherapy may convert “cold” tumor into “hot” lesion with massive immune cell infiltration, thereby sensitizing unresponsive tumors to immunotherapy (213). There is a very delicate balance between activation of the immune system and RT-induced immunosuppression, depending on the specific radiation timing, fractionation, and dosing regimen. There is a need to initiate clinical trials and preclinical studies aimed at systematically evaluating the effects of different grading and treatment regimens to gain more insight into the optimal dose and schedule that may be able to induce synergy between immunotherapy and RT. As different immune cell types, with different states of differentiation, exhibit different radio-sensitivities, the selection of the most suitable radiotherapy regimen for combination with immunotherapy must carefully consider the radio-sensitivity of TIME and circulating lymphocytes. In addition to this, which LDRT technology is preferable and which drug combinations benefit the most in radio-immunotherapy are critical issues to be explored more thoroughly in the future. Overall, although there is strong evidence from preclinical work that radiotherapy and immunotherapy are synergistic, clinical reports detailing the interaction of radiotherapy and immunotherapy are limited, and are currently under development.
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The theranostics of lymph node metastasis has always been one of the major obstacles to defeating breast cancer and an important decisive factor in the prognosis of patients. Herein, we design NaGdF4:Yb,Tm@NaLuF4 upconversion nanoparticles with PEG and anti-HER2 monoclonal antibody (trastuzumab, Herceptin) (NP-mAb), the delivery of NP-mAb through the lymphatic system allows for effective targeting and accumulation in lymphatic metastasis. Combination of radionuclides 68Ga and 177Lu could be chelated by the bisphosphate groups of NP-mAb. The obtained nanoprobe (NP-mAb) and nanonuclear drug (68Ga-NP-mAb or 177Lu-NP-mAb) exhibited excellent stability and show high accumulation and prolong retention in the lymph node metastasis after intratumoral injection into the foot pad by near-infrared fluorescence (NIRF), single-photon emission computed tomography (SPECT) and positron emission tomography (PET) imaging. Utilizing the β-rays released by 177Lu, 177Lu-NP-mAb could not only decrease the incidence of lymph node metastasis, but also significantly decrease the volumes of lymph node metastasis. Additionally, 177Lu-NP-mAb induce no obvious toxicity to treated mice through blood routine, liver and kidney function assay. Therefore, nanoprobe and nanonuclear drug we designed could be acted as excellent theranostics agents for lymph node metastasis, providing potential alternatives diagnose and treatment option for lymph node metastasis.
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Introduction

Tumor metastasis is an extremely severe step in the progression of tumors and approximately 90% of deaths in cancer patients are due to metastasis rather than the primary tumor (1). The lymphatic system is the preferred route for metastasis of most solid tumors in vivo, and draining lymph nodes are usually the earliest sites and the first station of metastasis (2, 3). Lymph node metastasis often indicates a poor prognosis, and is an important indicator of cancer progression (4, 5). The dissection and local radiotherapy of sentinel lymph nodes can significantly improve the prognosis of patients with lymph node metastasis, further emphasizing the development of effective theranostics strategies against lymph node metastasis (6–8). Recently, breast cancer has replaced lung cancer as the most common cancer worldwide (9). Similar to other solid tumors, lymph node metastasis plays a major role in promoting the invasion and metastasis of breast cancer. Therefore, reducing the occurrence of lymph node metastasis and removing tumor cells from the lymphatic system are the keys for combating breast cancer.

Current treatment methods for lymph node metastasis mainly include surgical resection, local radiotherapy and chemotherapy. Surgical resection as an invasive treatment have been widely used to perform regional or sentinel lymph node dissection. However, the efficiency of surgical resection usually depends on the diagnostic techniques of lymph nodes. Clinically, methylene blue dye, technetium colloid or fluorescent dye ICG are commonly used to locate and detect sentinel lymph nodes for guiding lymph node resection (10–13). However, these methods have certain limitations. It is difficult to detect the deep lymph nodes and distinguish the lymph node metastasis from normal lymph nodes. According to the literatures, local radiotherapy have been used for advanced patients with metastases to supraclavicular lymph nodes, reducing the risk of local recurrence and improving the overall survival (14, 15). However, the inevitable risks of exposure to radiation of the heart, lungs, and skin can lead to events such as acute radiation skin damage, lung damage, and increased incidence of heart disease (16–19). Similar to radiotherapy, chemotherapy is usually applied in the advanced patients with breast cancer. Recently, the neoadjuvant chemotherapy has been developed to reduce the size of the primary tumor and eliminate minor peripheral lesions before the surgery or radiotherapy, further improving the patient’s prognosis and quality of life (20). Chemotherapeutic agents based on small molecules often result in poor lymphatic absorption in clinical applications, affecting the long-retention in lymph node metastasis (21, 22). More importantly, the systemic side effects of chemotherapy are very obvious (23). Therefore, it is an urgent need to develop new personalized theranostics treatment of lymph node metastasis in breast cancer.

Given its suitable size and surface properties, nanomaterials can freely enter the intercellular matrix (24). During the competitive absorption process between lymphatics and blood vessels, some nanomaterials will preferentially enter the lymphatic vessels from the interstitium (25–27). Therefore, interstitially administration (subcutaneous, intratumoral or peritumoral) of nanodrugs exhibit great potential to target the lymphatic system. The delivery of nanodrugs through the lymphatic system effectively targets and accumulates in lymph node metastasis, avoiding the rapid drug clearance caused by direct ingestion by the blood system and further reducing the risk of toxicity. Utilizing the nanomaterials as nano-drug carriers could optimize drug accumulation in solid tumor sites, achieving highly efficient and selective lymphatic system enrichment by subcutaneous administration (28–30). Although numerous papers have reported that nano-drug combined with small molecular drugs using the principle of lymphatic transport could show the draining lymph nodes and kill the cancer cells aggregated in the lymph node site, theranostic nanoplatform in combination with radioisotope therapy for lymphatic system has been rarely reported (31).

The passive targeting of nano-drugs based on the enhanced penetration and retention (EPR) effect is strongly influenced by tumor heterogeneity. For the metastatic tumor, nano-drugs without tumor targeting ability could induce the non-specific distribution and unnecessary side effects (32, 33). An effective way to overcome these passive targeting limitations is to introduce targeting ligands or antibodies on the surface of nanoparticles for improving the cancer cells uptake of nanodrugs through their active binding ability to receptors or antigens specifically expressed on the tumor cell surface (34–36). Human epidermal growth factor receptor 2 (HER2)-positive breast cancer is an aggressive type of breast cancer that tends to grow more rapidly and spread more easily. Anti-HER2 therapies such as Herceptin (trastuzumab), are highly effective in the clinic, significantly improving the prognosis of patients with HER2-positive breast cancer (37, 38). In addition, trastuzumab has been widely used in the development of various nanodrugs for the diagnosis and treatment of HER2-positive breast cancer (39, 40). Therefore, in this study, we developed rare-earth upconversion nanoprobe (NP-mAb) conjugated with trastuzumab. These NP-mAb could be efficiently labeled with diagnostic radioisotope 68Ga (half-life: 68 min) and therapeutic radioisotope 177Lu (half-life: 6.71 d) through simple chelation. The obtained nanonuclear drug (68Ga-NP-mAb and 177Lu-NP-mAb) and nanoprobe can be moved into the lymph node metastasis via the delivery of lymphatic system, which developed a new theranostic strategy for lymphatic targeting used for near-infrared fluorescence (NIRF), single-photon emission computed tomography (SPECT), positron emission tomography (PET) and targeted radionuclide therapy (TRT) of HER2-positive breast cancer lymph node metastasis tumor in mice (Scheme 1). TRT based on 177Lu-NP-mAb could effectively inhibit the occurrence of lymph node metastasis and the growth of tumour in the footpad area and lymph node. Importantly, such therapeutic strategy our developed even exhibited no obvious side effects on the blood system, liver and kidney function of mice. Therefore, our developed strategy will provide a new method for theranostic of lymphatic metastases.




Scheme 1 | Schematic diagram of strategy for lymphatic targeting and theranostic nanoplatform.





Results and discussions

We began the study with the synthesis of rare-earth upconversion nanoparticles (UCNPs, NaGdF4:Yb,Tm@NaLuF4) via a liquid-solid-solution (LSS) solvothermal method (Figure 1A) (41–44). Then, UCNPs were chelated with bisphosphate-headed polyethylene glycol (PEG) ended with a maleimide group (dp-PEG-mal) to get water-soluble nanoparticles (i.e., NPs). To obtain the lock-and-key specific targeting ability toward HER2-positive breast cancer lymphatic metastasis, trastuzumab was conjugated with PEGylated NPs to obtain NP-mAb via a reaction between sulfhydryl residues of antibody and maleimide groups on the terminal PEG. Finally, positron-emitting 68Ga and β-emitting 177Lu radionuclides were labeled via chelating with bisphosphate groups to yield the final multimodal theranostic nanoparticles 68Ga-NP-mAb and 177Lu-NP-mAb, respectively. Transmission electron microscopy (TEM) characterization showed the spherical morphology of NPs (Figure 1B, left panel) and NP-mAb (Figure 1B, right panel) with an average size of 21.99 ± 2.88 nm and 22.5 ± 2.94 nm, respectively (Figure S1). Dynamic light scattering (DLS) analyses showed a narrow hydrodynamic size distribution of NPs with an average size of 50 nm, suggesting the hydrophobic UCNPs were successfully converted into hydrophilic UCNPs through the replacement of the oleic acid ligands-functionalized oil-dispersible UCNPs with hydrophilic PEG-coated UCNPs. A slight larger hydrodynamic size of 60 nm relative to PEGylated NPs was observed for NP-mAb (Figure 1C). Moreover, the zeta potential of the PEGylated NPs before and after antibody conjugation was changed from 4.81 to 12.63 mV (Figure 1D). These results strongly demonstrated that the monoclonal antibody molecules were successfully coupled on the surface of the NPs. Of note, antibody modification didn’t influence the optical spectrum of NPs and NP-mAb with exhibiting a near-infrared emission centered at 804 nm under the excitation of 980-nm laser (Figure 1E). In addition, thin-layer paper chromatography assay indicated the radiolabeling yield of both 68Ga-NP-mAb and 177Lu-NP-mAb reached 95% with ideal radiolabeling stability as well as excellent stability for NP-mAb in PBS and 10% FBS (Figures 1F, G and Figures S2 and S3). Besides, the stability of NP-mAb in different solutions were investigated.




Figure 1 | Synthesis and characterization of theranostic nanoplatform. (A) Schematic depicting the preparation of theranostic nanoplatform and structure diagram. (B) Transmission electron microscopy (TEM) image of NPs and NP-mAb nanoparticles. (C) Hydrodynamic size of NPs and NP-mAb in water determined by DLS. (D) Zeta potential of NPs and NP-mAb in water (***P< 0.001). (E) UV–vis spectra of NPs and NP-mAb under 980 nm light irradiation. (F) Radiochemical pure analysis of 177Lu-NP-mAb and 177LuCl3. (G) Radiolabeling stability of 177Lu-NP-mAb in PBS solution.



We next studied the cytotoxicity of NP-mAb to HER2-positive human breast carcinoma cell line SKBR3 cells and normal human liver cell line HL7702 cells by the CCK-8 assay. As shown in Figure 2A, after incubating with NP-mAb at various concentrations for 24 h, the nanoparticles showed minimized toxicity towards either SKBR3 cells or HL7702 cells, suggesting the suitable biocompatibility of NP-mAb for further in vivo study. To investigate the targeting capability of the NP-mAb, the cellular uptake study was conducted. SKBR3 cells with high HER2 expression were incubated with NPs and NP-mAb for 24 h, respectively, and the HER2 negative-expressed triple-negative human breast carcinoma cell line MDA-MB-231 cells were incubated with NP-mAb for 24 h. After incubation, the upconversion luminescence (UCL) signals of cells after different treatments were acquired under 980 nm laser irradiation (Figure 2B). The UCL signal of SKBR3 cells treated with NP-mAb presented a distinct signal, which was 4.28-fold and 7.1-fold higher than those of SKBR3 cells treated with NPs and MDA-MB-231 cells treated with NP-mAb, respectively (Figures 2B, C). These results proved that NP-mAb had better targeting efficiency towards HER2-positive SKBR3 cells, which was also verified by the UCL images of collected cell pellets after various treatments (Figure S4).




Figure 2 | Cell experiments. (A) The cytotoxicity of NP-mAb at different concentrations. (B) Confocal imaging of the HER2 over-expressed cell line (SKBR3) and HER2 low-expressed cell line (MDA-MB-231) incubated with the NPs and NP-mAb, respectively (blue: Nuclear staining, red: UCL Channel, the embedded scale bars correspond to 50 μm). (C) UCL Intensity of confocal imaging in cell binding experiment (***P< 0.001). (D) Relative viabilities of SKBR3 cells treated with different doses of free 177Lu, 177Lu-NPs and 177Lu-NP-mAb for 24 h. Asterisks indicate statistical significance (***P< 0.001). (E) γ-H2AX fluorescence images (blue: Nuclear staining, red: γ-H2AX) of SKBR3 cells with different treatments. (F) γ-H2AX Intensity of confocal imaging in DNA damage (***P< 0.001).



To investigate the cytotoxicity effect of 177Lu-NP-mAb, SKBR3 cells were incubated with different concentrations of 177LuCl3, 177Lu-NPs, and 177Lu-NP-mAb for 24 h, respectively. The cell viabilities were measured by CCK-8 assay. As shown in Figure 2D, the killing effect of 177Lu-NP-mAb on SKBR3 cells was significantly higher than that of 177LuCl3 and 177Lu-NPs at all detected radioactive dosage attributing to the trastuzumab-mediated higher targeting efficiency of 177Lu-NP-mAb relative to control groups. Meanwhile, the DNA damage of SKBR3 cells treated with 177Lu-NP-mAb nanoparticles was also studied (Figure 2E). The γ-H2AX luminescence imaging showed that 177Lu-NP-mAb induced significantly higher DNA damage than other control groups (Figure 2F).

As follows, NP-mAb and its radioactive counterpart 68Ga-NP-mAb were used for in vivo imaging of lymphatic metastasis. HER2-positive SKBR3 breast cancer lymphatic metastasis model was established according to the literatures (45, 46). Mice model bearing SKBR3 lymphatic metastasis were intratumorally injected with NP-mAb or 68Ga-NP-mAb (5 mCi 68Ga/kg) in the foot pad, and imaged by a small animal upconversion luminescence in vivo imaging system (IVIS, Lumina XRMS, America) and a small animal positron emission tomography system (micro-PET, Siemens Inveon, Germany), respectively. As shown in Figure 3A, an obvious UCL signal was observed in the metastatic lymph node (red arrow) after 1 h injection of NP-mAb in the foot pad (yellow arrow), and the UCL signal was still evident at 5 h post-injection of nanoparticles. Time-dependent UCL signal changes in metastatic lymph node are shown in Figure 3B, indicating that NP-mAb can accumulate into the metastatic lymph node efficiently within 1 h post-injection of nanoparticles and enable a long-term longitudinal imaging window. Besides, for radioactive imaging, as displayed in Figure 3C, a significant radioactive signal was observed in metastatic lymph node after 1 h injection of 68Ga-NP-mAb in foot pad. Quantitative analyses showed similar result with UCL imaging and the highest uptake of the metastatic lymph node reached 12.6 ± 2.2% ID/g at 1 h post-injection of nanoparticles (Figure 3D). This further demonstrates that the nanoprobes can be transported through the lymphatic system and specifically gathered in the metastatic lymph node.




Figure 3 | In vivo imaging experiments. (A) NIRF imaging of mice model bearing SKBR3 were obtained at different time points of NP-mAb injection (the red arrow indicates the site of metastatic lymph node, the yellow arrow indicates the injection site in foot pad). (B) Changes of upconversion luminescence signal in lymphatic metastasis after NP-mab injection. (C) PET imaging of mice model bearing SKBR3 were obtained at different time points of 68Ga-NP-mAb injection (red arrow: lymphatic metastasis, yellow arrow: injection site in foot pad). (D) Changes of radioactive ingestion signal in lymphatic metastasis after 68Ga-NP-mAb injection.



Before determining in vivo therapeutic effect of 177Lu-NP-mAb, in vivo behavior of 177Lu-NP-mAb in mice bearing SKBR3 lymphatic metastasis was investigated. Notably, except for β-ray emission for therapy, 177Lu emits γ-ray emission (208 keV and 113 keV) with long radioactive half-time (6.7 day), enabling long-term monitoring the in vivo behavior of 177Lu-NP-mAb in the metastatic lymph node by a small animal single-photon emission computed tomography imaging system (micro-SPECT, MILabs, Netherlands). As shown in Figure 4A, 177Lu-NP-mAb-treated mice exhibited significant accumulation and prolonged retention of radionuclides in the lymphatic metastatic site (red arrow) with the uptake as high as 8.84 ± 1.68% ID/g even at 7 d post-injection of 177Lu-NP-mAb shown in Figure 4B. Besides, in vivo biodistribution was also investigated at 24 h post injection of 177Lu-NP-mAb in the footpad of mouse model (Figure 4C). We found that 177Lu-NP-mAb exhibited an obvious accumulation (13.5 ± 6.38%ID/g) in lymphatic metastasis at 24 h except for the liver and spleen uptake. These results showed that the nanoprobe had good targeting performance in metastatic lymph nodes. In addition, there was a large amount of radioactive accumulation in the liver and spleen, which was related to the characteristics of nanoparticles and their easy uptake by the monocyte macrophage system (MPS).




Figure 4 | In vivo therapeutic efficacy by radiotherapy. (A) SPECT imaging of SKBR3 tumor bearing mice with 177Lu-NP-mAb injected in the left foot pad at different time points (the red arrow indicates the site of metastatic lymph node, the yellow arrow indicates the injection site in foot pad). (B) Uptake curves of 177Lu-NP-mAb in lymphatic metastasis at different time points. (C) In vivo biodistribution of 177Lu-NP-mAb in major organs and tissues at 24 h after injected in the foot pad (error lines represent mean ± standard deviation, n = 3). (D) Schematic diagram of radioisotope therapy to suppress primary tumor and metastasis lymph nodes growth. (E) MRI imaging of lymphatic metastasis model mouse and Schematic diagram of tumor volume calculation method. (F) Changes in body weight of mice in each group during the therapeutic cycle. (G) Lymph node metastasis rate of different groups of mice (PBS, NP-mAb, 177LuCl3, 177Lu-NPs, and 177Lu-NP-mAb, n = 8 for each group) after 2 weeks of radioisotope therapy (+ indicates positive lymph node metastasis in mice, - indicates negative lymph node metastasis in mice). (H) The volume of primary tumor and metastatic lymph nodes in different groups of mice after 2 weeks of radioisotope therapy. Asterisks indicate statistical significance (***P< 0.001, *P< 0.05).



Based on the excellent accumulation and retention of 177Lu-NP-mAb in the metastatic lymph node, the therapeutic effect of 177Lu-NP-mAb on primary and metastatic tumors was evaluated. The timeline of construction of tumor model, therapeutic treatment, and outcome analyses were shown in Figure 4D. After 2 weeks of inoculation of the tumor cells into nude mice, mice were injected with PBS, NP-mAb, 177LuCl3, 177Lu-NPs, or 177Lu-NP-mAb in the footpad, respectively. After therapies, tumor volumes of both primary (yellow arrow, injection site in the foot pad) and metastatic lymphatic tumors (red arrow) were detected and calculated through small animal magnetic resonance imaging system (MRI, MRS3000, MR Solution, Britain) shown in Figure 4E. No obvious weight loss for all treatment groups (Figure 4F). According to the MRI data in Figure S5 and the analyses in Figure 4G, among all the treatment groups, the mice treated with 177Lu-NP-mAb possessed the lowest risk of lymph node metastasis with metastatic occurrence probability decreased from 87.5% in PBS-treated group into 50% in 177Lu-NP-mAb-treated group. Additionally, compared with PBS-treated group, the rate of lymph node metastasis was slightly decreased in the 177LuCl3- treated group, which might be due to the antitumor effect of β-rays emitted by 177Lu. In contrast, it was easier to understand that there was no change in the metastatic rate of lymph nodes in the NP-mAb treated group relative to PBS-treated group. We also collected the primary tumor and lymph node metastasis to record the volume of tumor using MRI (Figure S5). As shown in Figure 4H, the primary tumor volumes of mice treated with 177Lu-NP-mAb was smaller than that of the other four groups, which might be related to the better distribution and intracellular uptake of 177Lu-NP-mAb within the tumor. From the lymph node metastasis volume analysis, both 177Lu-NPs and 177Lu-NP-mAb could inhibit the tumor growth, suggesting that the nanoparticles could enter into the lymphatic system and accumulate in the lymph node. Moreover, the inhibitory effect of 177Lu-NP-mAb group was better than that of the 177Lu-NPs group (Average volume of lymph node metastasis: 360.76 ± 64.72 mm3 to 448.53 ± 43.7 mm3, P<0.05), demonstrating that the improved accumulation and retention of nanoparticles in lymph nodes by anti-HER2 antibody could enhance the therapeutic efficacy.

The potential side-effect of 177Lu-NP-mAb was also investigated. The blood samples collected from mice after different treatments were used to evaluate the routine blood tests, liver and kidney function. As shown in Figure 5A, there was a slight decrease in blood indexes such as white blood cell count (WBC), red blood cell (RBC), platelet count (PLT) and hemoglobin (HGB) in 177Lu-, 177Lu-NPs- and 177Lu-NP-mAb-treated groups, which was probably caused by radionuclides-induced bone marrow suppression. Further study showed that WBC, RBC, PLT and HGB have rapidly reduced to a certain extent at the first week after treatment with 177Lu-NP-mAb, which kept stable at the next week (Figure S6). Such phenomenon are basically consistent with the changes of blood routine level in clinical radionuclide treatment, indicating that radionuclides-mediated bone marrow suppression mainly occurred during the first-week treatment and thus suggesting that prevention should be carried out before treatment to prevent the occurrence of bone marrow suppression. In addition, there are no obvious of liver and kidney toxicity among all the groups using liver function indexes including alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), and gamma glutamyl transpeptidase (GGT) and renal function indexes blood urea (UREA) and creatinine (CREA) (Figures 5B, C). Therefore, 177Lu-NP-mAb we designed could act as an excellent therapeutic agent for lymph node metastasis with minimal side-effects.




Figure 5 | Histological evaluation and safety assay. (A) The blood routine tests of mice in different groups after 2 weeks post treatment. Asterisks indicate statistical significance (**P< 0.01, ***P< 0.001). (B) The liver function of mice in different groups after 2 weeks post treatment (n.s. indicates no significance). (C) The kidney function of mice in different groups after 2 weeks post treatment (n.s. indicates no significance). (D) Micrographs of H&E and TUNEL stained tumor slices from metastasis lymph nodes of mice with different groups at 2 weeks after treatment. Scale bar: 50 μm. (E) Micrographs of CD44 stained tumor slices from metastasis lymph nodes of mice with different groups at 2 weeks after treatment. Scale bar: 50/10 μm.



Besides, we also investigated the potential mechanism of radioisotope therapy in lymph node metastasis. Lymph nodes from mice with different treatments were collected for HE staining, TUNEL staining and CD44 immunohistochemistry (IHC) after 2 weeks post injection. HE staining and TUNEL staining of lymph nodes exhibited that177Lu-NP-mAb induced most severe apoptosis compared with other control groups (Figure 5D). CD44 is widely expressed on the surface of breast tumor stem cells (47). CD44 IHC results of lymph node metastasis showed that CD44 expression level in the 177Lu-NP-mAb-treated group was significantly decreased compared with the PBS-treated group, indicating that the tumor stem cells in lymph node metastasis decreased after treatment with 177Lu-NP-mAb (Figure 5E). The flow cytometry of tumor cells collected from mice after different treatments also indicated the reduced CD44 expression in 177Lu-NP-mAb-treated group (Figure S7A). In addition, epithelial cell adhesion molecule (EpCAM) expressed on the surface of most epithelial tumor cells, including breast cancer cells, is an important marker in circulating tumor cell detection (CTC). Flow cytometry results showed that the expression level of EpCAM in the 177Lu-NP-mAb-treated group was significantly lower than that in PBS-treated group (Figure S7B). Therefore, 177Lu-NP-mAb could significantly inhibit the lymph node metastasis and reduce the incidence of tumor metastasis.



Conclusion

In this work, we successfully designed a nanoprobe conjugated trastuzumab based on upconversion nanoparticles, further developed a nanonuclear drug labeled 68Ga or 177Lu, adopted a new imaging and theranostic strategy for lymphatic targeting, to realize the multimodal imaging and theranostics of lymph node metastasis. NIRF/PET/SPECT imaging showed that nanoprobe exhibited high accumulation and prolonged retention in lymph node metastasis. Importantly, the injected nanonuclear drug significantly reduced the occurrence of lymph node metastasis and inhibited the growth of lymph node metastasis. In addition, nanonuclear drug induced no obvious side-effect to treated mice though the blood routine, liver and kidney function assay. Therefore, this study not only provides a versatile nanoplatform for the applications of multimodal imaging and theranostics but also validates new strategy for lymphatic metastasis targeting by delivery of nanodrugs through the lymphatic system, which is meaningful to guide the exploration and advances of more effective theranostics strategies against tumors.



Materials and methods


Preparation of 68Ga-NP-mAb and 177Lu-NP-mAb

The detailed preparation of NaGdF4:Yb,Tm@NaLuF4 nanoparticles was provided in the Supporting Information. NP-mAb conjugation was prepared according to the previously reported methods (48). The 68Ge/68Ga generator (ITG, Germany) was eluted with 4 mL of 0.05 M HCl, and take the middle 2 ml of 68Ga for labeling. 68Ga solution (1 ml, 185-222 MBq) dissolved in 250 µL of 0.25 M sodium acetate (NaOAc) was added into the NP-mAb solution (1 mg/mL, 0.1 mL) and then stirred at room temperature for 30 min. The mixture was centrifuged at 3000 r/min for 5 min three times through 100 K ultrafiltration tube to remove the excess 68Ga. The radiochemical purity of 68Ga-NP-mAb was measured by paper chromatography (mobile phase: sodium citrate). 177LuCl3-HCl solution (20 µL, 18.5–37MBq, ITM, Germany) dissolved in 20 µL of 0.25 M sodium acetate (NaOAc) was added into the NP-mAb solution (1 mg/mL, 0.05 mL) and then stirred at room temperature for 30 min. The mixture was centrifuged at 3000 r/min for 5 min three times through 100 K ultrafiltration tube to remove the excess 177Lu. The radiochemical purity of 177Lu-NP-mAb was measured by paper chromatography (mobile phase: EDTA). All radionuclide related work is carried out under perfect radiological protection.



In vitro experiments

The human breast cancer cell line SKBR3, MDA-MB-231 and human normal liver cell line HL-7702 were obtained from Cell Source Center, Chinese Academy of Science (Shanghai, China). SKBR3 cells were cultured and passaged in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), penicillin (100 U/mL), and streptomycin (0.1 mg/mL). MDA-MB-231 cells and HL-7702 cells were cultured and passaged in Roswell Park Memorial Institute 1640 Medium (RPMI-1640) supplemented with 10% fetal bovine serum (FBS), penicillin (100 U/mL), and streptomycin (0.1 mg/mL).

For in vitro potential toxicity assay, SKBR3 cells and HL-7702 cells were seeded in 96-well plates (5 × 103 cells/well) and cultured at 37°C overnight, respectively. The different concentrations of NP-mAb (0, 0.04, 0.16,0.31,1.25,2.5 and 5 mM) were added and cultured for 24 h. The cell culture medium was replaced by fresh medium in each well, and the cells were incubated for another 24 or 48 h. Cell viability was measured by the Cell Counting Kit-8 (CCK-8, Bimake, cat.no.B34304) assay.

For in vitro radioisotope therapy, SKBR3 cells were seeded in 96-well plates (5 × 103 cells/well) and cultured at 37°C overnight. The different concentrations of 177LuCl3, 177Lu-NPs and 177Lu-NP-mAb (0, 0.3,0.6, 1.2,2.5,5,10,20 and 40 μCi) were added and then incubated for 24 h. The cell culture medium was replaced by fresh medium in each well, and the cells were incubated for another 24 h. Cell viability was measured by the CCK-8 assay.

For cell uptake experiments, SKBR3 cells and MDA-MB-231 cells were seeded onto a glass-bottom cell culture dish (Φ15 mm, NEST) at densities of 5 × 104 cells/well, respectively. After 12 h, SKBR3 cells were treated with NP-mAband NPs, respectively. MDA-MB-231 cells were treated with NP-mAb. After another 12 h of incubation, cells were stained with 4’,6-diamidino-2-phenylindole (DAPI) and imaged by confocal microscopy (FV1200, OLYMPUS, Tokyo, Japan).

For γ-H2AX (Immunoway, cat.no.YT2154) staining studies, SKBR3 cells were seeded onto a glass-bottom cell culture dish (Φ15 mm, NEST) at densities of 5 × 104 cells/well. Cells were treated with PBS (control), NP-mAb, 177LuCl3, 177Lu-NPs and 177Lu-NP-mAb, respectively. After 12 h of incubation, cells were stained with γ-H2AX and DAPI and then imaged by confocal microscopy (FV1200, OLYMPUS, Tokyo, Japan).



In vivo experiments

Female BALB/c nude mice (5-8 weeks) were purchased from Changzhou Cavens Company. All animal experiments were performed according to the experimental animal protocols of Soochow University, and the experiments were approved by the animal ethics committee of Soochow University.

To create the HER2-positive breast cancer lymphatic metastasis model, a single-cell suspension of 2 × 106 SKBR3 cells in 20 μL PBS was injected into the left footpad area of BALB/c nude mice. The popliteal lymph nodes could be palpated for enlargement and hardening after about 2 weeks, demonstrating that SKBR3 cells were successfully metastasized to the popliteal lymph nodes.

For in vivo NIRF imaging, mice bearing SKBR3 tumor were injected in the footpad with NP-mAb (120 μg/20 μl). NIRF imaging were acquired by IVIS at different time points before and after injection (Pre, 5 min, 1h, 3h, 5h). The imaging data were analyzed using Living ImageⓇ4.5 (PerkinElmer). For in vivo PET imaging, mice bearing SKBR3 tumor were injected into the footpad with 68Ga-NP-mAb at radioactive dose of 100 μCi. Micro-PET was performed at different time points after injection (1h, 3h, 5h; n = 3). The imaging data were reconstructed and analyzed using Inveon Workplace (Siemens). The imaging data were reconstructed by 3-dimensional ordered subsets expectation maximum (3D OSEM) algorithm using Inveon Workplace (Siemens) without correction for attenuation or scatter. The CT data from the PET/CT examination were reconstructed in the coronal plane as 0.1-mm-thick sections. The following parameters were used for imaging: 80 kV, 100 mAs, 0.32 s per rotation. The imaging-derived percentage injected dose per gram (%ID/g) of lymphatic metastasis were calculated at Inveon Research WorkStation.

For in vivo SPECT imaging and bio-distribution studies, mice bearing SKBR3 tumor were injected into the footpad with 177Lu- NP-mAb or 177Lu- NPs at radioactive dose of 50 μCi. SPECT was performed using a general-purpose mouse collimator with 2.0 mm pinholes, and >1500 cps/MBq sensitivity with an U-SPECT+/CT imaging system (MILABS) at different time points after injection (Pre, 0.5d, 1d, 2d, 3d, 5d, and 7d; n = 3). Two 10-minute sets of data (frames) were acquired and combined. Pixel-based ordered subset expectation maximization (POSEM) reconstruction was used with 4 subsets, 6 iterations, and a 3D-Gaussian kernel (FWHM of 0.8 mm) filter. X-ray microCT was used for anatomic guidance and attenuation correction. The imaging data were reconstructed using the two-dimensional ordered subsets-expectation maximization algorithm. Volume rendered images were generated using professional PMOD software (MILabs).

Mice bearing SKBR3 lymphatic metastasis model were raised two weeks and then assigned into five groups including 1) PBS (control group), 2) NP-mAb treated group, 3) 177LuCl3 treated group (3.7 MBq per mouse), 4) 177Lu- NPs treated group (3.7 MBq per mouse) and 5) 177Lu- NP-mAb treated group (3.7 MBq per mouse corresponding to 50 ug of NP-mAb). These samples were injected in the left footpad area (n = 8), while the control group were administrated with 0.02 mL of PBS (n = 8). After another two weeks, micro-MRI was used to measure the tumor volume in the foot pads and lymph node metastasis. The tumor volumes were calculated using the formula:   (49, 50). When the tumor volume reached 2 cm3 or the weight loss exceeded 20%, the experiment was terminated and the animals were sacrificed.



Safety assessment

For immunofluorescence staining, the lymph node metastasis obtained from mice with different treatments including PBS, NP-mAb, 177LuCl3, 177Lu- NPs and 177Lu- NP-mAb were sliced and stained with anti-CD44 (abcam, Clone: EPR18668). Hematoxylin and eosin (H&E) staining and terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL, Roche, cat.no.11684817910) assay also were carried out to evaluate morphologic changes and apoptosis of SKBR3 tumor cells. The mice were killed by cervical dislocation and the lymphatic metastases were surgically removed immediately. Then, the tissue samples of lymphatic metastases were fixed in 10% formalin before being stained and analyzed for pathological changes.

The blood routine, liver function and kidney function were investigated to evaluate the side effects of mice with different treatment. Blood routine assay including WBC, RBC, PLT and HGB were measured by XN-1000 F Automated Hematology Analyzer (KOBE, JAPAN). Liver and kidney functions including ALT, AST, ALP, GGT, UREA and CREA were measured by Clinical Chemistry Analyzer BS-420(Mindray, China).

To study the antigen expression of SKBR3 cancer cells in vivo, immunocytochemistry was used to detect cell surface antigens. The lymph node metastasis obtained from mice with different treatments including PBS, NP-mAb, 177LuCl3, 177Lu- NPs and 177Lu- NP-mAb were homogenized in PBS (pH 7.4) containing 1% Fetal Bovine Serum (FBS) to acquire cell suspension. Afterwards, the SKBR3 cells were stained by anti-EpCAM (abcam, Clone: EPR20532-225) or anti-CD44 antibodies for flow cytometry assay.



Statistical analysis

All results are expressed as means ± SEM or SD as indicated. Significance between multiple groups was determined by one-way ANOVA analysis, t-test was used to compare the two groups of data. All statistical analyses were carried out using SPSS statistical software version 19.0 (IBM Corp., Armonk, NY, USA). P<0.05 was considered to indicate statistically significant differences.
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For locally advanced (T3-4/N+M0) rectal cancer (LARC), neoadjuvant chemoradiotherapy (nCRT) followed by total mesorectal excision (TME) is the standard treatment. It was demonstrated to decrease the local recurrence rate and increase the tumor response grade. However, the distant metastasis remains an unresolved issue. And the demand for anus preservation and better quality of life increases in recent years. Radiotherapy and immunotherapy can be supplement to each other and the combination of the two treatments has a good theoretical basis. Recently, multiple clinical trials are ongoing in terms of the combination of nCRT and immunotherapy in LARC. It was reported that these trials achieved promising short-term efficacy in both MSI-H and MSS rectal cancers, which could further improve the rate of clinical complete response (cCR) and pathological complete response (pCR), so that increase the possibility of ‘Watch and Wait (W&W)’ approach. However, the cCR and pCR is not always consistent, which occurs more frequent when nCRT is combined with immunotherapy. Thus, the efficacy evaluation after neoadjuvant therapy is an important issue for patient selection of W&W approach. Evaluating the cCR accurately needs the combination of multiple traditional examinations, new detective methods, such as PET-CT, ctDNA-MRD and various omics studies. And finding accurate biomarkers can help guide the risk stratification and treatment decisions. And large-scale clinical trials need to be performed in the future to demonstrate the surprising efficacy and to explore the long-term prognosis.
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Introduction

For locally advanced rectal cancer (LARC, T3-4/N+M0), the standard treatment is neoadjuvant chemoradiotherapy (nCRT) combined with total mesorectal excision (TME) followed by adjuvant chemotherapy. nCRT reduces local recurrence, promotes tumor downgrading, and improves the anus-preservation rate. Some patients can even achieve pathological complete response (pCR) (1), thus obtaining a better prognosis. Patients who achieve a clinical complete response (cCR) are also candidates for the nonoperative watch and wait (W&W) approach (2) to obtain better quality of life. However, given the increasing demand to achieve tumor regression and anus preservation in recent years, the traditional nCRT treatment model has encountered a bottleneck. Further improving tumor regression and long-term survival has become a challenge. In addition, reducing toxicity and improving quality of life also represent important issues. At present, significant efforts have been made to develop immunotherapy-based regimens. The use of nCRT combined with immunotherapy has also been studied recently in LARC patients, yielding gratifying short-term efficacy. The Immune-stimulating effect of nCRT could potentially overcome the resistance of microsatellite stable (MSS) colorectal cancer to immunotherapy and serve as a good paradigm for achieving synergistic optimization.



Current status of neoadjuvant chemoradiotherapy for locally advanced rectal cancer

For LARC patients, neoadjuvant radiotherapy includes long-course radiotherapy (LCRT, 50 Gy/25 Fx, 5-Fu or capecitabine sensitization) and short-course radiotherapy (SCRT, 25 Gy/5 Fx). nCRT can significantly reduce the local recurrence rate (<10%) and has become the standard treatment based on NCCN guidelines. The pCR rate for standard treatment is only 10-20%, and it did not improve the long-term prognosis.

To improve the efficacy of neoadjuvant therapy, researchers have attempted to increase the treatment intensity of nCRT. The CinClare study confirmed that the addition of irinotecan to nCRT could increase the pCR rate compared with the standard nCRT group (30.0% vs 15.0%) (3). Recently, researchers have tried to advance adjuvant chemotherapy ahead of surgery through the use of consolidation chemotherapy (4), induction chemotherapy (5), or even total neoadjuvant therapy (TNT) (6). Multiple clinical trials demonstrated that TNT could increase the complete response (CR, pCR + cCR) rate to greater than 30% and improve the anus-preservation rate. TNT also improved compliance with nCRT and controlled distant metastasis early, providing patients with sufficient systemic treatment to achieve long-term benefits.

However, given the increasing demand for anal preservation and good quality of life, the CR rate of TNT remains insufficient, especially for those with tumors in lower locations. To further improve efficacy, risk stratification, population selection, sensitivity testing and precision treatment are new directions worth exploring. New antitumor methods, such as immunotherapy (PD-1/PD-L1 monoclonal antibody), have gradually been introduced to the field of nCRT for LARC patients.



Theoretical basis of nCRT combined with immunotherapy

In recent years, immunotherapy has achieved great success in the treatment of a variety of malignant tumors and has become a new pillar of anticancer treatment. Microsatellite instability-high (MSI-H) patients have a higher tumor mutation burden (TMB) and increased tumor-infiltrating lymphocytes (TILs), which have naturally high sensitivity for immunotherapy (7, 8). The Keynote-177 study suggested that pembrolizumab monotherapy should be used as a new standard of first-line treatment for patients with metastatic dMMR/MSI-H colorectal cancer (9). However, dMMR/MSI-H tumors accounted for less than 5% of colorectal tumors, and greater than 95% of the tumors were classified as MSS tumors that are not very sensitive to immunotherapy alone. Therefore, improving the efficacy of MSS colorectal cancer is of great significance.

Preclinical studies have shown that radiotherapy promotes antitumor immunity. Radiotherapy induces the immunogenic death (ICD) of tumor cells; releases proinflammatory signals, such as neoantigens and damage-associated molecular patterns (DAMPs); and promotes the activation of antitumor T cells and the accumulation of TILs (10, 11). Radiotherapy can induce the upregulation of PD-L1 expression in tumor tissues and increase the sensitivity to immunotherapy. Radiotherapy combined with PD-L1 antibody can simultaneously regulate the tumor microenvironment, relieve its immunosuppressive effect, and enhance T-cell-derived antitumor cytokines (12, 13). Clinical studies of radiotherapy combined with immunotherapy have also observed the ‘abscopal effect’ (14, 15), which means that when a tumor at a certain location was treated with radiation, the tumor at another remote location also achieved a significant regression at the same time, probably because the radiation activates the systemic immune response. The above evidence shows that radiotherapy is expected to become one of the best types of therapy to combine with immunotherapy. Thus, through a mutual sensitization effect, the combination of nCRT and immunotherapy promotes synergism between local and systemic treatments, thereby achieving better tumor regression and long-term prognosis.

And the pathological files of the surgical specimens after nCRT and immunotherapy demonstrated the above changes, mainly including the following three features (16), i) Immune activation, as indicated by lymphoid infiltrates, tertiary lymphoid structures, and plasma cells; ii) Cell death, signified by foamy macrophages and cholesterol clefts; iii) The identification and histologic description of a tumor regression, including features of tissue repair, in particular proliferative fibrosis and neovascularization. And in terms of the LARC after nCRT plus immunotherapy in our cancer center, lymphocytic infiltration, cell necrosis and proliferative fibrosis and neovascularization are also found in post-surgery specimens.

Currently, the application of immunotherapy has gradually moved from posterior-line therapy to first-line therapy for metastatic cancers and has begun to be applied to adjuvant and neoadjuvant therapies for early-stage cancers. At the stage of neoadjuvant therapy, patients are generally in a better condition and are more susceptible to adverse treatment reactions. In terms of neoadjuvant therapy for colorectal cancer, the NICHE study and the PICC study confirmed that immunotherapy can increase the pCR rate of MSI-H/dMMR patients to greater than 60% (17, 18). At the 2022 ASCO Annual Meeting, it was reported that PD-1 monotherapy used in MSI-H/dMMR LARC achieved a cCR rate of 100% (14/14) (19). For MSS LARC patients, an increasing number of researchers are exploring the use of chemoradiotherapy combined with PD-1/PD-L1 inhibitors, and good results have been obtained.



Clinical trials of nCRT combined with immunotherapy

Currently, numerous clinical studies on nCRT combined with immunotherapy have reported preliminary results. Most of the studies were prospective stage I-II trials with small sample sizes. The enrolled patients were mainly classified as having MSS tumors. The primary endpoints included the main indicators of tumor regression, such as the pCR rate, cCR rate, TRG, and NAR score, as well as treatment safety (the incidence of adverse reactions). The study designs included both LCRT (conventional fractionated radiation, 50 Gy/25 Fx) and SCRT (hypofractionated radiation, 25 Gy/5 Fx), and the sequences of immunotherapy and nCRT varied greatly (sequential or concurrent). Major information of clinical trials with published data is summarized in Table 1 (LCRT-based trials) and Table 2 (SCRT-based trials). And for detailed information of all ongoing clinical trials, please refer to Supplementary Table 1 and Supplementary Table 2.


Table 1 | Major clinical trials of the long course radiotherapy (LCRT) combined with immunotherapy for LARC.




Table 2 | Major clinical trials of the short course radiotherapy (SCRT) combined with immunotherapy for LARC.




Long-course nCRT combined with immunotherapy

LCRT and immunotherapy are mainly combined through two modes: sequential or concurrent.

The trials using sequential immunotherapy followed by nCRT mainly included VOLTAGE-A, NSABPFR-2, and PANDORA, all of which achieved better tumor responses than the standard nCRT regimen. The first results were reported by the VOLTAGE-A study in Japan (20). This study used traditional nCRT (50.4 Gy/25 Fx/capecitabine) followed by 5 courses of nivolumab monotherapy. The results showed that among the 37 MSS patients, 11 patients achieved pCR (30%), 3 patients achieved near-pCR (8%), and 1 patient achieved cCR and adopted the W&W approach. Only 3 patients experienced grade 3-4 toxicities. The American NSABPFR-2 trial (21) reported at the 2022 ASCO GI conference enrolled 45 patients with stage II-IV rectal cancer who received 4 courses of durvalumab monotherapy after nCRT followed by TME surgery. The primary endpoint was the neoadjuvant therapy (NAR) score. The results showed that the patient’s mNAR score was 12.03, the pCR rate was 22.2%, the cCR rate was 31.1%, the R0 resection rate was 81.0%, and the anus-preservation rate was 71.4%. The main grade 3 toxicities included diarrhea, lymphopenia and low back pain. Only one patient had grade 4 adverse reactions (elevated amylase/lipase). Results from the Italian PANDORA study were reported at the 2022 ASCO Annual Meeting (22). The study used the Simon two-stage design. A total of 55 patients with LARC were enrolled. After nCRT (50.4 Gy/25 Fx/capecitabine), three courses of durvalumab monotherapy were administered. The results showed that 34.5% (19/55) of patients achieved pCR (TRG 0), 25.5% (14/55) of patients achieved near-pCR (TRG 1), and the Major Pathologic Response (MPR, less than 10% of the residual tumor compared with the baseline) rate was 60.0%. In addition, a low rate of grade 3-4 toxicities for nCRT or durvalumab was observed. The pCR rate of traditional nCRT was approximately 15-20%, and the overall CR rates (pCR + cCR) in these three studies all reached 30% or greater, suggesting that the combination of nCRT and immunotherapy achieved a good tumor response.

Trials of nCRT concurrent with immunotherapy included the ANAVA and R-IMMUE studies. The Italian ANAVA study reported at the 2021 ASCO Annual Meeting (23) enrolled 101 LARC patients. These patients were administered 6 courses of avelumab starting on the first day of nCRT. Among the 96 patients with final pathological results, 22 cases (23%) reached pCR, and 59 cases (61.5%) reached MPR. The rates of grade 3-4 nonimmune and immune-related toxicity were only 8% and 4%, respectively. The 2021 ESMO Annual Meeting reported the preliminary results of the Belgian R-IMMUNE study (24). Currently, the enrollment and treatment of phase Ib (6 cases) and the first stage (20 cases) of phase II (Simon two-stage design) have been completed. The enrolled patients were randomly divided into the standard nCRT group (45-50 Gy/5-Fu) and the nCRT-immunotherapy combination group (45-50 Gy/5-Fu + atezolizumab for 4 courses). The primary endpoint was the toxicity rate, and the secondary endpoint was the pCR rate. Preliminary results reported that 13% of patients experienced grade 3-4 toxicities (20/151 adverse events, including anastomotic fistula and infection in 10% of patients, urinary infection in 20%, renal function impairment in 5%, and immune-related thrombocytopenia in 5%; 34.6% (9/26) patients), and the pCR rate was 24% (6/25).

In addition, two additional studies implemented a TNT-like design. The 2021 ASCO-GI conference reported the results of the pembrolizumab cohort of the NRG-GI002 study (25). The control group received 8 courses of FOLFOX chemotherapy followed by nCRT concurrent with capecitabine, and the study group received 8 courses of FOLFOX chemotherapy followed by nCRT concurrent with capecitabine and pembrolizumab. The study endpoint was the NAR score. The results showed that the average NAR score of the control group and the pembrolizumab group were 14.08 and 11.53, respectively, and the difference was not statistically significant (P=0.26). The pCR values for the control group and the pembrolizumab group were 29.4% vs. 31.9% (P=0.75), respectively, and the cCR values were 13.6% vs. 13.9% (P=0.95), respectively. Although the statistical results showed that the tumor regression rates were similar in the two groups, the pCR+cCR rates in both groups were as high as approximately 44%. Thus, approximately half of patients achieved complete tumor remission, suggesting that the combination of the TNT pattern and immunotherapy is conducive to achieving the maximum degree of tumor regression. However, the addition of immunotherapy in this study failed to further improve tumor regression, which may be related to the low completion rate of pembrolizumab. Moreover, because lymphocytes are very sensitive to radiation, when radiotherapy is concurrently used with immunotherapy, radiotherapy may kill locally accumulated or activated lymphocytes, thereby adversely affecting the immune response.

Another PKUCH04 study conducted in Beijing (26) included 25 high-risk LARC patients. These patients received 3 courses of CAPOX chemotherapy combined with camerelizumab followed by LCRT, 2 courses of CAPOX chemotherapy and finally TME surgery or the W&W strategy. Eventually, 21 patients underwent TME surgery, 7 patients achieved pCR (33.3%, 7/21), and 15 patients achieved MPR (71.4%, 15/21). The remaining 4 patients achieved cCR or near-cCR after neoadjuvant therapy and eventually chose the W&W strategy. The major grade 3-4 adverse reactions included lymphopenia in 24% of patients, diarrhea in 8%, and platelet reduction in 4%. No grade 4 adverse reactions occurred. The above two TNT-designed nCRT combined with immunotherapy achieved a CR rate of approximately 50% in LARC patients, significantly improving tumor regression compared with the traditional nCRT model.



Short-course radiotherapy combined with immunotherapy

SCRT and sequential chemotherapy are also commonly used modes of neoadjuvant treatment for LARC patients that can achieve pCR rates similar to those of LCRT. Studies have shown that the combination of hypofractionated SCRT and immunotherapy has more advantages. Hypofractionated SCRT has less of an effect on the peripheral blood lymphocytes of patients, thus promoting the antitumor effect of the immune system (27). Hypofractionated SCRT inhibits the recruitment of myeloid-derived suppressor cells (MDSCs) into tumors, reduces the expression of PD-L1 on the tumor surface and achieves a tumor growth inhibition rate that is superior to that of conventional fractionation (28). Moreover, abscopal effects in mice were also observed when hypofractionated radiotherapy was combined with immunotherapy (29).

A Chinese phase II study assessed SCRT (25 Gy/5 Fx) followed by 2 courses of XELOX plus carrelizumab and TME surgery (30). Among the 27 patients who underwent surgery (26 pMMR patients and 1 dMMR patient), the pCR rate was as high as 48% (13/27). The pCR rate in the pMMR subgroup was 46% (12/26), and the pCR rate in the dMMR subgroup was 100% (1/1). The R0 resection rate was 100%, the anal preservation rate was 89% (24/27), and the tumor downstaging rate was 70% (19/27). In this study, most patients had high risk factors for recurrence and metastasis (T4/N2/MRF+). This study achieved a very high pCR rate within only 2 months. This value even exceeded the pCR rate of the TNT model, which had the highest treatment intensity. These findings suggest that the combination of hypofractionated radiotherapy and immunotherapy may have a better effect, which was consistent with preclinical research. In addition, no serious adverse effects were observed, and grade 3 hematological toxicity could be alleviated after treatment in time. At present, a phase III multicenter clinical study is ongoing in the same cancer center.

The Averectal study conducted in Lebanon and Jordan recruited a total of 44 LARC patients who were treated with SCRT combined with 6 courses of mFOLFOX6 and avelumab (31). Except for 4 patients who were excluded from the analysis for various reasons, 15 of the remaining 40 patients achieved pCR (37.5%), and 12 patients achieved near-pCR (TRG 1, 30%). Thus, 67.5% of patients achieved very significant tumor regression. Additionally, the patients did not experience grade 3-4 immune-related toxicity, and the incidence of grade 3-4 surgery-related complications was only 5%. In addition, immunohistochemical staining of TILs was performed to calculate the immunoscore (IS). It was found that a higher IS was associated with a higher pCR rate.

In addition, another phase II trial named the TORCH study adopted the SCRT-based TNT model (32, 33) and reported surprising efficacy results for tumor regression at the 2022 ASCO Annual Meeting. This study included 130 patients who were randomly divided into the consolidation group and the induction group. Patients in the consolidation group first received SCRT followed by 6 courses of CAPOX and toripalimab. Patients in the induction group received 2 courses of CAPOX and toripalimab followed by SCRT and then 4 courses of CAPOX and toripalimab. Finally, the patients achieving cCR underwent TME surgery or adopted the W&W strategy. To date, 48 patients have completed neoadjuvant therapy. Twenty-four (24/48, 50.0%) achieved cCR, and 12 of them adopted the W&W strategy. Twenty-nine patients underwent TME surgery. The CR rate was 60.4% (29/48), the pCR rate was 60.7% (17/28), the MPR rate was 78.6% (22/28), and the anus-preservation rate was 88.9% (40/45). However, the follow-up period for W&W patients in the TORCH study was still relatively short, and the above data should be further updated after large sample size recruitment and long-term follow-up.



Radiotherapy combined with immunotherapy for early rectal cancer

Traditionally, direct surgery is recommended as the standard treatment for early-stage rectal cancer. However, in recent years, the need for organ function preservation has increased considerably. Early-stage tumors could achieve a higher CR rate through neoadjuvant therapy. Thus, neoadjuvant therapy has important clinical significance in patients with early-stage low rectal cancer. The 2022 ASCO Annual Meeting reported a phase II study from China (34), which enrolled 23 patients with T1-3aN0-1 ultralow rectal cancer who underwent 2 courses of sintilimab during the same period of LCRT followed by 6 courses of sintilimab combined with capecitabine or CAPOX. Among the included patients, the baseline T2 rate was 56.5%, and the N0 rate was 69.6% (16/23). The cCR rate was 43.2% (10/23), the pCR rate was 20% (2/10), the CR (cCR + pCR) rate was 52.2% (12/23), and the anus-preservation rate was as high as 95.5% (21/22). The grade 3-4 toxicity rate was 17.4%. This study suggests that for early and mid-stage rectal cancer patients in whom anus preservation is difficult, nCRT combined with immunotherapy is expected to become a treatment option with high efficacy and low toxicity.




Opportunities and challenges of neoadjuvant chemoradiotherapy combined with immunotherapy

The combination of nCRT and immunotherapy in LARC has achieved an excellent pCR/cCR rate and an increased anal preservation rate, which indicates that a new era for anal preservation is coming. However, there are still many challenges remaining to be resolved, including the accuracy of efficacy evaluation, the sequences of radiation and chemotherapy/immunotherapy, biomarker analyses and the survival benefit, etc.


The new era of nCRT combined with immunotherapy

For LARC patients, the initial purpose of neoadjuvant chemoradiotherapy is to reduce local recurrence. However, the pCR rate is low, and distant metastasis has become the main failure mode of treatment. With the gradual optimization of neoadjuvant chemoradiotherapy regimens (such as enhancing the intensity of concurrent chemotherapy, increasing the cycles of interval chemotherapy, and even performing total neoadjuvant treatment (TNT)), the efficacy of tumor regression in patients gradually improved. Studies have shown that the TNT model can significantly increase the pCR rate to greater than 30%. More patients with cCR can adopt the nonsurgical W&W strategy, which increases the organ preservation rate and improves the quality of life. In addition, this strategy is expected to reduce distant metastasis and improve long-term survival. Therefore, neoadjuvant therapy for LARC has been transformed from the traditional era with the main purpose of controlling local recurrence to the new era with the goal of improving tumor regression, organ preservation, and long-term survival. The addition of immunotherapy has led to a more promising results in the new era. Although the results currently reported are mainly phase II small-sample studies, the results of studies with similar designs have good consistency.

In terms of LCRT-based clinical trials, except for the Voltage-A study (stage III 23%) and the Changhai study (ultralow cN0 69.6%), the vast majority of studies included greater than 85% of stage III patients. Most of the patients contained at least one feature of high risk of recurrence and metastasis (cN2/MRF+/EMVI+). In these patients, the CR rate of LCRT combined with immunotherapy can reach more than 30% (Voltage-A, NSABP FR-2, PANDORA). Thus, a CR rate similar to that of the TNT model can be achieved by only combining LCRT with PD-1 monoclonal antibody. On this basis, the combined immunotherapy-TNT model (NRG-GI002, PKUCH04, Changhai Hospital study) achieved a higher CR rate, and the pCR + cCR rates of the three studies were all 50% or greater. These findings represent a solid foundation for low rectal cancer patients to adopt the W&W strategy or reduce the scope of surgery to achieve organ preservation.

In terms of SCRT combined with immunotherapy, although a few clinical trials have published results, they all showed surprisingly high tumor regression efficacy with a pCR rate of 37.5-57.1%. The main model was SCRT followed by several cycles of chemotherapy and immunotherapy. The Wuhan study only performed two sequential cycles of CAPOX and carrelizumab and achieved an ultrahigh efficacy of 46%. The FUSCC TORCH study adopted the TNT model and performed SCRT combined with 6 cycles of CAPOX and toripalimab. The pCR rate is currently as high as 60.7%, and the CR rate is 60.4%. The above results show that hypofractionated radiotherapy combined with immunotherapy has a more powerful synergistic effect.



The challenge of evaluating the efficacy of nCRT combined with immunotherapy

Organ preservation has become one of the main goals of neoadjuvant therapy for rectal cancer, especially in patients with low rectal cancer. For patients with cCR after nCRT, the W&W strategy can be performed under close follow-up. If tumor regression is good, local resection of the lesion can also be performed through the anus, and the decision of supplementary TME is based on postoperative pathological characteristics. If significant residual tumor remains, radical surgery (TME) is recommended as soon as possible. Therefore, the evaluation of the efficacy of neoadjuvant therapy is very important and is an important basis for the selection of subsequent treatment strategies.

Currently, the main methods for assessing clinical response (including cCR) include digital anal examination (DRE), colonoscopy (for lesions or suspicious lesions with biopsy), pelvic MRI, transrectal ultrasonography (TRUS), and serum tumor marker levels (such as CEA). And the evaluation methods and criteria across different centers are not consistent (Table 3). Each of them has its strengths and weaknesses. Thus, the efficacy evaluation needs the combination of the above methods. However, the consistency between the existing methods for the judgment of cCR after nCRT is not high with pCR. Smith FM et al. reported that pathological findings of 27% of cCR patients showed residual tumor cells (35). A considerable proportion of the rectal cancer tissue specimens with pCR did not meet the cCR criteria, mainly manifested as mucosal ulcer changes. The addition of immunotherapy may further increase the difference between imaging and pathological assessment results. For patients with effective immunotherapy, due to the increase in immune cell infiltration in the lesion, imaging studies may show that the lesion is stable or even enlarged, indicating false progression. Studies have shown that 14.8% of patients with metastatic CRC treated with PD-1 inhibitors had pseudoprogression (36). The presence of mixed signals of edema and fibrosis in the original tumor area after nCRT for rectal cancer may also interfere with the MR assessment of residual tumor. In addition, the uncertainty of imaging in the efficacy evaluation of immunotherapy also partially explains the small effect of the iRECIST criteria on the survival endpoint (37).


Table 3 | The different evaluation methods across different cancer centers.



The preliminary results of studies on nCRT combined with immunotherapy for LARC showed that the CR rate was significantly increased. However, the transformation of this large tumor response improvement to the benefit of organ preservation depends on accurate evaluation methods and predictive indicators. In addition to traditional imaging methods, detection methods with higher sensitivity, such as PET/CT and ctDNA-MRD, and multidimensional assessments, such as radiomics, are urgently needed. The combination and optimization of traditional methods and new assessments will improve the judgment of tumor regression and facilitate the selection of subsequent treatment strategies.



The best sequence between radiation and chemotherapy/immunotherapy remains uncertain

The different sequences between radiation and chemotherapy/immunotherapy may lead to different effects. The use of radiation firstly can lead to the immunogenic cell death of tumor, release new tumor-associated antigens, promote the antigen-presenting function of dendritic cells and increase the infiltration of T lymphocytes, so radiation can promote the effect of sequential chemotherapy/immunotherapy. And the inductive use of chemotherapy/immunotherapy can also change the tumor microenvironment, promote the tumor angiogenesis and increase the oxygenic distribution, so that having a synergic effect with radiation.

The best sequence between radiation and chemotherapy/immunotherapy is uncertain. In terms of chemotherapy, both CAO/ARO/AIO-12 trial and OPRA trial compared the efficacy of inductive chemotherapy (chemotherapy before CRT) and consolidative chemotherapy (chemotherapy after CRT) and found that consolidative chemotherapy could obtain better pCR/cCR rates, so that leading to a higher anal preservation rate. In terms of the immunotherapy, animal experiments showed that radiation with concurrent immunotherapy achieved better tumor regression than radiation with sequential immunotherapy. And there is only one study (TORCH) conducted by China comparing the efficacy of induction immunotherapy and consolidative immunotherapy, which is recruiting now and didn’t have the exact results of subgroup analyses yet. Furthermore, the tumor microenvironment analyses of biopsy tissues after treating with different sequences are needed to examine the pathological changes and investigate the underlying mechanisms.



Biomarker analysis helps screen for patients who will benefit from treatment

dMMR and MSI-H are recognized markers for predicting the efficacy of PD-1 inhibitors. However, greater than 95% of patients with rectal cancer have the pMMR/MSS type, which is not very sensitive to PD-1 inhibitors alone. Therefore, screening the population that may benefit from nCRT combined with immunotherapy is one of the key factors to improve efficacy. A small sample study from MSKCC found that the number of TILs was correlated with the efficacy of nCRT, suggesting that TILs may be involved in the tumor killing effect caused by nCRT (38). In a study conducted by Professor Galon’s team in France, 249 rectal cancer biopsy specimens were analyzed. The quantitative IS of CD8+ T lymphocytes in the tumor center and infiltration margin was correlated with the efficacy and prognosis of nCRT. None of the patients with high scores experienced tumor recurrence in the long-term follow-up, suggesting that this strategy can help to screen the population suitable for the W&W strategy (39).

Clinical trials of nCT combined with PD-1 inhibitors for LARC have also conducted biomarker analysis, including Voltage-A, NSABP FR-2, Averectal study, and Wuhan study. Voltage-A researchers used pretreatment tumor biopsy specimens for analysis. The results showed that the patients with greater than 1% of PD-L1-positive cells in the tumor microenvironment and the patients with CD8/eTreg>2.5 had a higher pCR rate. The 5 patients with both of the above features all achieved pCR, suggesting that the number and function of lymphocytes in the immune microenvironment were closely related to the efficacy of nCRT combined with immunotherapy. The Averectal study also analyzed baseline biopsy specimens and found that patients with high IS achieved a higher pCR rate. The Wuhan study showed that PD-L1 CPS ≥ 1 and TMB ≥ 10 were associated with a higher pCR rate.

In addition to commonly used immunotherapy-related biomarkers, such as MSI-H, PD-L1, immune score (or TIL quantitative analysis), and TMB, mutations in specific genes or pathways (such as POLE or POLD1 mutations, B2M or JAK1/2 mutations), the molecular structure and phenotype of various proteins in the microenvironment, the types and quantitative characteristics of metabolites, and the composition and function of the intestinal microbial population may all affect the immune response and the efficacy of immunotherapy. With the broadening of the concept of the immune microenvironment and the further refinement of various omics studies, future studies will focus more on the establishment of relevant models that accurately predict efficacy and tumor recurrence and metastasis and use biomarkers to guide patient stratification and treatment decisions.



The survival benefits of neoadjuvant immunotherapy remain to be confirmed

Regarding neoadjuvant therapy for LARC patients, in addition to the pCR rate/CR rate/organ preservation rate, recurrence-free survival (LRFS), disease progression-free survival (DFS), and overall survival (OS) are also important research endpoints. The existing nCRT model has greatly reduced the local recurrence rate to less than 10%. To control metastasis early and improve long-term survival, researchers have tried to move adjuvant chemotherapy forward and even perform the TNT model. The PRODIGE 23 study (40, 41) showed that compared with standard nCRT, 6 cycles of FOLFIRINOX chemotherapy before nCRT not only further increased the pCR rate (28% vs. 12%) but also significantly increased 3-y DFS% (76% vs. 69%) and 3-y DMFS% (79% vs. 72%). The RAPIDO study (42) showed that compared with standard nCRT, sequential 6 cycles of CAPOX or 9 cycles of FOLFOX chemotherapy after SCRT not only increased the pCR rate (28% vs. 14%) but also significantly reduced the disease-related treatment failure rate (DrTF, 23.7% vs. 30.4%) and distant metastasis rate (20.0% vs. 26.8%). The above results show that strengthening the intensity of neoadjuvant treatment and adopting the TNT model further promote tumor regression and have the potential to reduce metastasis and prolong long-term survival. The combination of nCRT and immunotherapy allows patients to receive systemic treatment earlier, which is expected to kill minimal disease earlier and reduce distant metastasis. Neoadjuvant immunotherapy can help the body obtain long-term immune memory by promoting the immune response and probably producing the smearing effect, finally achieving sustained tumor remission and long-term survival benefits. The above clinical trials have shown good short-term efficacy, but the follow-up time is insufficient. The tumor regression, toxicity and long-term survival caused by nCRT combined with immunotherapy deserve to be verified by phase III large-sample randomized controlled trials as soon as possible.




Summary

In the neoadjuvant treatment of LARC, the new model of nCRT combined with immunotherapy has shown good application potential and is expected to break through the bottleneck of the limited cCR/pCR rate of traditional nCRT and the low response rate of immunotherapy for MSS rectal cancer. An increasing number of studies have reported that radiotherapy combined with immunotherapy can significantly improve tumor regression and the CR rate and is safe and tolerable, thereby providing low rectal cancer patients with more opportunities to adopt the W&W strategy. In the future, we need more large-scale clinical trials to validate this new model and to explore how to improve the efficacy evaluation, select populations that would benefit based on various biomarkers, and explore the optimization model of the combination therapy. We look forward to converting the surprising short-term efficacy into improved survival time and quality of life for LARC patients.
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Radiotherapy is one of the mainstays of cancer treatment. More than half of cancer patients receive radiation therapy. In addition to the well-known direct tumoricidal effect, radiotherapy has immunomodulatory properties. When combined with immunotherapy, radiotherapy, especially high-dose radiotherapy (HDRT), exert superior systemic effects on distal and unirradiated tumors, which is called abscopal effect. However, these effects are not always effective for cancer patients. Therefore, many studies have focused on exploring the optimized radiotherapy regimens to further enhance the antitumor immunity of HDRT and reduce its immunosuppressive effect. Several studies have shown that low-dose radiotherapy (LDRT) can effectively reprogram the tumor microenvironment, thereby potentially overcoming the immunosuppressive stroma induced by HDRT. However, bridging the gap between preclinical commitment and effective clinical delivery is challenging. In this review, we summarized the existing studies supporting the combined use of HDRT and LDRT to synergistically enhance antitumor immunity, and provided ideas for the individualized clinical application of multimodal radiotherapy (HDRT+LDRT) combined with immunotherapy.
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Introduction

Radiotherapy has long been the cornerstone of cancer treatment for curative purposes as well as palliative relief of symptoms, thereby improving quality of life (1–4). In addition to inducing irreparable DNA damage with direct cytotoxic effects on cancer cells, there is growing evidence that radiotherapy can modulate the immune system, resulting in systemic antitumor immunity (5, 6). This systemic response is called abscopal effect, that is, radiation targeting one tumor lesion can induce in situ vaccination by killing tumor cells, and then lead to the regression of distant unirradiated tumors (7–9). Although radiotherapy alone rarely induces abscopal effects, the potential systemic antitumor ability provides a good basis for radiotherapy combined with immunotherapy.

Immunotherapy has been recognized as an effective oncologic therapy. In particular, immune checkpoint inhibitors (ICIs) have achieved surprising clinical efficacy in the treatment of advanced solid tumors (10–12). However, only a minority of patients with advanced cancers can experience persistent and stable benefit from ICIs alone (13). As a result, many clinical trials are exploring the synergistic effect of radiation therapy combined with immunotherapy to enhance antitumor immunity (14–18). The updated data of PACIFIC Trial demonstrated robust and sustained overall survival (OS) and durable progression free survival (PFS) benefit with durvalumab after chemoradiotherapy in patients with unresectable, stage III non-small-cell lung cancer (NSCLC) (19). These compelling clinical evidences provide a basis for further exploration of the best combination regimen.

The stereotactic body radiation therapy (SBRT, also known as stereotactic ablative radiotherapy [SABR]) is increasingly used to deliver highly targeted high doses with fewer fractions, because of the high rates of local tumor control with tolerable toxicity (20–22). In addition, high-dose radiotherapy (HDRT, such as SBRT) is more immunogenic than conventional radiotherapy. HDRT can mobilize innate and adaptive immunity against tumors (23–26). Therefore, scholars focused on the combination of HDRT with immunotherapy to enhance the antitumor immunity of patients. Several clinical studies have shown that SBRT combined with ICIs can significantly improve the response rates in metastatic tumors with well tolerated (27–29). Despite previous progression on anti-PD-1 therapy, SBRT has reinvigorated a systemic response (30). Nevertheless, in some cases, SBRT in conjunction with ICIs may not eliminate distant tumors, and benefit only a small fraction of patients (31, 32). HDRT can sometimes have inhibitory effects on antitumor immunity, such as recruiting immunosuppressive cells and increasing the secretion of immunoregulatory cytokines (33, 34). It is urgent to overcome the immune-suppressive barriers to increase the beneficiary population of immunotherapy.

Many studies have shown that low-dose radiotherapy (LDRT), i.e., lower than 2 Gy/fraction, can effectively reprogram the stroma from an immunosuppressive to immunostimulatory and synergize with immunotherapy (35–37). Interestingly, the mechanisms by which HDRT and LDRT regulate the antitumor immune system appear to be complementary (38). Therefore, the use of the multimodal radiotherapy regimen, such as HDRT and LDRT, can achieve optimal antitumor effects. We first proposed the concept of multimodal radiotherapy, that is, the combination of different radiotherapy modalities, such as SBRT combined with intensity modulated radiotherapy (IMRT), SBRT combined with LDRT, HDRT combined with LDRT, etc. Savage et al., compared a single-dose ablative fractionation of 24Gy with 22Gy followed by 4 fractions of 0.5Gy targeting the local tumor in C57BL/6 mice. They found that the addition of LDRT delayed local tumor progression and significantly improved survival. In addition, survival was significantly increased after whole-lung radiated by low dose (0.5Gyx4f), 12 days after completion of the primary tumor radiation (20Gyx3f) (39). Furthermore, some preclinical and clinical studies showed that the multimodal radiotherapy (HDRT and LDRT) combined with immunotherapy can enhance systemic anti-tumor immune responses (40–44). However, there are many problems about this novel combination therapy strategy. For example, the selection of immunotherapy agents, the sequence of multimodal radiotherapy combined with immunotherapy, the dose of radiation, the number of fractions, the site of high-dose irradiation, and the site of low-dose irradiation.

In this review, we discussed the optimal radiotherapy regimens for enhancing antitumor immunity. First, we investigated the modulation of radiation on the immune system, including immunoenhancing and immunosuppressive effects. Furthermore, we described the different mechanisms of HDRT and LDRT in immune regulation. Finally, we studied the rationale for combining multimodal radiotherapy (HDRT and LDRT) with immunotherapy to enhance antitumor immune responses.



The direct killing effect of radiation on tumor cells

Radiation therapy has been widely used to treat malignant tumors since the discovery of X-ray by Roentgen in 1895 (45). Approximately 60-70% of cancer patients require radiation therapy during treatment (7). In 1911, Regaud et al. proposed the concept of fractionated radiotherapy, in which a large doses can be divided into fractions over days or weeks (46). Nowadays, the conventional fractionated radiotherapy regimen is usually 1.8-2 Gy daily, 5 fractions/week. Hypofractionated radiotherapy refers to increasing the single irradiation dose >2 Gy, which has the advantage of shortening the treatment time span of patients and avoiding accelerated tumor proliferation after radiotherapy. Over the past few decades, the field of radiation has undergone tremendous technological innovations that can significantly reduce radiation damage to healthy tissues with modern radiotherapy techniques such as helical tomotherapy, IMRT, proton radiotherapy, SBRT and FLASH radiotherapy (22, 47–52).

Irradiation can directly cause DNA damage, such as single-strand breaks (SSBs), double-strand breaks (DSBs), DNA cross-links, and DNA-protein cross-links, resulting in therapeutic effects on tumor cells, such as apoptosis, necrosis, senescence, and mitotic abnormalities (53, 54). Irradiation can indirectly induce damage to DNA molecular chain in cancer cells by ionizing water molecules to generate H+ and OH- (55). This indirect effect requires oxygen. Therefore, some hypoxic tumors are resistant to radiation, which is one of the reasons for tumor recurrence after radiotherapy. Hypoxia in hypoxic tumors causes less DNA damage than in well-oxygenated tumors at the same dose of radiation. In addition, hypoxia leads to activation of the hypoxia inducible factor (HIF) signaling pathway. Activation of HIF1 can affect the expression of hundreds of genes, including vascular endothelial growth factor (VEGF) and angiopoietin-1 (ANGPT1), which promote tumor survival (56). It also drives the expression of key enzymes in glycolysis, resulting in the accumulation of lactic acid, pyruvate, and the antioxidants glutathione and NADPH to limit DNA damage (57). Therefore, radiation alone is not enough to kill all cancer cells, and it is necessary to study combination therapy.



Effects of radiation on the immune system

Traditionally, it is believed that radiotherapy leads to the death of tumor cells through irreversible damage to DNA. Many studies have found that the local killing effects of radiotherapy can be enhanced or reduced by stimulating or inhibiting the immune response in two different ways (58–60). Radiotherapy is involved in the modulation of many immune processes, such as cancer antigens release and presentation, T lymphocytes priming and activation, T cells recruitment and accumulation into tumor, T lymphocytes recognition and killing of tumor cells (61). The regimens of radiotherapy and the biological characteristics of the tumor also affect changes in immune responses.



In situ tumor vaccine induced by radiation

Radiation results in the release of DNA DSBs from tumor cells into the cytoplasm (62). Cytosolic DNA is sensed by the cyclic GMP-AMP synthase stimulator (cGAS–STING) pathway of interferon genes. cGAS is a pattern recognition receptor that triggers the production of interferon I (IFN-I) through the downstream linker stimulator of interferon genes (STING) (63–65). IFN-I can stimulate dendritic cells (DCs) and T cell activation. This is critical for converting tumors into in situ vaccines (66). There is clinical evidence that IFN-I signaling is activated in spontaneously retreating tumors (67) and in metastases highly infiltrated by T cells (68, 69).

Radiation can induce immunogenic cell death (ICD), which can induce (local and/or systemic) release of tumor-associated antigens (TAAs), especially tumor neoantigens (TNAs) (70, 71). ICD is defined as a type of regulated cell death characterized by the release of damage-associated molecular patterns (DAMPs) after cells lose membrane integrity. DAMPs include calreticulin (CRT), the chromatin stabilization protein high-mobility group box 1 (HMGB1), adenosine triphosphate (ATP), and chaperons of the family of heat shock protein (e.g. HSP70) (72, 73). ICD leads to an adaptive immune response by favoring DC cross-presentation of tumor antigens to T cells. This can enhance anti-tumor immune responses and improve tumor control (72).

DAMPs and cytokines play important roles in radiation-induced ICD. First, calreticulin (CRT) is translocated from the endoplasmic reticulum to the cell surface and can act as an “eat-me” signal to antigen-presenting cells (APCs) (especially DCs and macrophages), via binding CD91 (a 2-macroglobulin receptor) (74, 75). This induces the subsequent release of cytokines, such as interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-α) (76). The CRT-CD91 interaction also mediates the recruitment of APCs to tumors, followed by DC phagocytosis of tumor cells and efficient presentation of tumor antigens to T cells. This ultimately leads to the activation of anti-tumor immune responses (77). Radiation can further enhance the endocytic activity of APCs by interfering with the CD47-signal regulatory protein α (SIRPα) phagocytic checkpoint pathway (78–81). CD47 is a marker of self-”don’t eat me signal”, and its loss on senescent or damaged cells leads to homeostatic phagocytosis (82). Importantly, CD47 is overexpressed in many tumors, and CD47 blockade has been identified as an attractive immunotherapeutic target (83, 84). Radiation induced loss of CD47 has been reported to enhance immune-mediated tumor clearance (78). Second, high-mobility group box 1 (HMGB1) is released from dying, necrotic, damaged tumor cells into the immune milieu and exerts robust immunomodulatory effects by binding to Toll-like receptor (TLR)-4 and TLR-9 (85, 86). HMGB1 can promote DCs maturation and migration to lymph nodes for antigen cross-presentation to naive T cells (87). Third, the release of ATP, which binds to the purinergic receptor P2X7, acts as a “find me” signal for monocytes and DCs, leading to the activation of NLRP3/ASC/caspase-1 inflammasome, and ultimately induce the production of IL-18 and IL-1β (88). IL-1β promotes the activation of IFN-γ-producing tumor antigen-specific CD8+ T cells (89). Fourth, HSP70 can be translocated from the cytoplasm to the extracellular matrix under conditions of radiation-induced cellular stress (90). HSP70 can activate monocytes, macrophages, and DCs by binding to CD14, CD40, CD91, Lox1 and Toll-like receptors (TLR2 and TLR4) (91). These results showed that the release of danger signals is critical for activating of antigen-presenting cells and for enhancing the immune response to tumor cells.

The cumulative effects of these molecular signals promote DCs phagocytosis of tumor cells, thereby facilitating DCs processing of tumor-derived antigens and subsequent DC-mediated cross-presentation to CD8+ cytotoxic T lymphocytes to release or induce type I interferons. Overall, radiation can induce ICD, an important pathway for activating antitumor immunity, which can transform tumors into an “in situ vaccine”.



Abscopal effect induced by radiation

In 1953, the abscopal effect was first described as the regression of unirradiated tumors in a patient receiving radiation therapy (92). Over past decades, the abscopal effect is of great interest among radiation oncologists, but it remains a rare and poorly understood phenomenon in the clinic. In the era of cancer immunotherapy, many studies have found that radiotherapy combined with immunotherapy can enhance the abscopal effect (93–95). The key mechanism of this abscopal effect is radiation-induced in situ vaccination through liberating TAAs (7, 96). These neoantigens are then taken up by APCs, which are involved in the cross-priming of naive CD8+ T cells. Activated tumor-specific CD8+ cytotoxic T cells can move to the primary tumor and the metastatic lesions, activate systemic immunogenicity, induce abscopal effects, and control the growth of irradiated and non-irradiated tumors (60, 97).



Reprogramming the tumor microenvironment through radiation

The tumor microenvironment (TME) is the internal environment on which tumor survival and development depends, and is associated with tumor growth, progression, and metastasis (98, 99). The dynamic changes in the TME lead to tumor cell variant selection. This results in the complexity of cancer heterogeneity and influences responses to different therapeutic strategies (100–102). TME can be segregated into four immune phenotypes based on tumor mutational burden and the presence of an inflammatory gene signature enriched for IFN-γ response genes (103). Chen et al. (61) classified TME into three types: an immune-inflamed, an immune-deserted and an immune-excluded. The TME of inflamed type, a “hot” phenotype with highly infiltration of CD4+ and CD8+ T cells, is accompanied by myeloid cells and monocytic cells. In addition, the immune cells are located in proximity to the tumor cells. Excellent responses to anti-PD-L1/PD-1 agents are most often in patients with inflamed tumors (104–106). On the contrary, the TME of deserted type refers to a “cold” phenotype lacking T lymphocytes infiltration in either the parenchyma or the stroma of the tumor. These deserted tumors rarely respond to therapeutic PD-L1/PD-1 antibodies (104). The TME of the immune-excluded type is an intermediate state characterized by the presence of abundant immune cells. However, the immune cells do not penetrate the tumor parenchyma, but instead remain in the stroma surrounding tumor cell nests (107, 108). Clinical responses are uncommon after anti-PD-L1/PD-1 treatment of these immune-excluded tumors. There is evidence of stroma-associated T cell activation and proliferation, but no infiltration (109). It is not clear how radiotherapy induces an immune-activating TME and radiotherapy leads to an immunosuppressive TME.



Immune-enhancing effects of radiation in TME

More and more evidences indicated that radiotherapy can enhance innate and adaptive immune responses to tumors, thereby enhancing tumor responsiveness to radiation (110–113). Radiation therapy can induce the in situ tumor vaccine, thereby promoting the activation and maturation of DCs. DCs take up TAAs from damaged tumor cells and move to draining lymph nodes, and then present TAAs to T cells. Activated T cells can move to tumors to kill tumor cells. In addition, radiotherapy can upregulate the NK pathway to mediate tumor cells killing.

The in situ vaccination effect of radiation contributes to the uptake, processing and presentation of TAAs by DCs (such as CD11c+CD11b+ APCs) (114, 115). DCs (specialized APCs) can cross-presenting extracellular antigens, especially cell-associated antigens, to CD8+ T cells (116, 117). Many studies have shown that radiation can increase the levels of tumor-associated DCs, enhance the mobilization of these cells into draining lymph nodes, augment DCs maturation, and promote the ability of DCs (59, 60, 118). CD40 agonists are known to enhance DC function by increasing the surface expression of major histocompatibility complex (MHC) molecules and the production of proinflammatory cytokines (119). The cross-priming process requires the cognate T-cell receptors (TCR) to recognize the peptide major histocompatibility complex (MHC), which requires the costimulatory molecules CD80/86-CD28/cytotoxic T lymphocyte-associated protein 4 (CTLA4) and CD40L-CD40. Radiation can upregulate MHC-I molecules on tumor cells, thereby enhancing TAA presentation (120). This enhances tumor cells recognized by cytotoxic T cells specific to tumor antigen, and lysis of tumor cells by cytotoxic T cells. Radiation induces an increase in MHC I antigen presentation through three different mechanisms: (1) a proteasome-dependent increase in cytosolic peptide levels; (2) activation of the mTOR pathway leads to increased translation of proteins; (3) an increased generation of radiation-specific peptides (120). In addition to these cell intrinsic mechanisms of MHC-I induction, radiation-induced IFN-γ induces MHC-I upregulation (121). Therefore, radiation can increase MHC-I levels in some tumors with low endogenous MHC-I, thereby increasing immune-mediated attack. Furthermore, radiation upregulates the NK pathway by activating natural killer group 2D (NKG2D) ligands, and increasing NK cell cytotoxicity, tumor infiltration, and the production of many cytokines (112, 122). In addition, radiation can upregulate Fas expression by tumor cells, resulting in increased cytotoxic T cell lysis through a Fas/FasL-dependent mechanism (123). Radiation can induce the expression of cytokines and chemokines, such as CXC-motif chemokine (CXCL) 9, CXCL10, CXCL11 and CXCL16, thereby promoting the recruitment of effector CD8 and T-helper 1 CD4 T cells (124, 125). Radiation induces increased expression of vascular cell adhesion molecule 1 (VCAM-1) and intercellular adhesion molecule 1 (ICAM1) in tumor vessels, thereby promoting tumor infiltration by T lymphocytes (7, 126). Many studies have indicated that the presence of tumor-infiltrating lymphocytes, especially effector T cells, before therapy is associated with better survival in cancer patients (127, 128). Anitei et al. found that the densities of CD3+ T cells and cytotoxic CD8+ T lymphocytes were significantly correlated with disease-free survival and overall survival in patients with rectal cancer treated with chemoradiotherapy (129). Therefore, radiation induces the release of chemokines that subsequently enrich the T−cell infiltrate, and enhance priming of infiltrating T cells, thereby providing a positive immunological outcome.

It is clearly that radiation can act on multiple tumor compartments to stimulate the tumor immune system. The antitumor immune-enhancing effects of radiotherapy were shown in Figure 1.




Figure 1 | Antitumor immune enhancement of radiotherapy. Radiation therapy causes DNA DSBs in tumor cells and is sensed by the cGAS–STING pathway, resulting in the production of interferon I (IFN-I). In turn, IFN-I can stimulate dendritic cells (DCs) and T cell activation. Radiation therapy can induce immunogenic cell death. This releases danger-associated molecular patterns that promotes the activation and maturation of dendritic cells. DCs take up tumor-associated antigens (TAAs) from damaged tumor cells and travel to draining lymph nodes, and then present the TAAs on major histocompatibility complex class I (MHCI) to T cells through the T-cell receptor (TCR). Activated T cells move to the irradiated tumor and non-irradiated tumors through the blood circulation. Radiation can upregulate Fas and MHC-I molecules expression on tumors, and increase the release of cytokines and chemokines by tumor cells. This promotes the recruitment of activated T cells to kill tumor cells. In addition, radiation can upregulate the NK pathway to mediate tumor cells killing.





Immunosuppressive effects of radiation in the TME

In addition to modulating the TME to generate antitumor immune responses, radiation can lead to immunosuppression of the TME and induce the expression of molecules that prevent DCs from cross-presenting tumor antigens and/or T cells to kill tumor cells. It is necessary to study this topic, because the suppression of the immune microenvironment leads to worse prognosis, and it may also be a legitimate therapeutic target.

Many studies have shown that radiation can lead to the recruitment of regulatory T cells (Tregs), myeloid derived suppressor cells (MDSCs) and tumor associated macrophages (TAMs) in the tumor microenvironment (123, 130, 131). Tregs are a subset of CD4+ T cells characterized by the expression of the transcription factor fork head box P3 (FOXP3). Tregs produce the cytokines transforming growth factor beta (TGF-β) and IL−10. This suppresses effector-T−cell activation and stimulates the suppressive functions of MDSCs (132). These results indicate that Tregs in tumors develop enhanced immunosuppressive properties after radiotherapy. Many studies indicate that the presence of highly suppressed Tregs in the circulation may represent a highly immunosuppressive environment induced by chemoradiotherapy, at least temporarily, in patients with glioblastoma and head and neck or cervical cancer (133–135). Therefore, targeting Tregs and/or their immunosuppressive effector molecules may be the key to reversing immunosuppression (136–138). After radiation therapy, the increased MDSCs can suppress the activation of both CD4+ and CD8+ T-cell responses in the TME via secretion of arginase-1 (ARG1) and nitric oxide synthase 2 (NOS2) (139, 140). In addition, MDSCs promote blood vessel formation and tumor regrowth (141, 142). Many studies in a variety of tumor models have shown that radiotherapy induces the recruitment of macrophages into tumor sites (123, 143). Radiation-induced recruitment of TAMs was dependent on increased expression of the chemokine CSF-1 (144). Although M1 macrophages can promote inflammation and antitumor immune responses, the M2 phenotype can promote tumor growth, angiogenesis, and metastasis after radiation (145, 146). Irradiated tumor cells release oxygen and nitrogen radicals that promote the polarization of macrophages from an inflammatory M1 phenotype into a tumor-supporting M2 phenotype. These M2 macrophages secrete the anti-inflammatory cytokines IL-10 and TGF-β, as well as the enzyme arginase-1, which lead to T cell suppression (147, 148). TGF-β can promote extracellular matrix production and angiogenesis, resulting in tumor cell proliferation, adhesion and metastasis (149, 150). TGF-β can impede anti-tumor immunity post-radiation by suppressing the effector functions of T-cells and natural killer cells, inhibiting DC maturation, promoting M2 macrophage polarity and the conversion of CD4 + T-cells into immunosuppressive Tregs (151). Radiation can stimulate the upregulation of immune checkpoint inhibitory molecules, such as programmed cell death ligand 1 (PD-L1) on tumor cells and PD-1 or CTLA-4 on cytotoxic T cells (CTLs). This can directly inhibit cytotoxic immune cell effector functions (152, 153). Therefore, when radiotherapy is combined with immune checkpoint inhibitors (such as anti-PD-1 antibody, anti-PD-L1 antibody and anti-CTLA4 antibody), T cell activity directed against tumor cells can be increased.

In summary, radiation can promote the recruitment and activation of DCs and cytotoxic T cells through a variety of mechanisms, but this may be counteracted by the migration of suppressive immune cells. This presents an opportunity to combine radiation with immunomodulatory agents to improve tumor control. The immunosuppressive effects of radiotherapy were shown in Figure 2.




Figure 2 | Immunosuppressive effects of radiotherapy. Radiation induces the recruitment of regulatory T cells (Tregs), myeloid derived suppressor cells (MDSCs) and tumor associated macrophages (TAMs) in the tumor microenvironment (TME). Tregs produce transforming growth factor beta (TGFβ) and IL-10, which suppress effector-T-cell activation. MDSCs can suppress the activation of T-cell responses via secretion of arginase-1 (ARG1) and nitric oxide synthase 2 (NOS2). Radiation can promote the polarization of macrophages from an inflammatory M1 phenotype into a tumor-supporting M2 phenotype. These M2 macrophages secrete IL-10 and TGFβ and the enzyme arginase-1, which suppress T cell. TGFβ can suppress the effector functions of T-cells and natural killer (NK) cells, inhibiting DC maturation, and promoting M2 macrophage polarity. Radiation stimulates upregulation of immune checkpoint inhibitory molecules, such as programmed cell death ligand 1 (PD-L1) on tumor cells and PD-1 or CTLA-4 on cytotoxic T cells, which down regulate T cell activation. These effects suppress the antitumor immunity and promote tumor cell regrowth.





The best combination of radiation therapy and immunotherapy

Radiation is increasingly used to control tumors locally, especially SBRT, with high rates of local control and significant benefits in terms of overall survival in many randomized trials (20, 154, 155). However, local tumor recurrence and distant tumor metastasis frequently occur when radiation therapy is used alone (156). Therefore, it is necessary to combine radiation therapy with other treatment options.

Immunotherapy has attracted great interest, and has become an established pillar of cancer therapeutics (99, 157). Unfortunately, most immunotherapeutic strategies are not effective in inducing tumor regression when used alone, and a large number of patients do not respond or become refractory to immunotherapy (106, 158, 159). The overall response rate to anti-CTLA-4 antibody is around 15%, while the response rate to PD-1/PD-L1 antibodies was < 25% (160). There are serval reasons to prevent immunotherapy from reaching its full potential. First, the priming of tumor antigen-reactive T cells is insufficient. Second, the infiltration of antitumor effectors into the tumor was weak. Third, the tumor microenvironment is highly immunosuppressive. Fourth, cancer cells effectively evade recognition by immune effectors with impaired tumor-associated antigen presentation (101, 161, 162). It is a great clinical challenge to overcome immunotherapy resistance.

Many studies showed that radiotherapy and immunotherapy are complementary. Irradiated tumors exhibit distinct patterns of immunogenicity, thereby improving response to immunotherapy (93). In addition, tumors with immunotherapy are more sensitive to radiotherapy. This can promote the localized treatment of tumors. Many studies found that radiation with ICIs can successfully treat metastatic cancers. This not only induced a local response, but also significantly regressed distant lesions outside the irradiation field (163–167). Theelen et al. pointed out that the addition of radiotherapy to pembrolizumab immunotherapy significantly improved abscopal responses and survival in patients with metastatic non-small-cell lung cancer (NSCLC), compared with pembrolizumab alone (29). This indicates that radiotherapy can convert non-responders to ICIs into responders.

Although radiotherapy combined with immunotherapy can improve the immune response, not every combination of radiation and immunization has been validated in clinical trials (32, 168). To further improve the anti-tumor ability, we need to select the appropriate patient population, explore the optimal radiotherapy regimens (dose, fractionation and volume), immunotherapy regimens (such as CTLA-4 inhibitors and PD-1/PD-L1 inhibitors), the sequence of radiotherapy and immunotherapy, and reduce the immunosuppressive effects and toxicity of radiotherapy.



The appropriate radiotherapy regimens in combination with immunotherapy

Radiotherapy is a double-edged sword that is associated with immune activation and immune suppression. Therefore, it is necessary to study the optimal dose and fraction of radiotherapy to achieve optimal anti-tumor effects in combination with immunotherapy.



High-dose radiotherapy promotes tumor immunogenicity

Many studies have shown that HDRT (such as SBRT) in combination with ICIs is more likely to cause tumor cell necrosis, enhance anti-tumor immunity, and lead to significant tumor control (94, 169). HDRT has showed a more potent immunogenic effect against cancer cells than conventional radiotherapy (usually 1.8–2 Gy per day) (23, 25). The conventional radiotherapy usually lasts for several weeks. Therefore, lymphocytes can be rapidly cleared from the irradiated field, reducing tumor antigen-specific T cell populations through sustained site-specific cytotoxicity. HDRT takes advantages over traditional radiation therapy when combined with immunotherapy.

Exposed tumor to a radiation dose ranging from 5 and 12 Gy per fraction, the number of infiltrated CD8+ cytotoxic T cells and NK cells were increased, while the number of Tregs was decreased. This is associated with the release of more anti-cancer cytokines, such as IFN-γ and TNF-α, and less immune suppressor cytokines, such as TGF-β and IL-10 (93, 170). Morisada et al. used hypo-fractioned radiation (8Gy*2f) or low-dose daily fractionated radiation (2Gy*10f) combined with anti-PD-1 antibody to treat mice bearing established syngeneic MOC1 oral carcinomas or MC38-CEA colon adenocarcinomas. They found that high-dose and low-dose fractionated radiation alone showed similar primary tumor control. However, anti-PD-1 antibody plus 8Gy*2f radiation rather than 2Gy*10f radiation, statistically significant enhanced CD8+ cell dependent primary and abscopal tumors control by inducing expression of IFN and IFN-responsive genes on tumor cells (171). Lan et al. compared ablative hypo-fractionated radiotherapy (AHFRT, 23Gy/2f/9d) versus conventional fractionated radiotherapy (36Gy/9f/9d) in mice bearing tumors from Lewis lung carcinoma or melanoma B16F10 cells, under the same conditions with biological equivalent dose (BED). They showed that AHFRT combined with anti-PD-L1 antibody presented a superior efficacy in controlling tumor growth and augmenting systemic anti-cancer immunity. The mechanism is that AHFRT suppressed the recruitment of MDSCs into tumors by regulating the VEGF/VEGFR axis, reduced MDSC-associated PD-L1 expression and increased the cytotoxicity of CD8+ T cells (25).

Many studies have shown that the abscopal effect was mainly observed in the combination of hypo-fractionated radiation regimens with ICIs. Dewan et al. used TSA and MCA38 cells to construct mouse tumor models. They found that fractionated radiation (8 Gy*3f or 6 Gy*5f) combined with anti-CTLA-4 antibody rather than single-dose radiation (20 Gy*1f) can induce an abscopal effect. In addition, 8 Gy*3f was more effective than 6 Gy*5f in eliciting systemic anti-tumor immunity combined with anti-CTLA-4 antibody (172). They further found that 20 Gy and 30 Gy single dose can attenuate cellular immunogenicity by inducing the DNA exonuclease Trex1 in various cancer cells, thereby degrading cytoplasmic DNA in irradiated cells (24). Cytosolic DNA stimulates secretion of IFN-β by cancer cells following activation of the DNA sensor cGAS and its downstream effector STING, which mediates optimal in situ vaccination (173). In fact, it was observed that the higher the dose per fraction, the more Trex1 was induced, resulting in significant DNA degradation. Therefore, the fractionated dose above the threshold (varies between 12 and 18 Gy in different cancer cells) for inducing Trex1 can result in downstream abrogation of IFN-β production, reducing DC recruitment and activation. Finally, it fails to induce systemic antitumor immune response (24). These results provide references for better selection of the radiotherapy regimens. However, these results also need to be validated clinically.

However, like conventional radiotherapy, HDRT can suppress tumor-reactive immunity by increasing the infiltration of Tregs and MDSCs, inducing an M2-like phenotype, and releasing TGF-β and IL-10 (143, 174). Lin et al. studied the effects of HDRT (8Gy/f) with and without anti-Gr-1 using syngeneic murine allograft prostate cancer models. They demonstrated that HDRT induced an early rise of MDSCs, followed by an increase of functionally active CD8 tumor-infiltrating lymphocytes. However, systemic depletion of MDSCs by anti-Gr-1 did not augment the antitumor immunity of HDRT because of the compensatory expansion of Treg-mediated immune suppression. This indicates that it is necessary to block MDSCs and Tregs for enhancing radiotherapy-induced antitumor immunity (33). Monjazeb et al. found that although HDRT induces an increase in CD8+ T cells and CD8+/PD1+/Ki67+ T-cells in the radiation field, HDRT may lead to a decrease in the ratio of M1/M2 macrophages in the tumor microenvironment (175). Furthermore, HDRT can inhibit the anti-tumor immune response by inducing tumor vascular damage. This can limit the infiltration of cytotoxic T lymphocytes into the tumor, and increase the hypoxic area (176, 177). Therefore, it is necessary to study the suppression of HDRT on the immune system, because it leads to poor prognosis, and it may be a reasonable therapeutic target.

In clinical practice, the combination of HDRT and immunotherapy is sometimes not superior to immunotherapy alone. Theelen et al. conducted a multicenter, randomized phase 2 study in advanced NSCLC patients who were treated with pembrolizumab either alone or after SBRT (8Gy*3f). They found that the overall response rate at 12 weeks was 18% in the pembrolizumab alone arm vs 36% in the pembrolizumab plus SBRT arm without statistical difference. In addition, no improvement in PFS or OS was achieved after the addition of SBRT (168). McBride et al. conducted another randomized clinical trial of nivolumab versus nivolumab plus SBRT (9 Gy*3f) in patients with metastatic or recurrent head and neck squamous cell carcinoma. The addition of SBRT to nivolumab did not statistically improve the objective response rate, OS or PFS, and there was no evidence of an abscopal effect in unselected patients (32). Therefore, ICIs and SBRT have synergistic local effects, but rare abscopal effects.

In conclusion, HDRT combined with immunotherapy does not always induce immune-enhancing antitumor effects and is only effective in a small subset of tumor patients. Tumor progression can still occur even if the complete remission is achieved. It is necessary to explore the best comprehensive treatment strategy.



Low-dose radiotherapy reverses tumor-suppressing immune system

Although HDRT in combination with ICIs shows promising efficacy for clinical application, the treatment outcome still needs to be further optimized. A recent theory proposed that LDRT can modulate the TME, perhaps revolutionizing tumor treatment efficacy. LDRT usually refers to doses below a threshold, that is, the amount of doses less than that can physically damage DNA or kill cancer cells directly (178). The most common LDRT doses are 0.5-2 Gy/fraction, with total doses up to 1-10 Gy (179, 180). According to previous reports, LDRT modulated the immune suppressive stroma by downregulating TGF-β, repolarizing macrophages to favor the M1 over the M2 phenotype, and significantly enhancing the infiltration of effector CD4 T cells and NK cells. LDRT improved the efficacy of anti-PD1 and anti-CTLA4 agents, thereby promoting the overall systemic antitumor response (41). We will describe the ways that LDRT modulates the immune system in detail.

First, LDRT promotes the differentiation of macrophages to an M1-like phenotype. M2 macrophages can suppress antitumor immunity, and promote a radioresistant phenotype by secreting immunosuppressive mediators, such as IL-10 and TGF-β (181). Therefore, transforming the type of macrophages is critical to improve the immune enhancing effect. Felix Klug et al. (179) demonstrated that LDRT (0.5-2 Gy) can effectively transform M2 macrophages to iNOS+ M1 phenotypes, resulting in strong CD4+ and CD8+ T cells infiltration into human pancreatic carcinomas. After application of 0.5 Gy, the irradiated tumors contained the highest number of T cells, accompanied by an increase in CD4+ FoxP3+ T cells. In addition, LDRT can induce vascular normalization through crosstalk between macrophages and T cells. LDRT promoted T cell-mediated tumor eradication and prolonged survival (179). Prakash et al. irradiated advanced tumor-bearing Rip1-Tag5 mice with LDRT (2Gy*2f). They found profound changes in the inflammatory tumor microenvironment, characterized by induction of M1-related effecter cytokines as well as reduced cytokines of tumor-promoting and M2-related effecter cytokines (182). Furthermore, LDRT can program macrophages differentiation to an M1-like phenotype by ameliorating the hypoxia problem of tumors. Tumor hypoxia is known to be performed by angiogenesis-promoting HIF-1. This promotes angiogenesis, thereby interfering with tumor infiltration of CD8+ T cells and retuning of M1 phenotypic macrophages across the inert endothelium. Finally, it results in immunosuppressive effects (183–185). Nadella et al. demonstrated that LDRT (2 Gy) can downregulate HIF-1 in irradiated tumors, thereby supporting the differentiation of naive macrophages toward the M1 phenotype (186). Therefore, solving the hypoxia problem of bulk tumors can enhance the immune efficacy. LDRT has also been clinically observed to promote the differentiation of M1-type macrophages (175). Monjazeb et al. conducted a multicenter phase 2 study of 20 patients with histologically confirmed metastatic microsatellite-stable colorectal adenocarcinoma who had received at least one line of chemotherapy. These patients were randomly assigned to repeated LDRT or HDRT with PD-L1/CTLA-4 inhibition. They found that LDRT has the potential to increase the ratio of M1/M2 macrophages (175).

Second, LDRT can promote anti-tumor cytotoxicity of NK cells. LDRT can augment the direct expansion and cytotoxicity of NK cells through the P38-MAPK pathway (187). In addition, Sonn et al. found that when purified NK cells were irradiated with 0.2 Gy, the toxicity of NK cells was enhanced, while cell proliferation and apoptosis were unaffected (188). Cheda et al. (189) compared BALB/c mice that received or did not receive LDRT (single dose of 0.1 or 0.2 Gy), which were then injected with sarcoma cells. They found that the number of pulmonary tumor colonies was significantly reduced, and the cytolytic function of NK cells was significantly stimulated in the irradiated mice compared with the control group. In addition, NK-inhibitory anti-asialo GM1 antibody can totally abolish the tumor suppressive effect of LDRT. These results indicate that LDRT suppresses the development of experimental tumor metastases by stimulating the cytolytic function of NK cells.

Third, LDRT enhances T-cell infiltration. Herrera et al. (190) reported that LDRT of murine tumors promoted T-cell infiltration and responded to combinatorial immunotherapy in an IFN dependent manner. The mechanism is that LDRT induces CD4+ cells with characteristics of exhausted effector cytotoxic cells. One subset expressed NKG2D and exhibited proliferative capacity, as well as a unique subset of activated DCs expressed the NKG2D ligand RAE1. Zhou et al. established an in vivo lung cancer model. They found that LDRT activated T cells and NK cells, and promoted splenocyte cytotoxicity and T cell infiltration in the tumor tissues (191). Hashimoto et al. found that low-dose total body irradiation (0.2 Gy) increased the proportion of CD8+ cells in splenocytes, and even tumor-infiltrating lymphocytes were predominantly CD8+. Low-dose total body irradiation (0.2 Gy) inhibited lung and lymph node metastasis in tumor-bearing rats (192). In addition, low-dose total body irradiation of 2 Gy represents a powerful tool to foster CD4+ T cell-based cancer immunotherapies by favoring T helper 1 cells driven antitumoral immunity (193).

Fourth, LDRT can affect the function and activity of regulatory T cells (Tregs), thereby enhancing antitumor immunity. Tregs belong to a group of T lymphocytes that possess a negative immune regulatory function. The increased numbers of these cells in liver, breast, and ovarian cancer are closely related to the immune escape, occurrence, and development of tumor cells. Wang et al. found that LDRT (total 0.45 Gy) of the spleen can shrink tumors and increase the survival rate of rats with liver cancer. The mechanism by which LDRT enhances the immune effects may be that LDRT reduces the ratio of CD4+CD25+Treg/CD4+ in the blood and Foxp3+, IL-10, TGF-β and cytotoxic T lymphocyte-associated antigen 4(CTLA-4) expression (194). Liu et al. found that LDRT significantly reduced the percentage and absolute numbers of CD4+CD25+Foxp3+ regulatory T cells in naive mice, whereas CD4+CD44+/CD8+CD44+ effector memory T cells were greatly increased in naive mice (195). These results indicate that LDRT is a potential approach to overcome the tumor immunosuppressive microenvironment.

Finally, LDRT enhances the efficacy of ICIs. Barsoumian et al. (41) established mouse tumor models and irradiated the tumors with different doses. They found that LDRT alone (1Gy*2f) can effectively prolong survival by controlling tumor growth. The anti-tumor efficacy was further significantly enhanced when combined with anti-PD1 and anti-CTLA-4 drugs. This may be because LDRT can significantly activate CD4 and CD8 T cells, and enhance NK cell infiltration and M1 macrophage polarization and reduce TGF-β cytokine. Nowosielska et al. (196) found that LDRT to the whole-body (0.1 or 1.0 Gy) combined with anti-CTLA-4 antibody and anti-PD-1 antibody and NVP-AUY922 significantly reduced tumorigenesis in mice, and inhibited the clonogenic potential of Lewis lung cancer cells in vitro. By using targeted radionuclide therapy to semi-selectively deliver radiation to mouse tumors, Patel et al. found that low-dose targeted radionuclide therapy enhances the response of immunologically “cold” tumors to ICIs. After the combination of targeted radionuclide therapy and ICIs, 45-66% of mice exhibited complete responses and tumor-specific T-cell memory, while only 0% with targeted radionuclide therapy or ICIs alone. The reason is that the combination therapy activates the production of proinflammatory cytokines in the TME, promotes tumor infiltration and clonal expansion of effector CD8+ T cells, and reduces spontaneous metastasis (197). Furthermore, the addition of LDRT to PD-L1/CTLA-4 blockade was feasible and safe in clinical practice (175). In a phase I clinical study, Herrera et al. found that the adding LDRT (0.5 or 1 Gy per fraction) to the combination immunotherapy group showed a therapeutic effect for an overall disease control rate of 87.5% in patients with immune desert tumors. In addition, using a single-sample gene set enrichment analysis approach, they observed that responding tumors exhibited an increase in Th1, CD8+ and TEM signatures, whereas non-responding tumors exhibited an upregulation of M2 macrophage and neutrophil signatures (190). However, in some cases, LDRT combined with immunotherapy failed to induce effective antitumor immunity. Schoenfeld et al. (198) conducted an open-label, multicenter, randomised, phase 2 trial involving 90 patients with metastatic NSCLC resistant to PD(L)-1 therapy. Patients were randomly assigned to 3 arms, durvalumab plus tremelimumab alone, or in combination with LDRT (2 Gy/4f), or in combination with HDRT (24 Gy/3f). Radiotherapy was delivered at 1 week after initial durvalumab–tremelimumab administration. They found that neither HDRT nor LDRT increased the response to combined PD-L1 plus CTLA-4 inhibition.

The rationale for using LDRT is not necessarily to ablate or kill the tumors, but to activate the immune system to eliminate these lesions in concert with other therapeutic approaches. Clinically, LDRT has the following advantages over HDRT. First, the toxicity of LDRT is low. If radiotherapy is to be delivered simultaneously to several lesions within an organ, it is difficult to meet the dose limit to the organ at risk with SBRT, whereas dose limits will be easier to meet with LDRT. Therefore, LDRT is dosimetrically more feasible than SBRT in the treatment of large tumor volumes, or even a whole organ. Second, LDRT is safer for patients who have received radiation in the past. There is a minimal concern about exceeding normal tissue dose-constraints when re-radiation is performed by LDRT. Finally, LDRT is easier to be delivered. In clinical practice, LDRT can be performed through three-dimensional technology, while HDRT requires specialized imaging, respiratory gating, and even gold fiducials implantation.

In sum, LDRT provides an emerging approach to address limitations of radioimmunity mechanisms. It is necessary to further study this important method Immunomodulatory effects of LDRT in tumor microenvironment are shown in Figure 3.




Figure 3 | Immunomodulatory effects of LDRT in tumor microenvironment. LDRT modulates the tumor microenvironment by repolarizing macrophages to favor the M1 over the M2 phenotype, blocking regulatory T cells, and enhancing the infiltration of effector CD4 T cells and NK cells. Low-dose radiation can improve the efficacy of immune checkpoint inhibitors.





High-dose and low-dose radiotherapy synergistically enhance antitumor immune responses

HDRT and LDRT work differently on the immune system. We take full advantage of the advantages of HDRT and LDRT to enhance anti-tumor immune responses. HDRT can increase the release and presentation of tumor antigen, and stimulate immune cell activation. However, LDRT can modulate the TME to stimulate immune cell infiltration into the tumor stroma and the tumor bed of distant tumors. Next, we will introduce the preclinical and clinical studies of HDRT combined with LDRT, i.e., multimodal radiotherapy.

Studies showed that HDRT in combination with LDRT was superior to HDRT or LDRT alone in tumor control and activation of anti-tumor immunity (39, 199). Savage et al. (39) designed a novel radiation scheme (PAM-RT), a single high-dose radiation (22Gy) followed by post-ablation modulation with four daily low-dose fractions (0.5Gyx4f). They found that PAM-RT localized to the primary tumor in 3LL tumor-bearing mice can significantly delay tumor growth and increase survival. They treat metastatic breast cancer (4T1) mice with PAM-RT, where the primary tumor received high-dose irradiation (20 Gyx3f) and metastatic organs received low-dose irradiation (whole lung, 0.5 Gyx4f). Survival was significantly increased after whole-lung radiated by low dose compared with primary tumor ablative radiotherapy alone. The mechanism is that PAM-RT can promote remodeling of the TME in the primary tumor as well as the metastatic site by reducing Tregs, activating macrophages to an inflammatory phenotype, and promoting infiltration of CD8+ CTLs into metastatic tumors. Liu et al. (199) used a combination of hypo-fractionated radiation therapy (8Gy×3f) targeted primary tumor with low-dose total body irradiation (0.1Gy) in a syngeneic mouse model of breast or colon carcinoma. They found that low-dose total body irradiation alone did not delay the growth of primary or secondary tumors. Hypo-fractionated radiation therapy led to a significant growth delay of the irradiated primary tumors, but did not have a systemic immune related response to secondary tumors. However, the combination of low-dose total body irradiation and hypo-fractionated radiation therapy significantly delayed the growth of both the primary and secondary tumors, and translated into the best OS with systemic antitumor response characteristics. The mechanism is that the combination therapy (HDRT and LDRT) induced infiltration of CD8+ T cells, IFN-γ+ CD8+ T cells and DCs in unirradiated tumors, reduced granulocytic-myeloid-derived suppressor cells and M2 macrophages, and increased the percentage of antitumor eosinophil population. These results indicate that LDRT can serve as a potential therapeutic agent for patients with metastatic cancer. Their therapeutic potential is significantly enhanced when combined with HDRT.

Compared with the combination of ICIs with either LDRT or HDRT alone, the combination of LDRT and HDRT further enhanced the response to ICIs, resulting in an enhanced antitumor response (40–42, 197). Barsoumian et al. proposed the use of high dose and low dose radiation (RadScopal technique) with immune oncology agents (anti-TIGIT and anti-PD1 monoclonal antibodies) to against highly metastatic lung adenocarcinoma tumors in 129Sv/Ev mice. They found that the triple therapy can prolong the survival of treated mice, and halt the growth of primary and secondary tumors,and reduce the percentages of TIGIT+ exhausted T-cells and TIGIT+ regulatory T-cells (40). Yin et al. (42) compared HDRT/anti-PD1, HDRT/LDRT, or LDRT/anti-PD1 double treatments. They demonstrated that the enhancement of the abscopal response was achieved by triple therapy consisting of HDRT (8 Gy*3f) to treat the primary tumor, LDRT (2 Gy*1f) to treat the abscopal tumor, and anti-PD1 therapy. The enhanced abscopal effect was associated with increased infiltration of CD8+ effector T cells and upregulated expression of T cell-attracting chemokines. The triple treatment also improved the tumor response in patients with metastatic NSCLC and was well tolerated. In addition, HDRT combined with LDRT and double agent checkpoint blockers can effectively control metastatic tumors by increasing CD4+ effector T cells, enhancing NK cell activation, and increasing M1 macrophages in secondary tumors. Further clinical studies have shown that when the tumor burden was high, it was necessary to use HDRT to priming T cells at the primary tumor site, and LDRT to modulating the stroma of secondary (metastatic) tumors (41).

Surprisingly, the treatments combining HDRT with LDRT and immunotherapy have also achieved promising clinical results. Analyzing 26 cancer patients received LDRT (1-20 Gy in total), Menon et al. found that this was because of the scatter of HDRT or the intentional treatment at a second isocenter of LDRT. These patients underwent prospective clinical trials on the combination of radiotherapy and immunotherapy. They compared lesions that received LDRT with without radiation (< 1 Gy). 85% of lesions that received LDRT achieved PR/CR, while 18% of lesions that received no-dose (P=0.0001). This indicates that LDRT can increase systemic response rates of metastatic disease treated with HDRT and immunotherapy (43). They also conducted a phase II trial of ipilimumab with concurrent or sequential SBRT (50 Gy/4f or 60 Gy/10f) for metastatic lesions in the liver or lung. Some non-targeted lesions received LDRT (5–10 Gy) because they were anatomically close to another irradiated site. Further analysis showed that lesions that received LDRT were more likely to respond than those that did not (31% vs 5%, P=0.0091) (200). Patel et al. analyzed a phase II trial of HDRT (3–12.5 Gy/f up to 20–70 Gy total) with or without LDRT (1-10 Gy total; 0.5-2 Gy/f) for patients who had the metastatic disease that progressed on immunotherapy within 6 months. A total of 74 patients with NSCLC or melanoma were enrolled in the study. 39 patients received HDRT and 35 patients received the combination of HDRT and LDRT. There was no significant difference regarding disease control rate. However, the overall response rate for HDRT + LDRT vs. HDRT cohorts, lesions treated by LDRT was significantly improved rates of lesion-specific responses compared with nonirradiated lesions. This is because LDRT induced a remarkable increase of T- and NK cell infiltration into the irradiated lesions (180). These clinical studies indicate that HDRT and LDRT combined with immunotherapy can synergistically generate tumor-specific immune responses, thereby enhancing systemic antitumor effects.

In summary, multimodal radiotherapy, a combination of HDRT to stimulate T cell priming together with LDRT to modulate inhibitory tumor microenvironment, can enable immune cells to infiltrate into tumor bed and trigger antitumor responses. This provides a new treatment alternative for patients with advanced cancer after multiple lines of therapy, and brings immunotherapy into a new field of systemic disease control. Many clinical trials are investigating the efficacy and safety of different combinations of HDRT and LDRT in patients with advanced tumors (Table 1).


Table 1 | Clinical trials of multimodal radiotherapy (HDRT and LDRT) in advanced tumors.





Challenges in clinical practice

Patient response to immunotherapy or immunotherapy combined with HDRT can be enhanced by delivering LDRT to certain tumor sites for the purpose of immunomodulating the TME, thereby promoting systemic propagation of anti-tumor immunity and the destruction of tumor by immune effector cells. However, it is necessary to further study clinical practices of high-dose and low-dose radiotherapy. For example, which tumor site should be treated with HDRT or LDRT? Whether HDRT and LDRT should be delivered to the same tumor site? What is the best sequence of HDRT and LDRT?



Selection of irradiation sites for high and low dose radiotherapy

There are few literatures on the targeting volume selection in studies combing immunotherapy with multimodal radiotherapy (HDRT and LDRT). Based on existing reports and clinical experiences, we developed individualized strategies based on performance status of patients, clinical symptoms, extent of tumor burden, and the immune type of the tumor microenvironment (Figure 4). This individualized treatment regimen can not only control the tumor, but also improve the patient’s quality of life.




Figure 4 | A personalized treatment regimen based on the patient’s performance status, clinical symptom, extent of tumor burden, and the immune type of the tumor microenvironment. (A) For a single tumor, HDRT can initiate T cell priming, followed by LDRT to modulate the tumor microenvironment. (B) For oligometastatic disease, HDRT can be delivered to all lesions. If it is infeasible and intolerable, it can be supplemented with LDRT. (C) For extensive metastatic disease, partial volume HDRT can be delivered to one or a few lesions, followed by LDRT to other lesions.





Single site irradiation

For patients with only a single lesion, HDRT can be used to ablate the tumor for achieving the radical cure. This not only shrinks the tumor. but also promotes the release of antigens. Subsequent application of LDRT to modulate the tumor microenvironment can attenuate the immunosuppressive effects of SBRT, and increase immune effector cell infiltration, thereby synergistically enhancing the response to ICIs. However, it is necessary to study it in the future. At present, only a preclinical study has reported that HDRT followed by LDRT to the primary tumor can delay tumor growth and prolong survival in mice (39).



Multisite or all sites irradiation

Tumors are heterogeneous (201, 202). This indicates that tumor associated antigens (TAAs) present in some tumor sites may be different from those in other tumor sites, or may not be equally immunogenic. Targeting a single metastatic site in patients with multiple metastases cannot unmask TAAs in another site unless those TAAs are shared. Therefore, useful antitumor immune responses are not activated systemically.

Monjazeb et al. (175) did not observe objective responses outside the irradiation field. This indicates that irradiating 1-2 lesions in combination with the immune checkpoint blockade is not sufficient to mediate systemic antitumor immunity in patients with refractory colorectal cancer. In addition, in the multicenter, randomized phase 2 study, 76 patients with recurrent metastatic NSCLC were randomized to either pembrolizumab alone or pembrolizumab to a single tumor site after SBRT (3 doses of 8 Gy). The overall response rate of the added SBRT group was twice that of the control group. However, the results did not meet the criteria of a meaningful clinical benefit endpoint (168). Luke et al. conducted a phase I study enrolling patients with metastatic solid tumors who had progressed on standard treatment. 69 patients were treated with SBRT (total of 30-50Gy/3-5f) and at least one cycle of pembrolizumab. SBRT was delivered to two to four metastases, but not all metastases were irradiated. They found that multi-site SBRT can limit the progression of existing metastases, and enhance anti-tumor immune responses. This improves outcomes in metastatic patients treated with pembrolizumab (203). Iyengar et al. (21) found that the addition of SABR to all severe disease sites significantly improved PFS without increasing toxic effects. In addition, studies have reported that multisite SBRT followed by pembrolizumab was safely tolerated (27, 204). These clinical experiences indicate that irradiation of multiple sites or all metastatic lesions can maximize systemic synergy.

Patients classified as having oligo-metastases may be candidates for HDRT delivery to all lesions for immune priming and local control. In addition, direct delivery of SBRT to all tumor sites ensures tumor sterilization. However, irradiation of all lesions by HDRT may sometimes be infeasible and intolerable in clinical practice because of dose volume constraints in normal tissue surrounding the tumors. Therefore, some tumor lesions can be supplemented with low-dose irradiation.

In sum, multiple target irradiation tends to induce stronger antitumor immunity and generate more frequent abscopal responses than a single target. Therefore, it is necessary to further study this approach in clinical settings.



Partial irradiation

Systemic therapy is the standard of care in patients with non-oligometastatic cancers. However, the addition of SBRT can not only shrink the local tumor to induce an effect of in situ vaccination, but also relieve local symptoms, such as pain, obstruction and bleeding, etc. To enhance the systemic efficacy of immunotherapy, it is necessary to use HDRT to stimulate immune priming for the bulky or “cold” tumors. The partial irradiation may be considered in this case because of toxicity.

Preclinical experiments have shown that high-dose partial irradiation can delay tumor growth through immune activation. Markovsky et al. (205) treated 50% or 100% of tumors with radiation in a 67NR Murine Orthotopic Mammary Tumor Model and the less immunogenic Lewis Lung Carcinoma mouse model. They found that partial irradiation in immunocompetent mice resulted in a tumor response similar to full irradiation. This is because of the CD8+ T cell-mediated immune stimulation mechanism. Furthermore, a significant abscopal effect was elicited after hemi-irradiation of the primary tumor with a single dose of 10Gy in the 67NR model. Yasmin-Karim et al. (206) found irradiating a field smaller than the entire tumor volume showed the same or better distal effect than irradiating the entire tumor volume field, and significantly reducing healthy tissue damage. This is due to higher infiltration of cytotoxic CD8+ T lymphocytes in treated and untreated tumors.

The partial irradiation combined with immunotherapy is clinically feasible. Luke et al. found that partial irradiation by SBRT was performed when the metastases were greater than 65 mL. They compared patients with at least one tumor partially irradiated to those with fully irradiated tumors, and found no statistically significant tumor control rate at 3 months (27). They further found no statistically significant difference in objective response rate, PFS, and OS between patients who received full and partial SBRT at multiple sites in the presence of pembrolizumab. Furthermore, a clinical response at the irradiated site can be induced without irradiating the entire metastases (203). Lemons et al. (207) reported that partially irradiated tumors exhibited similar control as completely irradiated tumors in patients with metastatic solid tumors treated with pembrolizumab and SBRT. These indicate that partial volume SBRT is enough to activate immune priming.

A novel partial irradiation technique, spatially fractionated radiation therapy (SFRT), can also induce an antitumor immune response. SFRT can deliver a high dose to a large irradiation field that is segmented into several small units with steep dose gradients, which lead to reduce the normal tissue toxicity (208–211). In the study of Johnsrud et al. (212), whole tumor irradiation or SFRT (a single dose of 20 Gy) alone or in combination with ICI were tested in mice using a triple negative breast tumor. In the group of SFRT, they observed the abscopal immune response in contralateral tumors with obviously increased infiltration of both antigen-presenting cells and activated T cells, followed by an increase in systemic IFNγ production and ultimately a delay in tumor growth. Further studies are needed to explore the new partial irradiation technique.

In addition to immunotherapy for those patients with extensive metastases, it is beneficial to apply partial volume HDRT to one or several lesions to induce immunogenic cell death. Then, applying LDRT to other lesions for tumor microenvironment modulation can enhance abscopal effects, thereby reducing tumor burden.



The optimal sequence of high and low dose radiotherapy

HDRT and LDRT combined with immune checkpoint blockades can improve local and systematic antitumor responses in advanced tumors. However, the optimal sequence of these therapies for optimal efficacy remains unclear.

For combination therapy, LDRT can be applied before or after HDRT. Many existing studies about the sequencing issue have different results. Savage et al. (39) divided C57BL/6 mice with palpable subcutaneous 3LL tumors into five treatment groups: no treatment, 24 Gy on day 1 or 5, four fractions of 1Gy followed by 20 Gy or 20 Gy followed by four fractions of 1Gy, four of which were treated with radiation therapy to the primary tumor. They found that 1Gyx4f after ablation radiation (20 Gy) showed the best tumor control and the longest survival. However, pre-treatment with low-dose radiotherapy resulted in minimal tumor control compared with single-dose ablative radiotherapy. This is due to the rapid growth of 3LL tumors, and ablative radiation targeting the larger tumors on day 5. This can affect the efficacy of the priming radiation. Therefore, it is necessary to control rapidly growing tumors with high-dose radiotherapy first, and then modulate the immune microenvironment with low-dose radiotherapy. However, other scholars found that sequential administration of LDRT followed by HDRT achieved superior antitumor immunity than the start of HDRT before LDRT. Liu et al. (199) administered HDRT to the primary tumor at 48, 72, 96, and 120 h after low-dose total body irradiation (L-TBI) in mouse tumor models. Starting HDRT at 72 h after L-TBI can achieve the best overall survival and the maximum abscopal effect. In addition, they compared the time of L-TBI 3 days before or after HDRT, or simultaneously with HDRT. The results showed that HDRT 3 days after L-TBI exhibited the best therapeutic effect, for example, a significant inhibition of tumor growth and improved survival of the treated mice. They found that L-TBI followed by HDRT can induce an adaptive immune response and protect the immune system of the mice. Zhou et al. observed that LDRT pretreatment before HDRT was able to ameliorate the HDRT-induced immune impairment and enhance the antitumor immunity (191). Therefore, it is necessary to conduct large preclinical and clinical trials for the optimal sequencing of HDRT and LDRT.

However, the optimal timing of the addition of immunotherapy to HDRT and LDRT remains unclear. Some scholars pointed out that immunotherapy is more effective after radiotherapy than before. This is because radiotherapy can promote the release of TAAs and destroy any pre-existing immune tolerance in the tumor periphery. Wei et al. (213) demonstrated that the administration of αPD-1 antibody after local tumor irradiation could induce a potent abscopal response while the addition of αPD-1 before radiation abrogated the abscopal effect. This antitumor efficacy was associated with the expansion of polyfunctional intratumoral CD8+ T cells, reduction of intratumoral dysfunctional CD8+ T cells, and expansion of reprogrammable CD8+ T cells. Many studies showed that the concurrent combination of anti-PD-L1 antibody and radiation achieved better tumor control than the sequential schedule (214, 215). Bestvina et al. conducted a randomized phase 1 trial comparing the combination of nivolumab and ipilimumab with sequential or concurrent multisite SBRT in patients with stage IV NSCLC. They found that the median PFS were 18.6 and 13.2 months for concurrent and sequential therapy, respectively. The concurrent treatment strategy was not more toxic than the sequential one (216). However, there are some different views. A phase 1 trial compared combined pembrolizumab with SBRT administered either prior to the first pembrolizumab cycle (arm A) or prior to the third pembrolizumab cycle (arm B). Their results indicated that ORR of arm B was significantly better than that of arm A (44.4% vs 0%) (217). This is because the administration of immunotherapy prior to SBRT stimulates antigen-presenting cells and effector T cells, thereby making these cells ready to respond to the tumor antigen efflux generated by SBRT (169). Therefore, it is necessary to further study the optimized sequence of high and low dose radiotherapy combined with immunotherapy according to the biological characteristics of tumors, the selection of immunotherapy drugs, and the effects of radiotherapy on the immune system.



Conclusion

In this paper, we introduced a multimodal radiotherapy regimen (HDRT combined with LDRT) to synergistically enhance the local and systemic antitumor immunity, and improve the response to immunotherapy, thereby achieving the best anti-tumor effects. HDRT induces in situ tumor vaccine and primes cytotoxic T cells. LDRT modulates the tumor microenvironment, which in turn promotes the infiltration and lethality of immunocompetent cells. This multimodal radiotherapy regimen can be applied to primary tumor and metastatic lesions, thereby improving the local and systemic antitumor immunity. It is even possible to irradiate the whole organ with LDRT to boost immunity for widespread organ metastases, such as the lungs or liver. In clinical practice, it is possible to individually implement multimodal radiotherapy coupled with immunotherapy according to the patient’s performance status of patients, disease burden, and tumor immune microenvironment phenotypes. It is necessary to conduct a further study to solve those issues.
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  Colorectal cancer (CRC) is one of the most common cancers, with a high mortality rate, and is a major burden on human health worldwide. Gut microbiota regulate human immunity and metabolism through producing numerous metabolites, which act as signaling molecules and substrates for metabolic reactions in various biological processes. The importance of host-gut microbiota interactions in immunometabolic mechanisms in CRC is increasingly recognized, and interest in modulating the microbiota to improve patient’s response to therapy has been raising. However, the specific mechanisms by which gut microbiota interact with immunotherapy and radiotherapy remain incongruent. Here we review recent advances and discuss the feasibility of gut microbiota as a regulatory target to enhance the immunogenicity of CRC, improve the radiosensitivity of colorectal tumor cells and ameliorate complications such as radiotoxicity. Currently, great breakthroughs in the treatment of non-small cell lung cancer and others have been achieved by radioimmunotherapy, but radioimmunotherapy alone has not been effective in CRC patients. By summarizing the recent preclinical and clinical evidence and considering regulatory roles played by microflora in the gut, such as anti-tumor immunity, we discuss the potential of targeting gut microbiota to enhance the efficacy of radioimmunotherapy in CRC and expect this review can provide references and fresh ideas for the clinical application of this novel strategy.
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  1. Introduction.

Colorectal cancer (CRC) is the third most common cancer in the world (1). Comprehensive data show that, globally, the incidence rate of CRC is 10%, and the mortality rate is 9.4%. The latest data shows that the average risk incidence rate and mortality of CRC among the middle-aged and elderly (50 years old and above) are declining, but it is worth noting that the incidence rate of CRC among young patients is increasing, which is the second common cause of cancer related death in the world (2). With the development of medical science and technology, the traditional treatment methods of CRC, such as surgery, radiotherapy, chemotherapy and other technologies, are constantly improving. Their combinations, such as surgery combined with postoperative radiotherapy, surgery combined with chemotherapy, are also gradually applied to clinical practice. However, not all CRC patients respond positively to treatment. Some patients may even have treatment related adverse reactions, local recurrence and distant metastasis. Therefore, it is very important to study new treatment methods or improve existing combined treatment methods for prolonging the survival period and improving the quality of life of CRC patients.

In the past few decades, immunotherapy has become one of the new options for cancer treatment. This new therapy mainly kills tumor cells by regulating or directly manipulating the patient’s own immune system. Compared with the traditional treatment of tumor, it has higher specificity, higher long-term survival rate and fewer side effects (3). For CRC, immunocheckpoint block (ICB) is the most common immunotherapy. However, “cold” CRC, which accounts for a large number of CRC patients, is not sensitive to ICB response. Studies have shown that the dMMR/MSI-H phenotype shows higher levels of ORR compared to the pMMR/MSS phenotype, which accounts for the majority. In addition, ICB increases the function of the immune system so that induce inflammatory side effects and induce immune-related adverse events (rash, colitis, diarrhea, hepatotoxicity, pneumonia, etc.) Therefore, how to improve the immunogenicity of “cold” CRC to improve the ability of the immune system to eradicate tumor cells is a recent research hotspot. What is exciting is that there is evidence that the organic combination of radiotherapy and immunotherapy can improve the sensitivity of CRC to immunotherapy, so as to enhance the ability of the immune system of CRC patients to kill tumor cells, resulting in an “1 + 1 > 2” effect.

It is worth mentioning that nowadays people generally believe that gut microbiota can support the overall health of human body by maintaining the integrity of intestinal structure and protecting the intestinal tract from pathogens. More and more studies have found that there is an unexpected association between gut microbiota and CRC. For CRC patients, it plays a role in the development, treatment and prognosis of cancer. More significantly, a growing number of studies have found a correlation between the gut microbiota and the treatment of CRC. In general, the gut microbiota tend to correlate with treatment efficacy and prognosis. For example, gut microbiota can influence the responsiveness to immunotherapy and the incidence of immune adverse events associated with immunotherapy in CRC. In the case of CRC radiotherapy, manipulation of the gut microbiota can also be used to promote sensitivity to radiotherapy and reduce radiation toxicity associated with radiotherapy.

In this review, we summarized several classical mechanisms of immunotherapy and radiotherapy in CRC, supplemented the latest research in the past few years, and discussed the feasibility and potential best combination strategy of radiotherapy and immunotherapy for CRC. More importantly, based on the important role of the gut microbiota in CRC immunotherapy and radiotherapy, we explored and reasonably speculated on the feasibility of the gut microbiota as a potential target and its roles in the combined radiotherapy, immunotherapy and radioimmunotherapy of CRC.


 2. Gut microbiota—a potential therapeutic target for CRC.

 2.1. Microbiota landscope in CRC.

Bacteria are an important component of the neoplastic microenvironment The bacterial-rich gut microbiota is known as the “forgotten organ” that affect many essential physiological processes in human body. The close relationship between alterations in the gut microbiota and CRC is widely recognized. Currently, the dominant flora in CRC progression remains undefined, but benefited from the development of microbiome profiling, including 16s rRNA and shotgun metagenomics, we have a more in-depth and comprehensive understanding of the taxonomic and functional characteristics of gut microbes and metabolites. A growing number of metagenomic and metataxonomic studies have revealed some potential anti-tumor probiotics and pro-carcinogenic microbiota.

Compared with healthy individuals, CRC patients have a lower abundance of protective probiotics and higher pro-cancer microbiota. A comprehensive analysis of the multinational microbiome using eight different cohorts of the CRC macrogenomic dataset found that: although the microbial species differed considerably in different groups, a subset of species with consistent alterations were identified, such as Alistipes onderdonkii, Parvimonas micra and Gemella morbillorum. A total of 48 bacterial species with elevated abundance were identified in CRC patients, including F. nucleatum, P. micra, Porphyromonas asaccharolytica, Desulfovibrio desulfuricans and Akkermansia muciniphila. Besides, protective species of butyrate-producing bacteria, such as Clostridium butyricum, Roseburia intestinalis and Butyrivibrio fibrisolvens, were reduced in patients with CRC compared to controls (4). Recent meta-analyses have ascertained cross-cohort microbial signatures associated with CRC, including enrichment for Clostridiaceae, Daniostoma, and Mycobacterium morganum (5, 6). Meta-analysis of 526 faecal shotgun metagenome datasets identified a microbial core of seven enriched bacteria in CRC, B. fragilis, a bacterium with enterotoxigenic capabilities associated with CRC, F. nucleatum, Parvimonas micra, Porphyromonas asaccharolytica, Prevotella intermedia, Alistipes finegoldii and Thermanaerovibrio acidaminovorans (7).  Table 1  summarizes the microflora that are increased and decreased in CRC patients compared to healthy individuals.

 Table 1 | Taxonomy summary of the above mentioned intestinal flora changes in the development and progression of CRC. 



In conclusion, based on previous studies, we have summarized a set of potential core microbiota markers for CRC, including cancer-promoting microbiota: Fusobacterium nucleatum, Parvimonas micra, Porphyromonas asaccharolytica, Bacteroides fragilis, Streptococcus gallolyticus and Cancer-inhibiting flora: Clostridium, Roseburia. These microflora may become future diagnostic biomarkers and therapeutic targets.


 2.2. Mechanisms of microbiota for CRC progression.

At homeostasis, interactions between host cells and microbiota facilitate important symbiotic functions and maintain the structural integrity of the gut. However, this symbiotic relationship can become maladapted in CRC, including deterioration of the epithelial cell barrier when microbial invasion triggers inflammation, disrupts the tumor immune microenvironment and generates pro-oncogenic metabolites and bacterial toxins. The following section will underline the mechanisms of intestinal flora in relation to precancerous lesions and clinical transformation of CRC ( Figure 1 ).

 

Figure 1 | Influence of intestinal microbiota on the immune system in CRC patients. The immune system plays an important role in the development of CRC by virtue of its tumor-promoting and tumor-suppressing effects. The immune system can be categorized as the innate immune system and the adaptive immune system. In the innate immune system: NK cells secrete IFN-γ, TNF-α, perforin and GZMB to suppress tumors and can be converted to hILC1 under certain conditions; ILC2 secretes IL-5 and IL-3; ILC3 secretes IL-22 and IL-17A; tumor-associated neutrophils (TAN) and macrophages (TAM) also play a significant role; In the adaptive immune system: CD8+ T cells and Th1 cells secrete IFN-γ, TNF-α, perforin and GZMB; Treg cells secrete TGF-β and IL-10; Th17 cells secrete IL-22 and IL-17A. The innate and the adaptive immunity reinforce each other and play a pro-tumor or anti-tumor role together. The gut microbiota can influence on CRC cells through various mechanisms. For example: microbiota disrupt the gut barrier; some microbiota increase pro-inflammatory responses through PCWBR2 or activation of the NF-κB/STAT3 signaling pathway with lineage cells; others can act on domain CRC cells by regulating TAN, TAM through CXCL1/2/5. 



 2.2.1. Pro-inflammatory and immunomodulatory effects.

Chronic inflammation is an important intrinsic factor that promotes carcinogenesis by inducing DNA damage, producing reactive oxygen and nitrogen species, regulating intestinal epithelial cell (IEC) polarization and the tumor microenvironment, activating transcriptional programs such as nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and STAT3 in IEC, and impeding anti-tumor immunity (17). Depending on IL-17 and the CEC IL-17R, enterotoxigenic Bacteroides fragilis (ETBF) colonization produces Bacteroides fragilis toxin to trigger strong selective distal colon NF-κB activation. The phenomenon reveals a STAT3- and Th17-dependent pathway of increased colonic tumor formation (18). Long XH et al. discovered in their constructed P. anaerobius-treated ApcMin/+ mice that P. anaerobius has a surface protein called putative cell wall binding repeat 2 (PCWBR2) which can bind α2/β1 integrin and activate the PI3K-Akt pathway in CRC tumor cells under the action of phospho-focal adhesion kinase. NF-κB in turn increased cytokine levels, such as IL-10 and IFN-γ, to stimulate the pro-inflammatory response (19). CRC patients have the higher abundance of Parvimonas micra compared with the healthy population. Colonization of P. micra upregulates genes involved in cell proliferation, stemness, angiogenesis and invasiveness/metastasis and enhances Th17 cell infiltration and Th17 secretion of cytokines (IL-17, IL-22 and IL-23) to promote CRC formation in mice (20).


 2.2.2. Metabolites.

The role of gut microbota metabolites on CRC is a double-edged sword. Multi-kingdom microbiota analyses found CRC patients have 26 additional metabolic pathways versus healthy people, including pathways involved in carbohydrate metabolism (e.g. butyrate, ascorbate and aldehyde metabolism) and D-arginine and D-ornithine metabolism; 23 reduced pathways including branched-chain amino acid (valine, leucine and isoleucine) and lipid metabolism (e.g. phospholipase D) pathways (4). Naoki Sugimura et al. found that L. gallinarum can produce metabolites such as L-tryptophan that induce apoptosis in CRC cells (21). β-Galactosidase is a key protein. By secreting it, Streptococcus thermophiles can promote CRC cell apoptosis and mediate the anticancer effects of Streptococcus thermophiles by disrupting energy homeostasis, activating oxidative phosphorylation and downregulating Hippo pathway kinases with galactose production. Meanwhile, β-Galactosidase also increases the intestinal abundance of known probiotics such as Bifidobacterium and Lactobacillus (22). Specific intestinal bacteria, such as E. faecalis, E. roseus, Bifidobacterium, E. fungalis, and Lactobacillus, could ferment dietary fiber into short-chain fatty acids (SCFA), which are enteroprotective and negatively associated with colorectal cancer. SCFA, including butyrate, propionate and acetate, prevent CRC through mechanisms like modulation of intestinal inflammation, the immune system and so on (23). In addition to inhibiting CRC, some metabolites produced by the gut microbiota also promote CRC. M. morganii can produce indolimine to induce increased intestinal permeability and may lead to abnormal DNA replication and abnormal IEC proliferation in vivo to exacerbate the CRC burden (24).


 2.2.3. Bacterial toxins.

Relying on METTL14-mediated N6-methyladenosine methylation, ETBF could downregulate miR-149-3p, which promotes proliferation of CRC cells (25). E. coli-produced colibactin can cause DNA damage and colibactin-producing E. coli (CoPEC) promotes the development of CRC in the mouse model with chronic inflammation induced by dextran sodium sulfate (DSS) and further enhances the pro-tumorigenic effect in the mouse model with IEC autophagy deficiency (26).



 2.3. Therapeutic interventions for microbiota.

Traditional strategies related to the prevention and treatment of CRC include probiotics, prebiotics, high-fiber dietary therapy, and fecal microbiota transplantation (FMT), which have been comprehensively reviewed (27). Still, these approaches are limited by their own drawbacks (e.g. low selectivity and specificity for specific sites of action and specific bacterial flora as well as safety issues in clinical translation). More useful therapeutic options targeting the intestinal flora are still expected (28). The above summary of the macrogenomic landscape of the CRC microbiota and the action mechanisms of the associated gut microbiota in CRC is valuable for the ensuing discussion of potential targets and clinical strategies for the diagnosis, treatment and prevention of CRC.

Targeting the ETBF/miR-149-3p pathway presents a promising approach to treat patients with intestinal inflammation and CRC with a high amount of ETBF. IEC autophagy inhibits CoPEC from inducing CRC occurrence in ApcMin/+ mice model, suggesting that targeted induction of autophagy may be a promising strategy to inhibit the pro-tumorigenic effects of bacteria, which could be achieved by immunotherapy and radiotherapy (29). Cai F et al. suggested that polyunsaturated fatty acids (PUFAs) have the potential to sensitize HT29 cells, possibly due to an increase in intracellular lipid peroxidation products (30). Short-chain fatty acids directed modulation in human and mouse CRC models enhances response to chemotherapy and immunotherapy, and targeting SCFAs and PUFAs for abundance reconstruction may be a new approach to managing CRC (31).

So, targeting gut microbiota holds the promise of achieving precise microbial regulation, satisfactory therapeutic outcomes, minimizing the possibility of adverse reactions, identifying effective primary prevention strategies and further reducing CRC risk.



 3. Strategies for gut microbiota to increase the efficiency of CRC immunotherapy.

The intestine is the largest immune organ of the body. The unique intestinal immune system is the basis of the body’s anti-tumor response; conversely, an imbalance in the intestinal immune system will facilitate the development of tumor. Meaningfully, the microbiota and the host have a mutually beneficial symbiosis. There is a close regulatory relationship between the microbiota and the host’s immune system. In short, the microbiota can modulate both innate and adaptive immune functions in the body, thereby influencing oncogenesis and anti-tumor immune function.

 3.1. The role of microbiota on the immune system.

Innate immunity is a natural defense that produced in order to adapt to the environment. The main innate immune cells in the intestine are neutrophils, macrophages and innate lymphocytes (ILCs). TAN can be classified into an anti-tumorigenic “N1” phenotype and a pro-tumorigenic “N2” phenotype (32). The “N1” phenotype increases cytotoxicity through producing TNF-α, reactive oxygen species (ROS), etc. (32). Conversely, the “N2” phenotype promotes tumor development through the expression of arginase and various chemokines (33). The phenotype of TAN depends on the tumor microenvironment (TME). For example, TGF-β induces the “N2” phenotype, while the “N1” phenotype is induced by IFN-β (32). TAM can be classified as “M1”, which exerts pro-inflammatory effects, and “M2”, which exerts anti-inflammatory and tumor-promoting effects. It has been suggested that a high pan-macrophage density at the margins of tumor infiltration has a positive impact on the prognosis of CRC patients, while the opposite result is observed in the center (34). As the main intestinal ILC cells, ILC1 and NK cells regulate the different steps of CRC development. It has been suggested that NK cell can transdifferentiate to a less cytotoxic ILC1-like phenotype in the presence of TGF-β, which is present in the TME of CRC (35). It has also been shown that high ILC1 levels may predict poor cancer prognosis (36).

Gut microbiota can regulate the innate immune system in various ways. Toll-like receptors (TLRs) bind to ligands to coordinate early host resistance to infection through signaling pathways such as NF-κB and mitogen-activated protein kinases (MAPK) (37). Specifically, TLR2 can form heterodimers with TLR1 and TLR6, which initiate MyD-88-dependent signaling pathways regulating cytokine transcription. Lactobacillus fermentum can identify TLR2/TLR1 and TLR2/TLR6 signaling (37). In intestinal injury associated with inflammatory bowel disease, TLR4 increases its sensitivity to LPS through the release of IFN-γ and TNF-α (38). Lactobacillus and Bifidobacterium suppress animal enteritis by reducing TNF-α by TLR4 (39). It has been shown that the promotion of IFN-γ release via TLR9 by S. amoebae may contribute to cytokine imbalance in UC (40). Abnormal TLR signaling activation in immune cells may also lead to the release of pro-inflammatory cytokines, resulting in acute or chronic intestinal inflammation (41).Additionally, TLRs, activated by microbiota, can also start adaptive immune responses.

Adaptive immunity is produced by lymphocytes through contacting with antigenic material and is specific and memory-based. Adaptive immunity in the gut occurs mainly in the lymphoid tissues associated with the gut (e.g. Pai’s node, mesenteric lymph nodes), while T and B cells in the lamina propria also play an important role.

B cells can identify CRC antigens and produce specific antibodies in cooperation with helper T cells, thereby impeding CRC development and progression. CD8+ T cells are the immune cells that specifically target tumor cells. A study showed that IL-18 was highly expressed in 72% of tumor cells in CRC and can act as a trigger to prompt a series of immune responses from CD8+ T cells (42). Additionally, CD8+CD279+ cells could be a potential biomarker for predicting postoperative prognosis in CRC patients (43). CD4+ T cells can be divided into Th1 cells and regulatory T cells (Treg). Th1 cells are functionally similar to CD8+ T cells, while Treg cells exert immunosuppressive functions through IL-10, TGF-β. A study has shown that the density of combination of CD4+ and FOXP3+ cell is a precise prognostic marker. Furthermore, only one type, such as CD4+ or FOXP3+ cells, may be sufficient for a suitable TME to prevent recurrence (44). Th17 cells and IL-17 can influence the process of tumor through various mechanisms, including immune infiltration, promotion of cancer cell invasion and metastasis, etc. A study identified related genes (KRT23, ULBP2, ASRGL1, SERPINA1, SCIN, SLC28A2) that may affect the immune infiltration of Th17 cells in COAD patients and suggested that the effect of these genes on Th17 cells may be responsible for their dual product (45).

Gut microbiota can modulate adaptive immune function by stimulating the differentiation of T cell in the gut and by regulating T cell antigen recognition and tumor killing functions. Studies have shown that antigenic peptides derived from bacteria such as Akkermansia muciniphila can induce differentiation of Treg cells in the colon and improve intestinal inflammation (46). Short-chain fatty acids (SCFA) can increase Treg cells differentiation (47, 48), while SFB and S. fragilis induce differentiation of Th17 cells (46). In summary, as an important component of the CRC tumor microenvironment, the immune system interacts with the gut microbiota to control inflammation and anti-tumor immunity.


 3.2. Potential for microbiota to improve ICB.

ICB refers to suppressing tumor immune evasion and enhancing anti-tumor immunity by inhibiting the interaction between IC and tumor cells through IC inhibitors (ICI). Currently the immune checkpoint molecules PD-1 and CTLA-4 have been recognized as important targets for immunotherapy of CRC.

PD-1, a protein in the CD28 family on the surface of activated immune cells, binds to PD-L1 on the surface of tumor cells. It can block the PI3K pathway and thus inhibit T cell activation. CTLA-4 promotes tumor immune evasion by competitively binding to B7 ligands and inhibiting the function of Treg cells. At present, two PD-1 blocking antibodies, pembrolizumab and nivolumab, and the CTLA-4 receptor blocking antibody ipilimumab are approved by FDA for the treatment of dMMR/MSI-H CRC (49). Although ICBs offer a new direction for the treatment of cancers, the need to improve ICB efficacy and reduce immune-related adverse events (irAEs) continues to be a hot topic of research.

Recent studies have shown an association between higher levels of tumor mutational load (TMB) and improved survival for patients treated with ICB (50). Compared to the pMMR/MSS phenotype, The dMMR/MSI-H phenotype generally shows higher levels of TMB and immune cell infiltration (51). It has been shown that immunotherapy is effective in some cases of dMMR/MSI-H CRC, while many patients in the pMMR/MSS phenotype show resistance (52). For ICB, although dozens of clinical trials have demonstrated the effectiveness of ICB and it has received several FDA approvals, its response has been limited to patients with dMMR/MSI-H CRC (53). A recent meta-analysis showed that the MSS-H/dMMR subgroup had a higher ORR compared to the pMMR/MSS subgroup when treated with anti-PD-1/PD-L1 antibodies (54). However, the dMMR/MSI phenotype accounts for approximately 15-18% of CRC patients and 5% of metastatic CRC (mCRC) patients (55). This means that most CRC patients are the pMMR/MSS phenotype, and they often don’t have satisfactory results after receiving ICB. Therefore, it is important to improve the efficacy of dMMR/MSI-H phenotype immunotherapy and explore new immunotherapies that benefit pMMR-MSI-L.

ICB may alter the composition of the patient’s gut microbiota. A study analyzing patients with gastrointestinal cancers treated with anti-PD-1/PD-L1 therapy showed elevated relative abundance of Prevotella and Bacteroides in responders (56). In a mouse model of CRC, the ileal microbiome controlled the efficacy of PD-1 blockers in CRC (57). In addition, nonprotective E. faecalis can expresses sufficient SagA to enhance the anti-tumor effects of PD-L1 in mice (58). Cell lysates of Lactobacillus acidophilus combined with CTLA-4-blocking antibodies can enhance antitumor immunity in a mouse CRC model (59). Notably, because the composition of good or harmful microbiota may vary depending on the location of the tumor, further research is still needed in the field of immunotherapy for CRC. In addition, some studies have shown that irAEs are associated with reduced diversity and altered composition of the gut microbiota. A clinical study analyzed the microbiota of patients with advanced non-small cell lung cancer treated with PD-1 antibodies. There were significant differences in microbiota composition in patients with diarrhea compared to non-diarrhea patients, as evidenced by non-diarrhea patients exhibiting higher abundance of Bacillus mimicus and lower abundance of thick-walled bacteria (60). This suggests that gut microbiota interventions may not only improve the efficacy of ICB, but may also be a starting point for the treatment and prevention of irAEs.

There are some perspectives on the mechanisms. On the one hand, the gut microbiota improves ICB efficacy through innate immunity. It has been demonstrated that microbiota can induce intra-tumoral monocyte production of IFN-1 to modulate TAM, which would ultimately improve ICB efficacy (61). It has also been found that an increase in bifidobacteria within the tumor will enhance NK cell function and thus enhance the therapeutic effect of PD-1 blockers (62). On the other hand, microbiota may also improve ICB efficacy through adaptive immunity. One study isolated a bacterial community of 11 types of bacteria from healthy human donor faeces. The bacterial community can induce CD8+ T cells in the gut and enhance the therapeutic efficacy of ICI in a tumor model (63). Other mouse models have also demonstrated that Lactobacillus acidophilus can improve anti-CTLA4 therapeutic efficacy in CRC by reducing Treg cells and “M2” TAM and by increasing CD8+ T cells (59). A phase I clinical trial found a relative increase in the abundance of enterococci in refractory metastatic melanoma following the use of PD-1 blockers and FMT, which led to intra-tumoral CD8+ T-cell infiltration and ultimately better tumor killing (64).

In addition to modulating the innate and adaptive immune system, microbiota can also enhance the immunogenicity of tumor cells to improve ICB efficacy. On the one hand, the gut microbiota metabolite inosine can directly enhance tumor intrinsic immunogenicity through UBA6 (65). On the other hand, microbiota can provide tumor cross-antigens and thus indirectly increase the immunogenicity of tumor cells (66). It is worth mentioning that metabolites of the gut microflora, such as inosine, short-chain fatty acids (SCFAs) (67, 68), arachidonic acid (66), bile acids and tryptophan are considered to be effective targets for improving the efficacy of ICB.


 3.3. Strategies for improving ICB with gut microbiota.

 3.3.1. Fecal microbiota transplantation (FMT).

We know that patients with good gut microbiota status can improve the TME through microbiota, thereby enhancing the efficacy of ICB (69). FMT, which involves transplanting faecal microbes from patients who have responded to ICB into non-responders, holds promise for improving the efficacy of ICB and reducing irAEs. Previously, mice from the Jackson Laboratory (JAX) showed increased efficacy about anti-PD-1 immunotherapy, suggesting that the gut microbiota influence the efficacy of anti-PD-L1 therapy (70). A recent study found a stronger anti-tumor effect of PD-1 blockers in the faecal microbiome of cancer patients transplanted with a response to ICB compared to those transplanted with no response to ICB in mice that were germ-free or on antibiotics (71). Based on that, a number of clinical studies aiming at assessing the therapeutic potential of FMT-enhanced ICI are underway, mainly involving melanoma, prostate cancer, gastrointestinal tract cancer and lung cancer (72). However, there are fewer clinical studies on CRC.

In addition, one study demonstrated in CRC mice that FMT exerts an anti-inflammatory function by restoring the ratio and diversity of gut microbiota, which also suggests that “ FMT + ICI” treatment may not only improve the efficacy of ICB treatment but may also reduce irAEs (73). However, before FMT is performed, donors are screened regularly to limit the spread of microorganisms that may cause infection. The safety of FMT also needs to be observed with long-term follow-up.


 3.3.2. Probiotics.

Prebiotics, probiotics and commensal bacteria have been studied in relation to anticancer treatment strategies such as chemotherapy and radiotherapy, but less research has been conducted on ICB. Excitingly, there is still considerable evidences that this therapy is beneficial in improving ICB efficacy and reducing immune-related adverse events.

A recent study, using a combination of anti-ePD-L1 and prebiotic Bilberry Anthocyanin to treat CRC in mice, suggested that prebiotics may improve ICB efficacy by restoring microflora diversity (74). Other studies in mice have also shown that probiotics such as Bifidobacterium and Mucorophilus in combination with ICB can enhance therapeutic efficacy (70). Similarly, administration of Lactobacillus rhamnosus GG enhances anti-PD-1 therapeutic efficacy by promoting CD8+ T cell function (75). Interestingly, another mouse model showed that administration of a probiotic (Bifidobacterium longum or Lactobacillus rhamnosus GG) reduced the frequency of IFN-γ(+)CD8+ T cells exhibiting an unfavourable antitumor response. Therefore, the mechanism of probiotics in ICB treatment still needs further research (76). In addition, there are also studies that show probiotics are associated with irAEs. One study found that administration of vancomycin may enhance the immunopathological response to ICB, which was associated with depletion of Lactobacillus. Further studies found that administration of the probiotic Lactobacillus reuteri completely eliminated ICB toxicity (77). It is important to note that although there are relevant data observed in mouse models, clinical evidence must be available to support the use of probiotics before they can be encouraged.




 4. Microbiota and CRC radiotherapy.

Currently, most early CRC can be cured by surgical resection, but advanced CRC are difficult to eliminate completely by surgery and require multimodal treatment including chemotherapy and radiotherapy as well as surgery. Especially, due to the proximity of the rectum to the pelvic organs, the absence of plasma serosa around the rectum and the technical difficulties in achieving wide surgical margins, radiotherapy has been established as the main treatment option for patients with advanced colorectal cancer in addition to surgery.

It is noteworthy that the results of a growing number of studies prove that the final outcome of radiotherapy is closely related to biological factors (78). There is a two-way interaction between intestinal microbiota and radiotherapy. On the one hand, intestinal microbiota affects the antitumor clinical efficacy of radiotherapy, on the other hand, ionizing radiation changes the composition and function of intestinal microbiota, which in turn leads to the development of radiation enteropathy (79). Intestinal flora is of significant interest for its use in radiotherapy, as a protective agent and a biomarker in radiation exposure.

 4.1. Mechanisms of microbiota in CRC radiotherapy.

Next we focus on the two main mechanisms of ionizing radiation-induced dysbiosis of the intestinal flora. First, radiation can damage IEC, resulting in impaired intestinal barrier function, allowing bacteria to move deeper into the body and promoting the entry of bacterial metabolites into the bloodstream, which promotes inflammation (80). Second, radiation exposure can cause the formation of ROS, which are chemically active due to their unpaired electrons and can damage the DNA and other cellular structures of the intestinal microbiota, thereby triggering changes in the bacterial flora (81). In addition, the various microorganisms that make up the intestinal microbiota have different intrinsic radio-sensitivities (82), so radiation exposure can alter the composition and relative proportions of the microbiota.

El Alam et al. (83) found that in patients treated with pelvic chemoradiotherapy, gut microbiome composition and relative abundance continually decreased in the overall. Although the diversity of the population’s gut microbiota tended to return to baseline levels during the 12-week follow-up period, there are still significant changes in structure and composition, the most notable of which was the increase in the number of Bacteroidetes. Pooled results from other studies suggest that the inflammatory environment produced by radiotherapy leads to increased abundance of pathogenic pro-inflammatory bacteria (e.g. S. wadsworthensis and S. parvirubra) and mimics; decreased abundance of anti-inflammatory bacteria (e.g. E. faecalis and Prevotella histicola) and Phylum Firmicutes including Lachnospira pectinoschiza, Roseburia intestinalis, etc (84, 85). By sequencing the 16s rRNA gene in the mouse model, significant changes in gut microbial composition could be observed in the radiation background. Moreover, changes in the flora can lead to changes in their metabolites, such as lactic acid, which has a protective effect on the body (86). The foregoing studies imply the homeostasis dysregulation of intestinal flora and its metabolites after radiotherapy provides a potential target for improving the prognosis of CRC patients treated with radiotherapy.

Microbial colony metabolites may affect radiosensitization or radioresistance. ETBF has been proven to be enriched in CRC patients as a potential cancer-promoting colony, and it was found that Bacteroides fragilis toxin (BFT) and IL-17 produced by ETBF after colonization synergistically activate the STAT3 signaling pathway in IC (18). Park SY, et al. found that, JAK2/STAT3/CCND2 axis is a key mediator of radioresistance (87). Thus, we speculate that ETBF may enhance the radioresistance of CRC by generating BFT.

Based on these links, microbiota may be a modulating factor for ameliorating radiation adverse effects and radiation toxicity. Baseline gut microbiota diversity is a predictor of the extent of change in gut flora diversity during CRT. El Alam et al. (83) unexpectedly discovered that patients with high intestinal flora diversity at baseline had a greater decline in intestinal flora diversity from the start to the fifth week of CRT than patients with low intestinal flora abundance at baseline. This finding suggests that the optimal target group for CRT intervention may actually be patients with high baseline gut richness and diversity rather than the low. Interestingly, in the same year there was new evidence that patients with abundant microbial diversity had increased activation of CD4+ lymphocytes infiltrating cervical tumors as well as CD4 cell subpopulation expressing ki67 and CD69+ during radiotherapy (88). Considering that the combination of radiotherapy and immunotherapy can strengthen the anti-tumor immune microenvironment to the maximum extent and it has been demonstrated that intestinal flora can promote the efficacy of immunotherapy (70). We hypothesize that high abundance of gut microbiota may enhance the sensitivity of tumor cells to radiotherapy through immunomodulation. Given the similarities between cervical and colorectal cancer in terms of irradiation sites and modalities, we suspect that a similar effect might be achieved in radiotherapy for CRC.


 4.2. Strategies associated with targeted colonies to improve the efficacy of radiotherapy.

Results from experiments using an orthotopic syngeneic murine model of breast cancer treatment with focal irradiation as a mouse model indicated that treatment with an antibiotic (Abx) cocktail of ampicillin, imipenem, and cilastatin prior to radiotherapy reduced therapeutic efficacy, and a similar reduction was observed in a previous melanoma model. In contrast, the combination of radiotherapy and the fungal antibiotic enhances the clinical efficacy of RT and improves the immunosuppressive tumor microenvironment by increasing granzyme B-producing CD8 T cells (89). The results draw our attention to the potential of manipulating intestinal fungal flora through antibiotics to enhance antitumor immune responses to radiotherapy. Vancomycin, a glycopeptide antibiotic active against gram-positive bacteria, alters the composition of the intestinal microbiota when combined with radiotherapy in a preclinical model, and leads to increased antigen presentation of CD11c dendritic cells in tumor-draining lymph nodes of radiotherapy mice, which enhances the antitumor effect (90). Recently, the results of Yang K et al. showed that the vancomycin effect was abolished by butyrate, so that butyrate-producing bacteria, such as Lactobacillariophyceae and Rumenococcaceae, may be new therapeutic targets (91). At the meantime, we should also notice that inappropriate antibiotic use in ICI-treated patients may weaken treatment outcomes due to antibiotic-induced ecological dysregulation (92). Therefore, when selecting antibiotics, especially broad-spectrum antibiotics, it is critical to consider the potential risks of antibiotic therapy for cancer patients, including potential adverse effects on treatment efficacy and toxicity.


 4.3. Radiation enteropathy and microbiota.

Radiation changes microbiota and produces radiation toxicity. Pelvic irradiation is one of the methods of treatment for CRC. Although RT has a positive killing effect on cancer cells, radiation damage to normal organs and tissues inevitably occurs during radiotherapy, especially for one of the most radiosensitive organs, the intestine. The intestinal damage caused by radiation is known as radiation enteropathy (RE), and radiological diarrhea (RID) is most common symptom. Frequent or persistent diarrhea has been reported in 51.9% of women treated with standard radiotherapy and 33.7% of women treated with intensity-modulated radiotherapy (93), which greatly reduces the patient’s quality of life after surgery and is also likely to affect the efficacy of radiotherapy through delayed radiotherapy.

As RE has received increasing attention, the mechanisms by which RE occurs are being studied more and more clearly. There are considerable evidences that gut microbiota play an important role in the development of RE during pelvic irradiation and after treatment.

What is clear is that there are differences in the gut microbiota between those who develop diarrhea and those who do not in patients receiving radiotherapy. In experimental animals, germ-free mice are thought to exhibit less radiotoxicity than conventionally reared mice, suggesting that gut microbiota may influence radiation-induced intestinal toxicity (94). Similarly, in a mouse model of acute radiation-induced intestinal injury (RIII), acute RIII was found to occur with reduced diversity of gut microbiota, reduced abundance of beneficial bacteria and increased abundance of pathogens. Therefore, it is likely that the gut microbiota are potential biomarkers for the critical phase of RIII (95). In rectal cancer patients, Bifidobacterium, Clostridium and Synechococcus are enriched in patients without Diarrhea or Mild Diarrhea (96). In cervical cancer patients treated with pelvic radiotherapy, RE patients had significantly lower α-diversity but increased β-diversity of gut microbiota, with relatively high abundance of Aspergillus and Gammaproteobacteria and lower abundance of Aspergillus. Interestingly, Coprococc was found to be significantly enriched in patients who subsequently developed RE before receiving radiotherapy and had a graded associated microbial profile, suggesting that Gut microbial dysbiosis may be a potential biomarker for human RE (97). A recent systematic evaluation showed that in patients undergoing pelvic radiotherapy, the levels of thick-walled bacteria, Aspergillus and Actinobacteria, were higher in the gut of patients with diarrhea compared to those without diarrhea, while most posterior and anaphylactic bacteria were lower. And at the genus or class level, patients with diarrhea had the presence of Sutrobacter, Fine Golden Bacteria, Peptococcaceae (Clostridium), Prevotella 9, Faecalis, Desulfovibrio, Anaplasma, Verrobacter, Dictyostelium and Bacteroides, while intestinal dominant bacteria (e.g. Clostridium, Anaplasma, Brautia, Ruminococcaceae UCG-003, Faecalis Bacillus oscillatus, Prevotella and Roscoe) were reduced (98). In conclusion, there is an association between RE and dysbiosis of the gut microflora, more consistently: reduced diversity and abundance of microflora, increased abundance of pathogenic bacteria (e.g. Aspergillus, Clostridium) and reduced beneficial bacteria (E. faecalis, Bifidobacterium, etc.) (98).

 4.3.1. Possible mechanisms between microbiota and RE.

The relationship between microbiota and RE may be related to mechanisms such as inflammation, disruption of the epithelial barrier and intestinal permeability, and the release of immune molecules. One study proposes that, the gut microbiota are dysregulated following irradiation. This is likely to directly induce intestinal barrier dysfunction and inflammatory responses. The trial specifically cultured normal colonic epithelial cells with faecal bacteria from patients with severe RE and found that this increased intestinal permeability and stimulated cytokine and NF-κB activation (97). In another experiment, researchers found that irradiated microbiota stimulated increased secretion of IL-1β, which exacerbated radiation-induced intestinal tissue injury. Tissue injury improved after IL-1 was blocked, suggesting that IL-1β is involved in at least part of the microbiota-mediated radiation-induced intestinal injury (84). In addition, the metabolism of the gut microbiota is also disturbed to some extent after irradiation, especially lipid metabolism. It is well known that the lipid bilayer is the basis of the intestinal epithelial barrier and therefore disorders of lipid metabolism may also be an important factor in the development of RE.

However, studies on how the gut microbiota are involved in radiation-induced intestinal damage are still scarce, and it is necessary to clarify the mechanisms involved before applying microbial agents to improve RE. Next we will focus on strategies for reducing radiotoxicity through microbiota.


 4.3.2. Strategies for reducing radiotoxicity through microbiota.

 Radiotherapy + FMT, probiotics, prebiotics, diet: Based on the potential role of gut microbiota in reducing radiotoxicity, several studies have begun to explore whether adverse effects caused by pelvic irradiation can be minimised by gut microbiota, with FMT and probiotics receiving the most attention.

An experimental study demonstrated that FMT attenuated acute radiation syndrome (ARS), and further studies found that FMT increased indole 3-propionic acid (IPA) levels in the faecal microbiota of irradiated mice, and that IPA ameliorated gastrointestinal toxicity after total abdominal irradiation without accelerating tumor growth (99). In a recent case report, investigators followed a patient who developed chronic hemorrhagic radiation proctitis after radiotherapy for cervical cancer. Significantly, after four courses of FMT treatment, the patient experienced relief of symptoms such as blood in the stool, abdominal pain and diarrhea, and significant changes in intestinal bacterial tests (100). In addition, a clinical study has shown that FMT can safely and effectively improve bowel function over time in CRE patients with chronic radiation enteritis (101). This further suggests the possibility of FMT in reducing the gastrointestinal toxicity of radiotherapy. It is worth noting that clinical studies on FMT and radiation enteritis induced by CRC radiotherapy, as well as studies on the mechanisms involved, are scarce, and the intestinal effects of FMT on the recipient are complex and unpredictable. Therefore, a large number of studies are still needed to demonstrate the feasibility and safety of FMT before it can be truly used in the clinic.

Probiotics such as Lactobacillus and Bifidobacterium have been shown to prevent gastrointestinal toxic reactions such as colitis and diarrhea. As microorganisms that play a beneficial role in cancer prevention and treatment, probiotics are thought to reduce the translocation of harmful bacteria as well as protect intestinal immune barrier function.

One experiment showed that the probiotic Lactobacillus rhamnosus GG has a radioprotective effect on the mouse intestine, possibly through the release of lipoteichoic acid, macrophage activation and the migration of mesenchymal stem cells (102). Similarly, in the clinical setting, one study found that Lactobacillus rhamnosus GG reversed intestinal ecological dysregulation and diarrhea during cancer treatment (103). Interestingly, a meta-analysis noted that the widespread use of probiotic interventions for diarrhea secondary to cancer therapy did not show positive results (104). This suggests that research efforts should be focused on specific gastrointestinal toxicity as well as unique probiotic pairings. There is still a paucity of objective clinical evidence on the beneficial effects of probiotics on radiation gastrointestinal toxicity in CRC, and a lack of corresponding studies on how probiotics are formulated, administered and absorbed.

 FLASH-Radiotherapy (FLASH RT): There are growing evidences that radiation can disrupt the gut microbiome and cause dysbiosis of the gut ecology, which in turn affects the effectiveness of radiotherapy as well as increasing radiotoxicity (79, 83). Significantly, recent studies have shown that FLASH irradiation can reduce changes in the gut microbiome compared to clinically conventional radiotherapy (CONV) (105). FLASH-RT is a new type of radiotherapy that will deliver a dose at an ultra-high dose rate (≥ 40 Gy/s) compared to CONV, which is thousands of times higher than CONV. FLASH-RT can significantly protect healthy tissue from radiation damage without altering tumor killing function. In 2019, the first patient with T cell cutaneous lymphoma underwent FLASH-RT and showed good results for both normal skin and tumor, demonstrating the clinical feasibility and safety of FLASH-RT (106).

A very important feature of FLASH-RT is the short exposure time, which may reduce the proportion of immune cells killed, thus allowing the immune system to exert more robust anti-tumor immunity as well as repairing normal tissue damage (107). On the immune cell side, it has been demonstrated that FLASH-RT promotes better recruitment of CD3+ T cells to the tumor core compared to CONVi, as well as higher levels of cytotoxic CD8α+ T cells in the TME (108). In terms of immune molecules, FLASH-RT can reduce TGF-β expression (109, 110), and low levels of TGF-β improve anti-tumor immune responses and inhibit Treg cells differentiation. In conclusion, FLASH-RT can improve antitumor immunity through immune molecules, but more studies are needed to confirm the role of the immune system in the FLASH-RT response.

Since the gut microbiota and the gut immune system are interdependent and influence each other, we speculate that it is likely that the gut microbiota also play a role when receiving FLASH-RT, which may eventually manifest itself through improved immune system function. It so happens that one study is consistent with our suspicions, and this study suggests that FLASH irradiation greatly reduces changes in the gut microflora compared to CONV irradiation (105). The ecological dysbiosis of the gut microflora is often an important manifestation of a dysregulated intestinal immune system, and a dysregulated immune system is a detrimental factor for both anti-tumor immunity and the protection of normal tissues.

However, further studies are still needed to confirm the role of the gut microbiota in modulating the effects of FLASH. It is worth mentioning that studies on FLASH and CRC are currently scarce and further studies are also still needed to confirm the feasibility and safety of FLASH in the treatment of CRC patients.




 5. Potential association between microbiota and radioimmunotherapy for CRC.

In addition to inducing DNA damage, local radiotherapy can also promote anti-tumor immunity. New insights in the field of cancer therapy suggest that radiotherapy carries out antitumor by enhancing immunogenicity, including increasing the sensitivity of cancer cells to killing by cytotoxic T cells (111), enhancing antigen processing and inducing the expression of unique radiation-associated peptides in cancer cells (112). Inducing irradiated cancer cells to release or express immunogenic molecules that enhance the anticancer immune response (113) and facilitating the regulation of TME for immune-mediated antitumor effects. CD8+ cytotoxic T lymphocytes (CTL) play an important role in these processes (114). Combination of radiotherapy with immunostimulatory anti-PD1 and anti-CD137 mAbs produces favorable effects on distant non-irradiated tumor lesions and the therapeutic activity is carried out by CD8 T cells (115).

cGAS is a kind of cytosolic dsDNA sensor, STING is a type of endoplasmic -reticulum-resident protein. When bound to dsDNA, the nucleotidyl transferase activity of cGAS is stimulated, triggering a signaling cascade reaction involving STING, which results in the production of type I IFN (116) to initiate the innate immune response and generate the subsequent adaptive anti-tumor immune response. DNA released from dying tumor cells may trigger IFN-α/β via STING, which in turn may act on both cross-triggered DC and CD8 T cells as necessary factors to favor CTL immune responses. Strategies aimed at local enhancement of IFN-α/β can make radiotherapy-induced tumor cell death more immunogenic (117). Thus, tumor cells killed by radiotherapy are immunogenic. cGAMP treatment and radiotherapy synergistically amplify the antitumor immune response, and the synergistic effect depends on the presence of STING in the host.

TAM are considered to be important immune cell components of the tumor microenvironment and are abundant myeloid cells in the stromal lumen of varied solid tumors (118). Radiotherapy activates the differentiation of M1 macrophages, promotes the influx of M1 macrophages into tumor cells and prevents the conversion to M2 type for the sake of ensuring the therapeutic effect. RT reprogrammed macrophages have a profound impact on tumor therapy. The conversion of the M2 to M1 phenotype promotes tumor therapy and acts as an implicit mediator of abscopal effects (119).

At the same time, however, it was found that RT-induced immunomodulatory effects are a double-edged sword. To some extent, radiotherapy also promotes immunosuppressive effects, as demonstrated by increased recruitment of MDSC, Treg and anti-inflammatory macrophages (M2 macrophages) (120). There is a balance between immunosuppression and immunostimulation. Without intervention, the function of CD8+ T cells is not sufficient to completely eradicate residual tumor cells under this balance, causing tumor recurrence and limiting the therapeutic effect of local radiotherapy. Many research results have demonstrated that the addition of immune checkpoint inhibitors can break this balance and optimize the superiority of CD8+ in anti-tumor (121).

Immunotherapy also promotes the abscopal effects of radiotherapy. Several cases have confirmed that radiotherapy combined with anti-PD-1/PD-L1 is effective in controlling the development of tumors outside the radiation field. ( Figure 2 ) Although it has been extensively studied, the specific mechanism of radiation-induced distant abscopal effect (RIAE) still needs further demonstration (114).

 

Figure 2 | Possible mechanism of abscopal effect in CRC patients. After exposure to ionizing radiation, the primary tumor may undergo dsDNA breaks and this will cause a number of reactions. On the one hand, it can cause immunogenic cell death, which in turn releases DAMPs. On the other hand, dsDNA breaks activate the cGAS-STING signaling pathway, releasing type I IFN. Both of these results lead to the activation of DCs, which in turn activate CD8+ T cells (by presenting tumor antigens released from dying tumor cells) to mediate a specific anti-tumor immune response. In patients with metastatic tumors, when one tumor is irradiated, both of these modes can activate T cell activation and migration through the circulatory system to distant sites to induce the abscopal effect. 



In CRC, although immunotherapy has shown some benefit in patients with the MSI-H/dMMR phenotype, the benefit is modest in the larger proportion of patients with MSS/pMMR phenotype. However, several recent studies have shown that radiotherapy combined with immunotherapy may improve the efficacy of immunotherapy as a viable and safe option for patients with MSS/pMMR phenotype. For example, a phase II clinical trial demonstrated that patients with MSS/pMMR rectal cancer treated with a combination of PD-1 inhibitors and nCRT demonstrated positive cCR rates and good tolerability (122). It is worth mentioning that the abscopal effect produced by radiotherapy combined with immunotherapy has also shown a through positive effect in the treatment of patients with colorectal cancer liver metastases (123).

Although positive and safe efficacy has been observed in a variety of solid tumors, clinical studies on radiotherapy-ablative combination therapy for CRC are still relatively few and the results of valuable studies are scarce, so further animal studies and clinical trials are needed to demonstrate the feasibility and safety of radiotherapy-ablative combination therapy for CRC patients, especially for MSS/pMMR phenotype who are not sensitive to immunotherapy and safety ( Table 2 ).

 Table 2 | Current clinical trials on combination therapy in CRC patients. 



 5.1. Advantages of CRC radioimmunotherapy.

For CRC patients, surgical treatment is ineffective in treating distant metastases and requires artificial fistulas, which are risky to metastases and recurrence. There is a consensus that combined radiotherapy and immunotherapy can improve the chance of distant septal effects, and its clinical effect on eliminating metastatic tumors in patients is remarkable, which improves the recurrence rate and quality of survival. Preclinical studies have shown that after isolated radiotherapy, IFN-γ produced by CD8+ T cells mediates the upregulation of PD-L1 on tumor cells and induces local antitumor response. Radiotherapy itself cannot maintain long-term antitumor immunity, while the immune limitation by radiotherapy can be alleviated by blocking the PD-1/PD-L1 axis (130). On the other hand, the presence of immunosuppressive cells such as Tregs, myeloid-derived suppressor cells (MDSC) and anti-inflammatory macrophages in TME will provoke resistance to anti-PD-1/PD-L1 therapy (131). Radiation therapy can kill cancer cells while triggering the release of pro-inflammatory mediators and increasing tumor-infiltrating immune cells, in other words, transforming immune “cold” tumors into “hot” ones, thus enhancing the efficacy of immunotherapy and improving the side effects and resistance of immunotherapy through the development of combination therapy regimens, and broadening the limits of immunotherapy.


 5.2. Methods to enhance the efficacy of CRC radioimmunotherapy.

Anti-PD-1/PD-L1 drugs are useful when cancer cells or Treg release large amounts of PD-1. Treg upregulation of PD-1 is in response to more infiltration and proliferation of NK cells and CTL. This may start a few hours after stereotactic body radiation therapy (SBRT). However, it has been reported that peak upregulation of PD-1 can occur a few days after tumor irradiation, after which PD-1 expression decreases. This response suggested that anti-pd-1 should be started as soon as possible during SBRT and continue for a few days (or possibly longer) after radiotherapy. Anti-CTLA-4 is useful both before and after SBRT; use of anti-CTLA-4 can reduce the effect of Treg on CTL, so that administration before radiotherapy increases immunogenicity, while administration after radiotherapy attenuates the depletion of antitumor immunity (132). The regulation of immune checkpoints such as PD-1, CTLA-4, TIM-3 and TIGIT is highly dependent on tumor type. Therefore, it is necessary to consider tumor genetic factors when selecting the optimal targets and to study their temporal response to SBRT.

Among the different radiotherapy techniques, SBRT is the best choice for inducing abscopal effects (133). Because it induces abscopal effects and has minimal stimulatory effects on tumor-promoting cells including M2 macrophages, Treg and MDSCs. Immune checkpoint inhibitors (ICI) have high efficacy in metastatic colorectal cancer (mCRC) with microsatellite instability (MSI), but are ineffective in microsatellite stable (MSS) tumors due to low tumor mutational load. Selective internal radiation therapy (SIRT) enhances neoantigen production, which triggers a systemic antitumor immune response (i.e. abscopal effect) (134).

The detailed mechanism of the distal effect induced by the combination treatment is not yet clear. Consequently, treatment protocols should be context-specific to maximize efficacy (114). Clinically, radiotherapy is being explored in combination with a plethora of immune-based therapies to optimize anti-tumor immunity (135). Enhanced type I IFN production, cGAS-STING signaling activation or the use of IR in combination with several other therapies can enhance anti-tumor immune responses (136).

As the study progressed, the combination of RT with anti-CTLA-4 and anti-PD-1/PD-L1 is used to achieve optimal therapeutic results. Researchers constructed three mouse models of metastatic tumors in melanoma, breast cancer and pancreatic cancer. The results showed that anti-CTLA-4 initiated inhibition of Treg cells to expand the CD8/Treg ratio, and anti-PD-1/PD-L1 mainly increased the proportion of CD8+ TIL, but higher responses were obtained only with the involvement of RT, which diversified the T-cell receptor (TCR) of unirradiated tumor TIL (137).

Nanomedicine adjuvant technology introduces nanomedicines with optimized design to ameliorate the problem of low response rate and toxicity of cancer radioimmunotherapy, which are prepared by incorporating tumor antigens, immune or radioimodulators or biomarker-specific imaging agents into the corresponding optimized nanopreparations. This will help induce various biological effects such as generating in situ vaccination, promoting immunogenic cell death, overcoming radioresistance, reversing immunosuppression, and pre-stratifying patients and assessing treatment response or treatment-induced toxicity (138).

Since intestinal flora plays an important role in CRC tumor development and has some similar mechanisms and pathways of action as radiotherapy and immunotherapy. Thus, we will focus on the role of intestinal flora in the radiotherapy of CRC patients as follows.


 5.3. Possibility of microbiota to improve the efficacy of radioimmunotherapy in CRC.

The current cumulative evidence from CRC patients and animal studies has demonstrated a strong association between the gut microbiota and CRC. Enrichment of oncogenic flora not only elicits highly heterogeneous proliferation to form CRC, but also promotes tumor metastasis and drug resistance (139). Remarkably, gut microbiota can modulate both non-specific and specific immune functions in the body, which in turn affects tumor development as well as anti-tumor immune function. Bacteria can promote the transfer and cross-presentation of processed tumor antigen peptides in DC cells, reduce the frequency of CD4+CD25+ Treg cells and collectively promote T cell immunity (140). Bacterial constituents may also influence immunotherapy in CRC. For example, LPS is an outer membrane component of gram negative bacteria with abundant hydroxyl groups and some amide groups. Low doses of LPS are expected to be ideal stimulants for immune initiation (141). Furthermore, it has been demonstrated that there is a bi-directional interaction between the intestinal microbiota and radiotherapy. The gut microbiota can affect the anti-cancer clinical efficacy of radiotherapy, whilst ionizing radiation can alter the components and functions of the intestinal microbiota, which can lead to the development of radiation enteropathy. A potential mechanism for the abscopal effect-cGAS-STING signaling pathway can also be stimulated by the immunogenicity of microflora. Some reports suggest that bacterial DNA can activate the cGAS-STING pathway and upregulate type I interferon, which is a key cytokine for innate and adaptive immunity, resulting in an adjuvant anti-tumor immune response (142, 143). The above prompts us to speculate what role intestinal flora plays in radiotherapy, immunotherapy and radioimmunotherapy in CRC patients.

We speculate that there are two possible scenarios when gut microbiota are involved in combined radiation and immunotherapy and produce benefits: ① The gut microflora may be a bridge between radiotherapy and immunotherapy. Ionizing radiation causes changes in the environment in which the microbiota is located, which in turn promotes anti-tumor immunity and enhances the effects of immunotherapy. This suggests that the microbiota may act as a target for enhancing radioimmunotherapy. ② Although the gut microbiota is not a bridge, the outcome of microbiota therapy to enhance the efficacy of radiotherapy and immunotherapy is easy to guess due to the respective relevance of the microbiota to radiotherapy and immunotherapy. It may happen that modulation of the microbiota increases the efficacy of both radiotherapy and immunotherapy or only one of them. Furthermore, as the toxicities associated with radiation and immunotherapy are also important in the prognosis of CRC patients, modulating the microbiota is also expected to reduce the toxicities of both or either. In conclusion, the general principle is to improve both patient outcomes and prognosis, as well as to focus on prognostic quality of life.

Therapies for CRC targeting microbiota are constantly being updated and developed, including selective elimination of oncogenic microorganisms, lipopolysaccharide-promoted immunotherapy and targeted phage therapy (144). In addition to therapies targeting the intestinal microbiota itself, we observe that anti-tumor therapies mediated by bacteria as vectors have captured widespread attention because of their natural tumor-targeting ability and multiple immune-activating properties. For instance: due to its unique anaerobic properties, attenuated Salmonella typhimurium exhibits inherent tumor-specific colonization with little retention in normal organs and good biosafety (145). Today, the majority of CRC patients are of the pMMR/MSS phenotype who usually fail to receive satisfactory results after ICB therapy. It is a pity that the current general response rate to clinical immunotherapy is still low (20-30%) (146). Surprisingly, a recent study found a significant increase in PD-L1 expression in distal tumors treated with 131I-VNP, which may be related to the production of ev (i.e. extracellular vesicles, which play an important role in various intercellular communication processes) and stimulation of increased interferon by tumor cells after effective IRT. This implies that the immune checkpoint inhibitor αPD-L1, when promptly administered, may improve the immune response rate and produce a better immunotherapeutic effect on the immune response rate of 131I-VNP treatment. Moreover, the 131I-labeled attenuated Salmonella vector can also utilize the strong cytophilic activity of bacteria to eliminate primary tumors, and the DNA fragments produced by bacteria and IRT activate the cGAS-STING pathway to produce a large number of anti-tumor cytokines, providing an anti-tumor immune response for innate immunity. Also, tumor-associated antigens produced by the bacterial vector itself and 131I-VNP can significantly promote the maturation of DC cells, providing a basis for activating an adaptive anti-tumor immune response (147). Beyond the above strengths, compared with small nanomaterials, radiolabeled bacteria can be effectively retained at the tumor site for a long time, which can prevent tumor recurrence by inducing long-term immune memory effects, so as to achieve efficient IRT, reduce tumor recurrence rate and improve the quality of patient survival.

Besides, by studying the mechanism of gut microbiota in the development of CRC, we can also develop new anti-tumor targets and provide new ideas for new cancer treatment methods (148).



 6. Summary and prospect.

According to the above studies and discussions, we conjecture that based on the special role and close association of intestinal flora in the development of CRC, microbiota may act as a bridge to delicately connect radiotherapy and immunotherapy. Microbiota might act as an immunostimulant or immunomodulator to target the immune system of patients and thus influence the efficacy of immunotherapy, radiotherapy and their combination therapy. In particular, based on the fact that modulation of gut microbiota, such as FMT, possibly leads to a reduction in the incidence and severity of radiation enteritis and immune-related adverse events, gut microbiota may also be a common biological target for reducing the side effects of radioimmunotherapy, and how inhibition of this target to improve efficacy would also provide a positive direction for CRC patients to attain a longer survival and a higher quality of life after treatment. The above conjectures provide enlightening ideas for radioimmunotherapy mediated by bacterial pleiotropic immune activation functions. Novel interventions focusing on microbiota, such as bacterial engineering, next-generation probiotics, microbial-specific bactericidal antibiotics and fecal microbiota transplantation as monotherapies or add-on therapies, are promising for improving the efficacy of radioimmunotherapy.

Transforming conjecture into reality requires answering numerous outstanding questions, including the detailed mechanisms by which the microbiota modulates CRC and its associated therapies and requires insight into how the microbiota mediates the tumor microenvironment - either through direct effects on DNA damage and inflammation, or through other host-derived mechanisms. Fortunately, technological advances have provided us with revised tools to study the microbiota in the context of the growing number of physiological CRC model systems to decipher the challenging complexity of the colonic tumor microenvironment. We look forward to more breakthroughs in CRC genomics, metabolomics and immunology and hope that more experimental studies and clinical trials will follow to confirm these suspicions.
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Radiotherapy is part of the standard of care treatment for a great majority of cancer patients. As a result of radiation, both tumor cells and the environment around them are affected directly by radiation, which mainly primes but also might limit the immune response. Multiple immune factors play a role in cancer progression and response to radiotherapy, including the immune tumor microenvironment and systemic immunity referred to as the immune landscape. A heterogeneous tumor microenvironment and the varying patient characteristics complicate the dynamic relationship between radiotherapy and this immune landscape. In this review, we will present the current overview of the immunological landscape in relation to radiotherapy in order to provide insight and encourage research to further improve cancer treatment. An investigation into the impact of radiation therapy on the immune landscape showed in several cancers a common pattern of immunological responses after radiation. Radiation leads to an upsurge in infiltrating T lymphocytes and the expression of programmed death ligand 1 (PD-L1) which can hint at a benefit for the patient when combined with immunotherapy. In spite of this, lymphopenia in the tumor microenvironment of ‘cold’ tumors or caused by radiation is considered to be an important obstacle to the patient’s survival. In several cancers, a rise in the immunosuppressive populations is seen after radiation, mainly pro-tumoral M2 macrophages and myeloid-derived suppressor cells (MDSCs). As a final point, we will highlight how the radiation parameters themselves can influence the immune system and, therefore, be exploited to the advantage of the patient.
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Introduction

In recent years, sequencing of different tumors has revealed a vast heterogeneity across different cancer types but also between patients with the same diagnosis, highlighting the need for personalized medicine (1). The recent re-evaluation of the cancer hallmarks emphasized the essential role of the tumor microenvironment (TME) in tumor progression (2). The TME is a complex network of different cell populations and the interactions between them. The main cell neighborhoods of the TME are the tumor-, stromal-, vasculature- and immune cells. These cellular elements interact and create an evolving and dynamic environment that determines the response to different therapeutic regimens. Therefore, it is evident that an analysis of the multiple cell components in the TME can help design the most effective therapeutic strategy (3). The immune cells have a dual role in shaping the tumor by promoting or preventing its growth in a process named cancer immunoediting (4). In the framework of this process, the immune landscape, that is 1) the heterogeneous network of immune cells, 2) the immune components such as chemoattractants, and 3) other immunogenic factors such as tumor mutational burden (TMB), is widely studied (5). The balance of the different immune populations, the spatial localization, and the functional phenotype of the immune tumor microenvironment (iTME) establish the immune contexture (6). The immune landscape and contexture influence the response to treatment but are also contextually shaped by the therapeutic regimen itself.

Based on the immune landscape of solid tumors, several pan-cancer classifications were developed: the four consensus molecular subtypes - CMS (ie CMS1 - microsatellite instability immune, CMS2 - canonical, CMS3 - metabolic and CMS4 - mesenchymal) (7), the six immune transcriptomics subtypes – IS (ie wound healing, IFN-γ dominant, inflammatory, lymphocyte depleted, immunologically quiet and TGF-β dominant) (8) and most recently the four immune/fibrotic TME subtypes (ie IE/F – Immune Enriched/Fibrotic, IE, F, D-Desert) (9). As these strategies take into account the characteristics of the tumor microenvironment, they try to achieve more effective patient stratification than the traditional classification based on the histological characteristics of the tumor and the TNM staging system (10).

Radiotherapy (RT) is one of the standard therapeutic regimens that take advantage of the damaging effect of ionizing radiation on DNA, leading to proliferative cell death and direct killing of the tumor cells (11, 12). Indirectly, RT leads to contrasting results shaping the iTME either to an immunogenic or to an immunosuppressive phenotype (see Figure 1). Shifting the delicate balance towards the immunogenic phenotype, radiation-related killing of tumor cells leads to the release of neoantigens and damage-associated molecular patterns (DAMPs). These signals, in turn, lead to an increase in antigen presentation and therefore activation of the innate immune system, an increase of CD8+ cytotoxic T cell infiltration, and inhibition of immunosuppressive cells (13). Contrariwise, tipping the scale towards the immunosuppressive phenotype, the use of radiation results most of the time in the direct killing of T lymphocytes inside the radiation field, increments the myeloid-derived suppressor cells (MDSCs) and regulatory T cells (Tregs) infiltration, and activates cancer-associated fibroblasts (CAFs) (14) through the TGF-β pathway, therefore, promoting tumor growth (15–17). Interestingly, RT has not only a modulating effect on the iTME but also systemically alters the immune profile of the patient. As was shown in a meta-analysis study across different cancer types, RT resulted in a systemic reduction of CD3+ and CD4+ peripheral T cells one month after the last treatment (18). Moreover, the role of radiation in the immune status of the TME can be exploited in the form of in-situ vaccination depending on the dose and fractionation schedule of radiation, the pre-existing immune profile of the tissue and patient, and the radiosensitivity of the tumor itself (19, 20). The in-situ vaccination can lead to systemic effects with a few examples of abscopal effect (21).




Figure 1 | The effects of radiotherapy on the immune landscape. Schematic representation of the different states of systemic immune landscape and the tumor microenvironment before and after radiotherapy. As shown on the top left, the ‘‘inflamed immune’’ phenotype responds better to RT, as exhibited by higher immunoscores (CD3+ and CD8+ T cell densities), while the ‘‘deserted’’ or ‘‘cold’’ tumors on the top right respond less well to radiation therapy. The effects of RT on the immune landscape are influenced by the existing heterogeneous tumor microenvironment and the individual patient’s immune response. On the one hand, after RT, there might be a shift towards the wound healing signature (bottom left) and patients with this immune-hot phenotype have increased survival after treatment and might also be eligible for combination therapy with immunotherapy. Radiation can also cause a lymphopenic systemic and iTME landscape (bottom right), resulting in a worse prognosis. Created with BioRender.com.



This review will examine the complexity of the systemic and local immune environment in different types of cancer. Our discussion will focus on how radiation shapes the immune landscape. In addition, we will unravel the potential prognostic and predictive insight we can gain from the iTME and systemic immune profile of the patient to guide therapeutic decisions (see Table 1).


Table 1 | Immune landscape elements associated with prediction and prognosis in patients that underwent radiotherapy.







Methods

The Pubmed database was searched for literature articles and reviews published between January 1st, 2012 and October 31st, 2022 that investigate the effect of radiation therapy on the immune landscape of various malignancies. The search strategy included vocabulary related to radiotherapy (e.g., radiation, chemoradiation, fractionation) and to the immune system (e.g., immune cell, innate and adaptive immunity, infiltration, cytotoxicity). Additionally, each type of cancer was used as a keyword accompanied by the aforementioned terms to search for related information. Moreover, reference lists of selected reviews were screened to be redirected to the original study.

Results describing either prospective or retrospective settings were evaluated in full-text articles. Throughout this review, we make a distinction between the systemic immune landscape that includes changes in the peripheral blood mononuclear cells (PBMCs) and the immune landscape of the tumor microenvironment for which mainly formalin-fixed paraffin-embedded (FFPE) or fresh samples of the tumors are evaluated. The methods most commonly used for the analysis of the immune landscape are flow cytometry, immunohistochemistry or tissue microarrays, and transcriptomics analysis. To emphasize the importance of further investigation in pre-clinical models, we separated the data produced by such studies from data on human samples when available. Moreover, all treatment regimens were included, RT alone as well as CRT without restrictions on cytotoxic agents used. Finally, we included data describing the difference between treated and untreated specimens or samples before treatment (biopsies).

Finally, the records of the database ClinicalTrials.gov of the U.S. National Library of Medicine were searched to identify clinical trials that involved a combination of radiotherapy and immune checkpoint inhibitors for the following types of cancer. The search focused specifically on double-arm trials, which involve concurrent radiotherapy and immunotherapy in at least one experimental arm, as these trials can provide a more rigorous evaluation of treatment efficacy. By including a control group, the double-arm trial can help to establish whether any observed benefits are due to the combination of treatments, or whether they would have occurred with one of the treatments alone. Clinical trials classified as ‘withdrawn’ or ‘unknown’ were excluded. The results are presented in Table 2.


Table 2 | Clinical trials that strive to show therapeutic benefit of combining immunotherapy and radiotherapy.







Immune landscape and radiotherapy




Parameters of the radiotherapy regimen that can influence the immune landscape

It is estimated that more than half of all cancer patients receive radiation therapy (11, 41). In a radiotherapy regimen, a variety of parameters can vary, such as the moment of treatment (neoadjuvant/preoperative or adjuvant treatment), the combination with other treatments like chemotherapy and/or immunotherapy, and the fractionation schedule, which altogether can result in a whole range of total doses at the end of treatment and treatment lengths.

As part of the modulation of the immune signature, fractionation plays an important role. A single dose of RT, compared to a multifractionated schedule, promotes a more immunogenic phenotype in prostate cancer cells in vitro (42). Moreover, in a murine orthotopic model of pancreatic cancer, RT recruited a greater number of T cells than fractionated RT (43). In particular, RT given as a single dose of 25Gy resulted in higher infiltration of cytotoxic T cells (CD8+) compared to the four times 10 Gy per fraction regimen. It is most interesting to note that there was no difference in tumor growth between the two groups, suggesting that different RT schedules had no effect on T-cell activity but only on infiltration.

Furthermore, changes in the immune landscape following fractionated RT can be affected by age and target volumes, especially when immune-related volumes are involved, such as blood vessels and bone marrow (44). As aging affects immune cells (25), it is only natural that the treatment’s impact on the immune landscape will also be influenced by aging. In a small cohort of prostate cancer patients treated with RT was studied to determine if the changes in immune cell subsets were influenced by age. CD4+ effector cells and patient age exhibited a moderately positive correlation, but not in the exploratory cohort (44). So far no strong relationship between age and radiation effects on immunity has been demonstrated. More coherent results derive from the relationship between target volume and immune landscape after RT. Lymphopenia is a common side-effect of RT and smaller target volumes are likely to affect less the immune landscape than larger ones (45).

Treatment planning variables such as the interval between RT and surgery and of course the addition of chemotherapy can also influence the iTME. These parameters were explored in rectal cancer (46), where less cytotoxic T cells and T helper cells infiltrated tumors following a shorter radiotherapy-to-surgery interval compared to the longer waiting time after an equal radiation dose. In addition, in the same study, CRT led to a significant decrease in T regulatory cell infiltration, demonstrating the combination to work synergistically to reverse immune suppression.

It can be challenging to draw conclusions about the state of the tumor’s immune status after radiotherapy, especially when we rely on biopsies, which are often not representative of the whole tumor mass. Moreover, the higher density of CD4+ and CD8+ T cells in surgical samples was correlated with the use of postoperative radiotherapy and good prognosis in a cohort of PDAC patients when large-section histopathology (LHS) slides were compared to small-section histopathology (SSH) slides that enclose less information on the TME. Therefore, the area that is covered during the analysis of immune staining can also be of great significance when it comes to evaluating prediction and/or progression.

It is crucial to thoroughly investigate the radiotherapy parameters that influence the iTME and systemic immune landscape, especially when combining radiation with immunotherapy for therapeutic purposes. For instance, a study involving lung cancer patients administered SBRT (3 doses of 8 Gy) in combination with pembrolizumab (anti-PD-1) demonstrated a doubling of the overall response rate (ORR) (40). Ongoing clinical trials are currently exploring the therapeutic benefits of this combination (see Table 2). A better understanding of how radiotherapy regimen parameters affect the synergy with immunotherapy could provide insights into the success or failure of such clinical trials (47).





Esophageal cancer

Esophageal (EC) and esophagogastric junction (EGJ) cancers are tumors that develop along the esophagus with the most common types being squamous cell carcinoma (SCC) and adenocarcinoma (ADC) respectively. Their standard-of-care treatment for early-stage EC is endoscopic resection or surgical resection. Neoadjuvant chemoradiotherapy (nCRT) and surgery are recommended for more advanced stages (48) while immunotherapy with pembrolizumab can be as concurrent treatment as well. The results for immunotherapy are mixed as the anti-PD-1 reagent did not confer clinical benefit to patients with advanced PD-L1-positive gastroesophageal cancer (49). Therefore, much of the research in oesophageal cancer has been focused on understanding the immune landscape of the tumor in order to better stratify patients for immune checkpoint inhibitors (ICI) (50, 51).




Systemic immune landscape of EC and radiotherapy

A retrospective study using data from PBMCs of patients with non-operative EC that underwent chemoradiotherapy (CRT) showed that low density in Tregs and high concentration of double-positive (DP) CD4+ CD8+ T cells to be two independent predictive factors for response to CRT (22). Interestingly, the DP T cells represent a rarely studied subpopulation of immune cells that are found in cancer patients’ blood and their role is not entirely clear as to whether they are immunosuppressive or cytotoxic (52). In metastatic colorectal cancer, this subpopulation has been found to favor immunosuppression and tumor growth (53) while in urological cancer it is correlated with differentiation of CD4+ naïve T cells to the pro-tumoral Th2 phenotype (54). In EC patients, high densities of DP T cells are associated with better outcomes, but further investigation is needed to uncover their precise role. Although Fei Lan et. all. Systemically observed a change after CRT, another group (55) observed no change in the density of CD4+, CD3+ and CD8+ T cells after only RT compared to only the chemotherapy group. These results might hint that the ablative effect on the PBMCs may be mainly attributed to the CRT combination and not to RT alone.

RT-induced immune reactions in patients with EC can be correlated with serum levels of two immunostimulatory cytokines, IL-2 and IFN-γ. These cytokines were found to be elevated during RT in responders compared to non-responders, in terms of better local control. Follow-up of these changes in PBMC immune populations or even better, in immunohistochemical profiles of primary tumors would be interesting (23).

Knowing that a radiation treatment results in severe lymphopenia in most EC patients, one always needs to consider that this systemic effect can also dampen the immune response in the tumor as well. Moreover, a high estimated dose of radiation to immune cells (EDRIC) was correlated with higher-grade lymphopenia also resulting in worse OS and PFS (56).

Another finding is the prognostic value of platelet to albumin ratio (PAR) which has been associated with worse overall survival (OS) and progression-free survival (PFS) among patients treated with RT for ESCC (57).





iTME of EC and radiotherapy

The dynamic changes that RT might impose on the tumor-infiltrating lymphocytes (TILs) have been explored retrospectively in FFPE samples of patients with EC treated with nCRT (24). In this study, Soeratram et al. classified the iTMEs according to the combined mean density of cytotoxic T cells (CD8+), T regulatory cells (FOXP3+), and immune-checkpoint molecule PD-1 positive cells into: ‘‘inflamed’’ (or ‘‘hot’’), with most immune cells found in the tumor core (TC); ‘‘invasive margin’’ (or ‘‘excluded’’), when most tumor-associated immune cells (TAICs) were found on the invasive margin (IM); and ‘‘desert’’ (or ‘‘cold’’), consisting of samples with very low density in both compartments. In more than half of the nCRT recession samples (56%) the ‘‘inflamed’’ iTME was present, indicating a positive correlation between CRT and immune cell infiltration. Moreover, the most interesting studies are the ones that compare the pre-existing immune landscape on biopsies with the landscape after treatment in order to reveal dynamic changes. As such, based on pre-treatment biopsy and post-nCRT resection specimen pairs, an increase in the influx of CD8+ T cells was observed in the tumor epithelium, a finding which may aid treatment planning (24). This increase has also been found in a study by Kelly et al (25), when retrospectively comparing normal and malignant FFPE oesophageal epithelium post-nCRT samples with matched pre-treatment biopsies. The increase in lymphocyte infiltration like cytotoxic T cells and NK cells after CRT is commonly found in multiple studies on EC (58). It is important to further investigate the phenotype of these lymphocytes since on certain occasions there is an upregulation of immune checkpoint molecules as shown in ESCC patients treated with CRT where the increase in immune infiltration was parallel with an increase in one such molecule, the tyrosine-based inhibitory motif domain (TIGIT) (58). As for the two immune checkpoint therapeutic targets currently used in the clinic (59), there was an upregulation in programmed death-ligand 1 (PD-L1) expression after nCRT, yet the same trend was not evident for cytotoxic T-lymphocyte-associated protein 4 (CTLA-4). Based on complementary RNA data, nCRT increased IFNγ expression in tumor cells, perhaps as a result of the increased influx of cytotoxic T lymphocytes to balance the immune response by inducing tumor cells to express checkpoint molecules like PD-L1 and Indoleamine 2,3-Dioxygenase (IDO) (60). PD-L1 high expression on tumor cells was an independent prognostic factor for increased OS after RT (61). In another study (26) patients with esophageal adenocarcinoma (OAC) were divided based on their response to nCRT into poor, moderate, and good responders. Immunohistochemistry analysis was performed to quantify the expression of the following markers and subpopulations: CD3 (pan-T cell), CD4 (T helper cell), CD8 (62), FoxP3, and PD-L1 (expressed on cancer cells and antigen-presenting cells) (63, 64). Here, the tumor immune infiltrates, as seen by the CD3+ and CD8+ cells, were highly correlated with the cancer cell density. Surprisingly, only when the poor responders also displayed high levels of CD8+ T cells they had a poor OS, a trend that was not observed in the good/moderate responders. This result is contradictory to the consensus that high infiltration of cytotoxic T cells is favorable for the patient. A closer look at the phenotypic characteristics of these CD8+ T cells can shed more light on their specific function and on why their existence was negatively associated with OS.

In addition, the immune landscape can also be correlated with other aspects of the tumor microenvironment, and their relationship with RT can be analyzed collectively. One of those characteristics is the tumor mutational burden (TMB) which refers to the total number of mutations in a tumor, is proportional to neoantigen production, and is used as a marker of immunogenicity (65). Researchers categorized EC patients into high TMB (TMB-H) and low TMB (TMB-L) based on the extent of TMB in their tumors (66). The patients were then further separated based on whether they got RT was their number of Tregs was quantified. Those not receiving RT had an increased influx of Tregs in the TMB-H group compared to the TMB-L group. However, RT patients from both groups showed no difference in immunosuppressive cell infiltration, which may indicate a balancing effect of the RT (66).

Higher TILs have been suggested by multiple studies to be a reliable prognostic factor for the progression of the disease. In ESCC patients treated with CRT, a higher TILs density in the stroma of biopsy samples during therapy was correlated with increased 5-year disease-free survival (DFS). These results might be used to predict the response of the patients to CRT avoiding unnecessary surgery. A more detailed investigation of the heterogeneous TIL compartment clarifying the different subpopulations would enhance the predictive validity of this model (67).

In conclusion, data from EC shows radiation to possibly have a positive effect on the recruitment of immune cells in the tumor and more specifically on CD8+ T cell infiltration. In addition, RT-dependent upregulation of immune checkpoint molecules such as PD-L1 is a promising indication for the combination of RT with immunotherapy.






Head and neck cancer

The term “head and neck cancer” refers to a group of cancers that are anatomically developed in the mouth, larynx, nose, sinuses, and throat, with squamous cell carcinoma (HNSCC) arising from epithelial cells lining the mucous membranes (68). In the case of HNSCC, radiation therapy is a standard treatment method that shows a better response in human papillomavirus (HPV) - positive patients than in HPV-negative ones (69). The virus-induced cancers display different biological and clinical characteristics but also dissimilar immune landscapes compared to their negative counterparts (70). A multicentre study analyzed the prognostic value of CD8+ and CD3+ T cells in correlation with HPV status in patients with HNSCC that underwent CRT treatment (71). This study concluded that the high density of cytotoxic T cells and HPV positivity are independent favorable factors for OS after CRT (71). This distinction of the virus status of HNSCC patients is therefore important to better exploit the unique characteristics of both subgroups and increase radiosensitivity.




Systemic immune landscape of HNSCC and radiotherapy

The combination of platinum-based chemotherapy and intensity-modulated radiotherapy (IMRT) in HPV-related oropharyngeal cancer shifted the balance into a systemic immunosuppressive state (72). After CRT an increased number of myeloid-derived suppressor cells (MDSC) and decreased numbers of CD8+ and CD4+ T cells were found while in the latter there was an upregulation in the expression of PD-1 immune-checkpoint molecule (72). These results partly come in agreement with the study of Sridharan et al. (73), which also showed an increase in circulating MDSC and in PD-1+ T cells. However, the systemic cytokine levels of CXCL10 and 16 respectively decreased and increased respectively in patients treated with radiation. CXCL10 is a cytokine believed to promote immunosuppression and tumor stemness (74, 75) while CXCL16 has a beneficial effect on cancer control since it promotes lymphocyte infiltration in the tumor (76). It is therefore clear that while an increase in immunosuppressive cell populations is observed, the cytokine profile changed to promote tumor regression.

J. Schuler and colleagues (77) compared the effect of CRT on the number of conventional CD4+ T cells (Tconv) and the subpopulation CD4+CD39+ Tregs that exercise their immunosuppressive action through the adenosine pathway (78). After CRT, the absolute number of CD4+ T cells and their percentage decreased, but within this Tconv population, CD4+CD39+ Treg cells increased, indicating that these cells were relatively resistant to the CRT regimen used. Complementary to this, they found upregulation in CD39 expression, an ectonucleotidase involved in the adenosine pathway, which led to the conclusion that CRT might stimulate the suppressor functions of Tregs. The persistence of a highly immunosuppressive population of Tregs after CRT was observed at different time points which might explain the frequent recurrence of HNSCC (77).





iTME of HNSCC and radiotherapy in human samples

For nasopharyngeal carcinoma (NPC) the standard of care therapy is concurrent chemoradiotherapy (CCRT) which can have immunostimulatory effects and increase the patient’s chances of survival (79). Chung et. al, focused on the Epstein-Barr viruspositive NPC, the most representative type of this cancer, and looked closely at the dynamic changes of the intratumorally T-cell clonotypes (ITCs) in search for predictive biomarkers for CCRT. They concluded that chemotherapy and RT combination drive the selection of ITCs to a remodeling of the unique TCRβ clonotypes. Surprisingly, CCRT does not lead to the expansion of the EBV-associated ITCs for an in situ vaccination effect as is widely believed to be the case (20, 27).

Most of the data available on head and neck cancer after RT are describing the systemic effect on the immune populations. This can always be seen as an indicator of the populations in the tumor contexture although we should be cautious when attempting to describe the iTME in head and neck cancer. Nevertheless, we can conclude that RT is increasing the number of immunosuppressive cell populations systemically like MSDCs and Tregs while also at the same time having a deleterious effect on CD8+ T cells. Intratumorally, an expansion in ITCs is observed therefore it would be very interesting to explore this further in relation to the systemic profile.





iTME of HNSCC and radiotherapy in preclinical models

As seen in patients, cells of the myeloid lineage show an expansion after RT (72). This has also been observed in a HNSCC murine model, where the density of CD11b+ infiltrated myeloid cells in the tumors increased after irradiation (80). Interestingly, when neutralizing antibodies against those bone marrow-derived infiltrates were used the tumors showed increased radiosensitivity and response to irradiation in vivo (81).

The interaction between the immune landscape and radiation in preclinical models of head and neck cancer is scarily known, but these studies remain important because they can provide insight into the driving pathways and sequence of events that shape the iTME.






Lung cancer

According to GLOBOCAN estimates for 2020 lung cancer is the primary cause of cancer-related mortality (82). From traditional approaches like surgery and RT to immunotherapy with ICIs, there are many ways to combat lung cancer and lung metastases. For all patients with advanced surgically treatable lung cancer, CRT is part of the treatment regimen and has been proven successful in controlling the disease (83). Moreover, immunotherapy has been shown to be helpful in treating non-small cell lung cancer patients who are PD-L1 positive (84). It is imperative that patients are divided into distinct groups in order to determine the most appropriate treatment approach for each, and the focus is once again on the tumor microenvironment and immune system (85).




Systemic immune landscape of lung cancer and radiotherapy

In a cohort of limited-stage small cell lung cancer patients (LS-SCLC), CRT resulted in an increase of all T cells (CD3+), cytotoxic T cells (CD3+CD8+), activated T effector cells (CD8+CD38+) and NKT cells (28). The same retrospective study also showed a reduction in the percentage of T helper cells (CD3+CD4+), naïve T cells (CD4+CD45RA+), B cells, NK cells, and T helper/T effector cell ratio in the patients. Of all these subpopulations of immune cells, the high densities of naïve T cells and activated effector T cell 3 months post-CRT were both independent predictor factors of good progression-free survival (PFS). Moreover, in line with results from the peripheral blood of Epstein-Barr virus-associated nasopharyngeal cancer patients referred to above (27), Wu et al. (29), also examined the systemic effect of irradiation on the T-cell receptor (TCR) repertoire in stage I non-small-cell lung cancer (NSCLC) and concluded that after RT the number of unique TCR clones was decreased. More interestingly, the higher the diversity of the TCR clones at baseline the more likely it was for the patient to respond well to stereotactic body radiation therapy (SBRT).

When examining lung cancer cases it is important to mention the transient or prolonged lymphopenia frequently observed after radiation and which depends on the thoracic volume that is targeted (86) and on the fractionation regimen (87). Lymphopenia can be used as a prognostic factor for disease progression (87) but also as a predictive marker since the neutrophil-to-lymphocyte ratio is negatively correlated with response to immunotherapy (88) and can help stratify the patients for alternative treatments after radiation.





iTME of lung cancer and radiotherapy in human samples

To study the dynamic changes in the immune contexture, Zhou et al. (89) analyzed paired tumor samples from NSCLC before and after SBRT. RT improved the TCR repertoire diversity, but also increased the PD-L1 expression in the TME. Moreover, there was an augmentation in the expression of immune-regulating factors such as C-X-C motif chemokines (CXCL10 and CXCL16), interferons (IFN I and II) and interferon receptors (IFN IR and IFN IIR) intratumorally. Drifting away from the TCR clonotypes and collectively looking at the TIL populations Shirasawa et al. (90), retrospectively accessed the impact of RT on the PD-L1 expression and CD8+ T cell infiltration in NSCLC patients. PD-L1 expression in cancer cells did not show a particular trend, however, the density of CD8+ T cells increased after CRT, which can be exploitable in the scope of ICI therapy. Of note, a meta-analysis for the gene signature was performed in patients with lung adenocarcinoma (LUAD) who were divided into groups: RR (radiotherapy resistant)-patients showing poor response to radiotherapy and RS (radiotherapy sensitive)-patients presenting with better prognosis after therapy (30). T cells, monocytic lineages, B lineages, fibroblasts, cytotoxic lymphocytes, CD8+ T cells, endothelial cells, and NK cells were enriched in the RS group, while neutrophils were enriched in the RR patients.





iTME of lung cancer and radiotherapy in pre-clinical models

Preclinical studies about the impact of radiotherapy on the immune landscape in lung cancer are more prevalent than clinical studies on human lung cancer. Zhang et al. (91) assessed the effect of irradiation on the immune contexture in a syngeneic murine model of Lewis Lung carcinoma. They graded the infiltrated MDSCs and cytotoxic CD8+ T cells in the tumors to find an increased recruitment of MDSCs-mediated immunosuppression. To further access the causal link between MSDS and cytotoxic T-cell infiltration, they depleted the polymorphonuclear (PMN) – MDSCs or inhibited the expression of arginase 1 (ARG1) on these cells. Both these actions led to a flux of CD8+ T cells inside the tumors. They concluded that PMN-MDSCs are upregulated after irradiation that they suppress the immune cells of the TME in an arginase-related manner. The systemic effect of irradiation was further examined in a primary lung tumor mouse model in which the B cell density increased while CD8+ cytotoxic T cells decreased showing a direct effect of irradiation on innate immunity (92). In a similar manner, the effects of low-dose fractionated RT on the iTME were studied in an orthotopic murine model (93). As seen before, radiation induced an expansion in the number of MDSCs, neutrophils and F4/80+ macrophages and more specifically the MHC-IIhi anti-tumoral M1 subpopulation, while on the other hand, it significantly reduced the absolute number of CD8+ T cells in the spleen and lung. Further examination of the T cell compartment revealed expansion of Tregs (CS25+/CD127-) and PD-1+ T cells, suggesting a phenotypic shift towards immunosuppression that can be exploited for ICI therapy. Intratumorally, radiation recruits neutrophils as shown in a Lewis lung cancer adenocarcinoma murine model. The recruitment of tumor-associated neutrophils (TANs) leads to cytokine release and the subsequent CD8+ T cell infiltration. The increase in CD8+ T cell numbers in the TME is contradictory to the general trend of its systemic decrease after irradiation. This is a nice example of how a systemic effect does not necessarily translate in a similar manner intratumorally (94). To study the mechanism by which irradiation is affecting the immune cells in the tumor microenvironment, Wang et al. (95), performed in vitro experiments with NSCLC cell lines and CD8+ T cells from healthy donors. Contradictory to in vivo results that show an increase in PD-L1 expression in cancer cells, here they concluded that irradiation (IR) is augmenting CD8+ T cells immunity by suppressing PD-L1 expression in an IFNγ related manner.

Immunotherapy is frequently used in lung cancer, both alone and in combination with RT. Therefore, unraveling the immune landscape of the tumor could allow many patients to escape the adverse effects of the treatment. After radiation, there is an increase in the influx of MSDCs in the tumor but a balancing augmentation in the CD8+ T cells which comes in contradiction with the lymphopenia that is seen systemically.






Breast cancer

Breast cancer (BC), the most common cancer in women, is treated based on tumor staging, size, location, and the patient’s health and preferences. Early-stage BC is usually treated with surgery and adjuvant RT and may also include CT or hormonal therapy. Advanced-stage BC focuses on controlling the disease and managing symptoms, with treatment options including CT, targeted therapy, hormonal therapy, or a combination (96, 97). The level of care provided for breast cancer is constantly changing, with emerging therapies and approaches, including immunotherapy, being researched, and evaluated through clinical trials. Likewise, research focusing on the immune landscape is underway to establish immune-based predictive biomarkers to improve patient stratification (98). As RT is primarily administered as an adjuvant treatment following surgery (96), efforts to identify biomarkers are shifting their focus toward the systemic immune landscape, rather than the iTME.





Systemic immune landscape of BC and radiotherapy

Radiation therapy is often associated with lymphopenia in breast cancer patients since the lung and heart, the two organs that contain blood in the thorax, are situated within the radiation field. This systemic state seems to be persistent even one year after RT (99). Therefore, it is crucial for clinicians to create dependable dosimetric models for use as a benchmark in dose prescription and treatment planning. Chen et al. investigated the connection between effective dose to the circulating immune cells (EDIC) and radiation-induced lymphopenia (RIL) in a group of breast cancer patients (100). The EDIC model calculates the dose based on the portion of blood flow to the lung, heart, and liver, as well as the body surface area exposed to radiation (101). As the EDIC value increased, the RIL rose correspondingly, suggesting that this model accurately reflects the dosimetric factor that directly affects lymphopenia. A more thorough examination of the subpopulations impacted by adjuvant RT revealed a decrease in T-cells and platelets, but not immunosuppressive myeloid subpopulations (CD13+CD56+ cells) (102). This comes into contradiction with the meta-analysis by Wang et al., which shows no significant difference in peripheral blood T cells after RT (18). However, it is important to highlight that the time point of the blood sampling after RT (immediately after or 48h later, etc) plays a role in the result recorded. A study looking at the T cell compartment in the blood found that adjuvant RT increased the memory and regulatory CD4+ T cells (103) which agrees with the increase in T helper cells during RT seen by Sage et al. (99). It is yet to be determined if these T helper cells are a representation of Tregs, and whether alternative therapeutic options could be employed to prevent immunosuppression. Given these discoveries, it is essential to conduct further research on peripheral blood immune populations to establish dependable biomarkers for monitoring disease progression and potential treatment combinations.





iTME of BC and radiotherapy in human samples and pre-clinical models

The reciprocal relationship between RT and iTME has not been extensively studied in breast cancer, as RT is not typically used as a NAT treatment for this type of cancer (104). However, the specific immune cells present in the iTME appear to be important for disease progression, as demonstrated by Schnellhardt et al. (105), who found that high densities of B and memory cells were associated with reduced DFS in early-stage BC. This led to the development of a prognostic score based on the cell densities of these subpopulations in the tumor core and stroma to determine different patient risk groups. Although patient data is limited, pre-clinical data can provide insight into the relationship between RT and iTME in breast cancer. In vitro studies have shown that RT of breast cancer cell lines (2 Gy or 5 Gy) resulted in an upregulation of the immune checkpoint molecules PD-L1 and PD-L2, which may have implications for combination with immunotherapy (106). The study of iTME in breast cancer aims to establish treatment combinations rather than biomarkers, as RT is mainly given in an adjuvant setting and thus the iTME is unlikely to affect treatment response.

Thus, radiotherapy is a frequently used supplementary treatment for breast cancer and has the potential to affect the immune system. The occurrence of low lymphocyte count induced by radiotherapy can contribute to the creation of immune tolerance. Additionally, radiotherapy may alter the composition of different subsets of the body’s immune system, affecting T cells while having no impact on myeloid suppressor cells. To better understand these changes and develop more effective radiotherapy regimens with or without concordant immunotherapy, further research is necessary.





Cervical cancer

Cervical cancer ranks second in incidence and mortality among women from countries with Human Development Index (HDI) (107) following breast cancer and is developed following an HPV viral infection (108). Research in the tumor microenvironment shows a highly heterogeneous profile that can be altered with the use of radiation.




Systemic immune landscape of cervical cancer and radiotherapy

Comparing the dynamic changes in the systemic immune contexture with the landscape of the TME can be very interesting to further understand the interactions taking place. In this scope, a retrospective study compared the effect of CRT in cervical cancer patients using blood samples and cervical brushing specimens at the same time points. CRT seemed to have a stronger effect on the tumor microenvironment since there was a significant decrease of the T helper cells intratumorally that was not seen in the periphery and more interestingly there was an increase in the activated T cells (CD69+ cells) only in the cervix (109).





iTME of cervical cancer and radiotherapy

Radiotherapy can have stimulatory effects on the iTME as was seen in a prospective analysis of tumor-associated macrophages (TAMs) of patients treated with radical RT (110). A RT-dependent increase in the number of TAMs in cervical cancer tissue and a parallel shift towards the M1-like or pro-tumoral phenotypic state of macrophages (increased expression of CCR7 and decreased expression of CD163) was observed. Extracellular vesicles (EVs) were found to be responsible for the reprogramming of TAMs and the increased phagocytic activity ex vivo, although further pre-clinical investigation is needed.

As far as lymphocytes are concerned, Li et al. (111). prospectively analyzed the dynamic changes in the iTME of patients with cervical cancer that were treated with CRT. The number of CD4+ and CD8+ T cells in the tumor decreased at the same time as PD-1 expression and TCR diversity declined. In accordance with these results, another study also showed significant reduced cytotoxic (CD8+) T cell and T regulatory cell infiltration after RT as seen in paired pre-RT biopsies and post-RT surgical specimens (112). Interestingly, they could not see a difference in the effect of RT on the PD-1 and PD-L1 expressing cells. Most notable was the data from Mori et al. (113), where they saw that the stromal CD8+ T cells increased only in the patients receiving RT alone while the combination of CRT caused a reduction in the same population. Although in contradiction with previous data that observed an increase in CD3+ T cells when using chemotherapy, this might suggest a systemic effect of chemotherapy that is mirrored in the iTME (114).

The data gathered from studies of cervical cancer suggest a highly heterogeneous environment, but there is a trend in which RT has an ablative effect on intratumorally T cells (115). This needs to be considered when the question of the implementation of immunotherapy arises since the cold iTME may present a greater risk of toxicity.






Ovarian cancer

Ovarian cancer is the most lethal female reproductive malignancy representing 1% of all new cancer cases and it is often characterized by late-stage diagnosis (116). Therapy usually consists of debulking surgery with neoadjuvant or adjuvant chemotherapy to reduce the tumor burden (117). Neoadjuvant chemotherapy has been shown to increase the infiltration of T regulatory cells (118) and stromal lymphocytes (119) which has implications for the use of immunotherapy. In recent years, new immunotherapeutic approaches such as ICIs, chimeric antigen receptor (CAR)- and TCR-engineered T cells are used therefore the immune landscape is brought to the forefront of ovarian cancer research (120). RT is rarely used in ovarian cancer, as these tumors spread through the peritoneal cavity, conventional radiation therapy targeting large volumes being too risky because of toxicity (121). To bypass this large-volume toxicity, researchers used low-dose radiation therapy (LDRT) in an in vivo orthotopic ovarian cancer model to reprogram the TME and enable immunotherapy to work more effectively (122). They observed an IFNγ-depended intra-tumoral influx of cytotoxic T cells, T helper cells and monocytes following low-dose radiation of 1Gy that can be combined with immunotherapy for a synergistic effect toward tumor regression. Most intriguing were the results of the following clinical study on patients with cold tumors where they also showcased an increase in T helper cells after radiation with subsequent tumor responsiveness to therapy. It would be interesting to see in the future more studies in larger cohorts to examine the combination of low-dose radiation therapy and immunotherapy in ovarian cancer.





Prostate cancer

Prostate cancer is the second most common cancer type in men above 50 years old (123). The biomarker that is used throughout prostate cancer follow-up is the prostate-specific antigen (PSA), and in recent years immunological parameters have been investigated for their prognostic and predictive validity (124).




Systemic immune landscape of prostate cancer and radiotherapy

Normofractionated RT was found to temporally decrease the density of T and B cells in a prospective immuno-modulating study (125). Moreover, the peripheral subsets of regulatory T cells and NK cells increased during treatment, which is in line with pre-clinical prostate cancer models (126, 127). Radiotherapy with charged particles such as carbon ions (CIR or carbon ion radiotherapy) was used in a cohort of prostate cancer patients to ensure better dose distribution and greater relative biological effectiveness (RBE). Interestingly, among the immunomodulatory effects of CIR, they found a persistent increase in T helper cells during follow-up in parallel with an increase in CD19+ cells associated with a humoral activity. In addition, after CIR, the ratio of T helper to cytotoxic T cells (CD4+/CD8+) was higher in responders than in non-responders, indicating the immunological status to predict CIR outcome (128). Since CIR therapy has not been studied extensively yet, more research is needed to determine its effect on the immune landscape.

Photon radiotherapy can have an ablative effect, which can be avoided by using particle radiotherapy, such as CIR, however since there is further investigation is needed.





iTME of prostate cancer and radiotherapy

According to one of the first studies that looked at the effects of prostate SBRT on the immune landscape, radiation increases CD68 and CD163 macrophages while harming CD8+ T cells (126). The authors suggest further investigation with transcriptomic analysis in order to connect these alterations in the iTME with intratumoral cytokine profile. Moreover, macrophages showcase vast and complex plasticity in cases where they express mixed M1 and M2 surface markers (129). Therefore, the in depth transcriptomic analysis of the myeloid subpopulations will shed a light on their role in the iTME of prostate patients after RT.





iTME of prostate cancer and radiotherapy in a pre-clinical model

After SBRT, the iTME shifts towards a more immunosuppressive phenotype as evidenced by the increase in M2 macrophages and the decrease in cytotoxic T cells. An in vivo murine prostate cancer tumor model, presented after irradiation, an increase in Treg populations in the spleen and other organs (127). In particular, when TRAMP-C1 tumors were locally irradiated, this resulted in a greater percentage of CD4+CD25hiFoxp3+ cells in the spleen while at the same time, all these cells expressed the exonuclease CD39. As a result, it appears that Tregs are not only escaping the harmful effects of this specific radiation dose regimen but are also retaining their immunosuppressive capacity.

Altogether, we can conclude that RT in prostate cancer is driving the TME toward immunosuppression. In one study by Fang Yu et al. (130), they tried to render the ‘‘cold’’ tumors ‘‘hot’’ by local injections of interleukin-12 in combination with RT to boost the immune system. They saw recruitment of Th1 and CD8+ T cells in the tumors after the combination therapy which resulted in a significant decrease in tumor size compared to the control group with RT alone. It would be interesting to investigate the effects on immune-checkpoint molecule expression in order to evaluate whether immunotherapy could be beneficial for these patients.






Pancreatic cancer

The most prevalent form of this cancer is the exocrine pancreatic ductal adenocarcinoma (PDAC) (131), which is among the most aggressive solid tumors due to the highly immunosuppressive TME and poor response to chemotherapy, radiotherapy and immunotherapy. This poor treatment response may in part be explained by the dense desmoplastic stroma and the abundance of immunosuppressive cells in the PDAC TME, which excludes antitumoral T cells, resulting in a cold tumor (132, 133). Radiation can, therefore, be beneficial in boosting the immune system’s response to systemic therapies and in achieving tumor regression by altering the TME (134, 135).




Systemic immune landscape of pancreatic cancer and radiotherapy

In the context of pancreatic cancer, prognostic and predictive value may be conferred by systemic inflammatory markers. The survival rate of patients with locally advanced PDAC treated with SBRT was lower when the neutrophil-to-lymphocyte ratio (NLR) was high before treatment (136). Moreover, when localized pancreatic cancer is treated with anti-PD-1 antibodies, NLR is elevated due to lymphocyte depletion after SBRT and associated with worse survival (137). Low lymphocyte-to-monocyte ratio (LMR) after nCRT therapy followed by surgery was a poor predictor for prognosis in patients with borderline resectable pancreatic cancer (BRPC) (138). The poorer survival rate in BRPC and locally advanced unresectable pancreatic cancer (LAUPC) was confirmed to be associated with a high monocyte count but also a low γδ T cell count (139). γδ T cells are lymphocytes that are found in great numbers in the intestine and dermis (140). As this unconventional lymphocyte subset requires no cross-presentation of MHC, it has demonstrated enhanced effector capacity in vitro, which can explain why low numbers of it are associated with poor survival in humans (141). In addition, in a randomized controlled trial, serum levels of the pro-tumor CXCL8 cytokine were associated with a favorable prognosis in patients undergoing CRT for pancreatic cancer (37). As a result of RT-induced release of CXCL8 from tumor cells, NK infiltrates increased in PDAC tumors with cytotoxic gene signatures. It appears that CXCL8 plays a role in activating immune surveillance against tumors after RT, however, a detailed analysis of the systemic cytokine profile of patients is needed to draw more definitive conclusions. Additionally, since the NLR and LMR ratios have gained prominence as prognostic markers for pancreatic cancer (142, 143), multicenter studies with larger cohorts are recommended to implement these markers in regular clinical practice.





iTME of PDAC and radiotherapy in human samples

Radiation of the TME can induce immunogenic cell death since the increased antigen presentation stimulates an immune response against tumor cells. Hence, after nCRT an increased expression of DAMPs such as calreticulin, Hsp70, and MICA/B is observed. Moreover, there is an increase in the absolute number of T helper and cytotoxic cells (CD4+ and CD8+ respectively) and most importantly the Treg/TIL ratio is decreased and can be used as a predictor for longer survival (144).

Tumor samples that were treated with SBRT presented with increased immunogenic cell death (ICD) and PD-1+ T effector infiltrate compared with the untreated control group (145). A spatial analysis of this subpopulation revealed that these cells to be were outnumbered by surrounding immunosuppressive myeloid populations (monocytes, macrophages, and granulocytes), which could limit their function. Although the writers acknowledge that these cells are prone to exhaustion, they refer to the subpopulation of cytotoxic T cells expressing PD-1 as activated T cells to further support their claim that combining ICI therapy with RT will improve therapeutic outcomes in PDAC.

A detailed analysis of how radiation affects the immune landscape will shed light on the possibility of using CRT to downgrade PDAD tumors in a neoadjuvant setting (146, 147). In a study comparing nCRT to upfront surgery the number of T helper cells, B cells and Tregs decreased in the stroma but not in the tumor core (38). In addition, only M2-like macrophages in the tumor core were a reliable predictor of early disease recurrence after nCRT for PDAC. An interesting finding was that M2 TAM infiltration (CD206+ cells) decreased more in female PDAC patients after nCRT (148). The immune landscape and RT response in patients with PDAC may thus be affected by biological sex; however, conclusions cannot be drawn until further research on the subject is conducted.





iTME of PDAC and radiotherapy in pre-clinical models

With a murine pancreatic cancer model, Ye et al. evaluated the ability of SBRT to induce immunogenic cell death (149). They found SBRT with concurrent chemotherapy to increase antigen presentation and cytotoxic T-cell infiltration. The infiltrated cytotoxic T cells had an increased capacity for secreting IFNγ and elucidating an immune reaction. In another study, low-dose irradiation of pancreatic tumors in mice resulted in increased numbers of iNOS pro-inflammatory macrophages and subsequently the recruitment of T cells into the tumors (150). However, the data are conflicting since in an orthotopic pancreatic murine tumor model the proportion of M2 anti-inflammantory macrophages increased upon irradiation (151). Moreover, the shift towards an immunosuppressive milieu was further backed up by data showing fewer CD8 T cells and more T-helper 2 and T-regulatory cells present in the irradiated pancreata compared to controls. An additional study found that after low-dose irradiation of insulinomas, iNOS was upregulated in the peritoneal macrophages, whereas markers of M2 macrophages were downregulated, suggesting a skewing towards M1 macrophages after RT (152). Thus, in this subtype of pancreatic cancer, RT seems to be beneficial since it shifts the balance towards anti-tumoral effects. Further studies need to be performed to give a definite result.

In conclusion, PDAC TME is a complex network of interactions with different immune cell populations that can confer predictive validity as biomarkers. Consequently, some patients may benefit more from a combination of radiation and immunotherapy targeting these cells in order to achieve the best results.






Colorectal cancer

Colorectal cancer (CRC) is the third most common cancer type worldwide (153) and, due to lifestyle changes, it is becoming more common among individuals younger than 50 years old (154). Cancers of the colon (sigmoid, descending, transverse, and ascending) and rectum, which make up parts of the large intestine, are classified as colorectal cancers (155).





Colon cancer




iTME of colon cancer and radiotherapy in pre-clinical models and human samples

Radiation was found to increase the infiltration of immune cells into colon tumors in a murine model (156). More specifically, the number of macrophages (CD11bhigh/F4-80+) increased on day 5 after hypofractionated radiotherapy while the number of APCs (MHCII +) and cytotoxic T cells increased significantly on day 8 compared to the non-irradiated controls. It is interesting to note that the infiltration of these cells only takes place during a very short period something that needs to be considered when designing treatment schedules. The importance of timing was also highlighted by Gerber et al. (157). Since they could distinguish the responsive tumors from the non-responsive ones as early as 4 days after irradiation. Most notably, in the tumors responding well, they could see an increase in the levels of IFN-γ and the infiltration of immune cells was increased to further boost the activity of the cytotoxic T cells. In a syngeneic colon cancer model, Joseph et al. (158) observed an expansion of CD8+ T cells after CRT and more specifically of tumor-specific CD3+ tissue-resident memory cells (TRM). Dissecting the molecular mechanism behind this expansion and activation, the researchers identified the tumor-draining lymph node (TDLN) resident CD103+ dendritic cells to be the drivers of this priming (158). Based on other preclinical data, radiation enhances antigen-presenting cells’ activity, as expected due to immunogenic cell death (ICD). A therapy targeting these cells can develop in the form of antibodies against checkpoint molecules such as CD47 (159, 160) that may synergize with radiation to promote tumor regression.

In human CRC biopsy samples, Schaue et al. focused on the effect of radiation on tumor-specific T-cell reactivity (161). After completing CRT, they found that tumor-specific T cells increased in the majority of patients. Moreover, the T cells expressing survivin, a tumor-specific antigen found in many cancers and believed to be immunogenic (162), did not decrease indicating that the treatment did not impair their ability to respond.






Rectal cancer

Although, rectal cancer (RC) and colon cancer are commonly lumped together under the umbrella term colorectal cancer, but in recent years, there has been growing evidence that they yield more differences than just the anatomical location. In particular, they differ in embryonic origin, physiological function, anatomy, metastatic patterns, and first-line therapy, so it is important to separate the two when studying them (163). Rectal adenocarcinomas, the most prevalent form of rectal cancer, develop from malignant epithelial cells in the last 15cm of the colon, and for patients presenting with locally advanced rectal adenocarcinoma (LARC) neoadjuvant treatment that includes radiation is commonly prescribed (164). At the same time, total mesorectal excision surgery, which removes the entire rectum and the surrounding mesorectum with the pararectal lymph nodes, is the standard of care after neoadjuvant treatment, and negatively impacts the quality of life (QoL) of the patient (165). There is increasing interest in non-surgical strategies to decrease treatment-related toxicity after complete tumor remission due to neoadjuvant treatment (166). Therefore, patients that present with early-disease stages, responding better to nCRT, could be spared of the detrimental effects on the QoL of total mesorectal excision if they could be accurately stratified before surgery. As a result, patients could be categorized for a wait-and-watch approach to spare the organ and eventually achieve local control based on the immune landscape, both systemically and intratumorally.




Systemic immune landscape of rectal cancer and radiotherapy

The neutrophil, platelet, and lymphocyte count after CRT have been associated with prognosis in multiple cancer types. In rectal cancer, a high systemic inflammation index (SII) was associated with poor OS after CRT in patients with rectal cancer (167). The SII is a measure of the neutrophil to platelet count with the total lymphocytes and can accurately describe the systemic immune landscape (168).





iTME of rectal cancer and radiotherapy in human samples

Recently, immunological tissue-based biomarkers started to gain momentum with the most noticeable being the Immunoscore which measures the density of CD3+ and CD8+ TILs (169). To date, the Immunoscore has been confirmed to have a prognostic-only value after a meta-analysis of 10.000 colon cancer patients showing a high immunoscore (IS=4) to be correlated with the lowest risk of recurrence, the longest OS and the longest DFS (35, 170). As far as radiation is concerned, a biopsy-based immunoscore (ISb) was successfully used to predict response to neoadjuvant chemotherapy and selection for watch-and-wait therapy in patients with LARC (32). Moreover, the immunoscore was analyzed in pairs of biopsies and surgical samples of rectal cancer patients that received nCRT. After CRT Anitei et al. saw a significant increase in the infiltrating CD3+ and CD8+ cells that also correlated with tumor downstaging marking the immunoscore as a good potential biomarker for response to RT (36). Furthermore, an increase in the influx of CD3+ and CD8+ TILs was observed in post-treatment samples compared to the pre-treated counterparts suggesting an immunogenic effect of radiation (171). The most recent validation for immunoscore as a strong predictive biomarker comes from a study by Sinicrope et al. (172), where the higher DFS of patients with stage III colorectal cancer was predicted by their high immunoscore using Immunoscore® Colon CE-IVD test standardized assay indented for routine clinical practice (173). Given all of these, there is a strong correlation between immunoscore and response to treatment. However, functional evaluation of T cells is always required since high density does not necessarily indicates cytotoxic activity.

Another study by Mirjolet et al. analyzed the immune infiltration of cytotoxic T cells and Tregs in biopsies and surgical sample pairs of patients that received preoperative RT for LARC. The infiltration was assessed by calculation of the CD8+/FoxP3+ ratio in the epithelium and stromal compartment. A decrease in Treg populations was observed after the use of RT whereas the density of cytotoxic T cells remained unchanged leading to an overall increase in the ratio (174). To better support these data, another study also found an increase in the cytotoxic T-cell density in samples taken during RT compared to the pre-treatment samples (175). As observed in patients by Joseph et al. (158), CRT also polarizes the iTME towards an activated and memory Th1 transcriptomic signature. Interestingly, the same group saw a higher expression of PD-L1 by immune cells in CRT compared to RT alone, which could be exploited later with the use of ICI. The presence of T helper cells in the TME influences other cell populations such as cytotoxic T cells as was shown by mIHC of the different cell neighborhoods (46).

Following these data, Kamran et al. (34) evaluated transcriptomics data from pre- and post-CRT–matched tumor samples from a cohort of rectal cancer patients that included several non-responders (NR). As expected, CRT changed the immunological profile with an increase in the immune cell infiltration of naïve B cells, cytotoxic T cells, monocytes, pro-tumoral macrophages and resting mast cells. On the other hand, CRT seemed to negatively affect the memory B cells and activated mast cells that were abundant in the pre-CRT samples.





iTME of rectal cancer and radiotherapy in pre-clinical models

Irradiating ex-vivo non-treated human rectal cancer tissue and assessing phenotypically the macrophage populations with flow cytometry, Stary et al., observed polarization of the irradiated TAMs towards an M1-like phenotype which was functionally supported by in vitro data showing increased levels of phagocytosis after low-dose radiation. More interestingly, they observed an increase in the M1/M2 ratio in rectal cancer patients that underwent hyper-fractionated short-course RT compared to treatment-naïve specimens from patients of the same clinical TNM stage (176). In another study, Wilkins et al. analyzed the immune gene expression profiles (GEP) of sample pairs of pre-treatment biopsy and surgical excision after RT/CRT and there was an increase of the M2-like phenotypic marker CD163 in non-responders to RT. In addition, after RT, the good responders adopted an immune-hot phenotype with increased T-cell infiltration, upregulation of inflammatory pathways and ‘‘wound repair’’ stroma phenotype (33).

It is challenging to study the immune landscape associated with gastrointestinal cancer because of its heterogeneous nature (see Figure 2) but we can observe a shift towards M2 polarization after RT and an increase in the influx of CD8+ T cells intratumorally in the same way as in other tumor types.




Figure 2 | Impact of radiation in the iTME of colorectal cancer. The relationship between radiotherapy and the immune landscape of CRC is complex and context-dependent. Radiotherapy has the potential to harm normal tissues and stimulate the secretion of inflammatory cytokines like IFNγ (1). This, in turn, can recruit immune cells that hinder the immune response against the tumor. Additionally, radiotherapy can trigger the upregulation of immune checkpoint molecules that block immune cell activity (2). However, radiotherapy can also induce immunogenic cell death (ICD), a process where cancer cells release molecules that activate the immune system and promote an immune response against the tumor (3). ICD can increase the infiltration of immune cells, such as APCs, naïve B cells, monocytes, cytotoxic T cells, mast cells, macrophages, and Tregs, into the tumor microenvironment (4). Furthermore, radiotherapy can shift the balance of macrophages towards a pro-tumoral phenotype and T-helper cells towards the Th1 phenotype involved in cell-mediated immunity (5). Effective use of radiotherapy in CRC treatment depends on various factors, such as tumor stage and location, patient characteristics, and the timing and sequencing of radiotherapy with other treatments, including chemotherapy and immunotherapy. Using biomarkers, such as the Immunoscore based on the densities of CD3+ and CD8+ T cells, can help classify patients better, as it has been shown to increase after RT and correlates with tumor downstaging and potential response to therapy (6). Created with BioRender.com.








Anal cancer

Anal squamous cell carcinoma (ASCC) is a rare disease whose incidence is increasing in the western world (177) and is linked to human papillomavirus (HPV) (178). In a cohort of locally advanced anal carcinoma patients with HPV-positive and negative cases, the majority were treated with CRT or RT alone. After a follow-up period of 20 years CD3+, CD8+ and PD-1+ tumor-infiltrating lymphocytes were revealed as favorable prognostic markers after radiation (179). As we have seen in other types of cancer, this result is not uncommon. Worth noting, that CD4+ T cell numbers in either too low or too high density, which is considered a hormetic effect (180), also predicted more favorable outcomes for the patients. The authors hypothesized that the balance between the different subpopulations of CD4+ T cells (Th1, Th2, Th17, Treg) is the main reason why good prognosis can be associated with both low and high concentrations of T helper cells. As pro-inflammatory and pro-tumor immune cells share common markers, phenotypic characterization of these subpopulations is valuable for the understanding of TME. There is a need for further investigation of this phenomenon, but anal cancer immune landscape studies are limited following RT. Luckily, the pattern of favorable prognosis correlated with hot TME can be seen (and thus studied) in other cancers as well.





Liver cancer




Hepatocellular carcinoma

Hepatocellular carcinoma (HCC) is the most common form of liver cancer accounting for more than 80% of the cases and has a higher mortality rate. There is great heterogeneity in HCC which can be expanded into three different levels: interpatient heterogeneity where the differences can be seen from patient to patient, intertumoral heterogeneity from one tumor nodule to another and intratumoral heterogeneity between the different regions of the same tumor (181, 182). This vast heterogeneity can be seen in the iTME and influences the response to the various treatments (183). Craciun et al. showed that after selective internal radiation therapy (SIRT) the infiltration of T helper and cytotoxic, and granzyme B expression was significantly increased in patients with HCC indicating a shift towards an immunostimulatory milieu (184).

Systemically, lymphopenia is a common side effect of radiation in the immune landscape and can be used as a biomarker. Also in HCC, the NLR is elevated after SIRT. An elevated NLR or low lymphocyte count is a poor prognosis factor for disease progression and should be considered for decision-making during and after treatment (31). A short fractionation regimen of RT could potentially spare the lymphocyte population from depleting and speed the recovery of the patient after therapy (185). This result was confirmed by another cohort of HCC where the elevated number of circulating lymphoid cell populations was correlated with better OS after irradiation (33).

Finally, to unravel the abscopal effect, the indirect shrinking of the tumors outside the irradiated field due to systemic immune modulatory properties of the radiotherapy, Hee Park et al. (186) used a murine model of HCC which revealed an increase in the number of tumor-specific T cells and IFN expression in splenocytes after RT. Moreover, a subsequent increase of dendritic cells in the tumor-draining lymph nodes and of cytotoxic T cells in the metastatic tumor site further supports the hypothesis of fimmu.2023.1148692the irradiation-induced activation of the immune system (187).





Intrahepatic cholangiocarcinoma

Primary liver cancer has two common subtypes: HCC developing from hepatocytes and intrahepatic cholangiocarcinoma (ICC) that arise from the small intrahepatic bile duct epithelium (188).

When looking at patients with ICC after hypofractionated proton therapy, strangely a longer OS was significantly correlated with a higher number of naïve (CD4+CD25+) and memory (CD4+CD127+) T cells in the blood at the beginning of hypofractionated proton therapy (189). For HCC patients, the same subpopulations of cells did not have any significance, since only the activated cytotoxic T cells (CD8+CD25+) mid-treatment were a strong prognostic factor for survival. In another study, the MDSC monocytic subtype of CD14+HLA-DR−/low which is part of the immature myeloid cell lineage and is thought to be highly immunosuppressive significantly increased in the blood of HCC patients after radiation therapy (3D-CRT or IMRT) (190).

Further studies are required to clarify the effects of radiation on the immune landscape based on the limited results from the two subtypes of liver cancer. The radiation therapy for HCC, however, has the potential to increase the infiltration of TIL, as it does for other cancer types, which may be beneficial to patients.






Skin cancer

Skin cancer includes basal cell carcinoma (BCC) and squamous cell carcinoma (SCC), together with merkel cell cancer collectively named non-melanoma skin cancers (NMSC) and melanoma. A skin malignancy’s type and stage at the time of diagnosis determines the treatment options. In terms of cosmetic and functional outcomes, radiotherapy may offer better tissue preservation in definitive, adjuvant and palliative settings than surgery. NMSCs are radioresponsive tumors and have local control rates of 90-95% after RT (191). Melanoma is less radiosensitive but interestingly immunotherapy is particularly effective and the combination with RT is believed to yield promising results (192, 193). It is possible to identify potential markers to guide future treatment plans by analyzing the immune landscape after RT for skin cancer (194). In this scope, Bazyar et al. (195) assessed the immunological changes using micro planar radiation therapy (MRT), a technique that spatially delivers high-dose beams (peaks) in certain tumor regions sparing other areas (valleys). The advantage of this technique is believed to be the greater protective effect on normal tissue and tumoral specificity. In their study, micro planar radiation therapy was compared to CRT in a radioresistant B16-F10 murine melanoma model yielding better tumor regression and survival. Most importantly, this effect was attributed to a higher influx of CD8+ T cells and a lower influx of intratumoral Tregs.






Perspectives

The heterogeneity of primary tumors among patients (interpatient heterogeneity) and even within the same patient (inter– and intra- tumoral heterogeneity) hinders oncology. It is imperative to overcome the bottleneck of heterogeneity along with a shift towards personalized treatment so medical decisions and interventions can be tailored to the individual. The study and elucidation of the iTME can help in both directions since on the one hand, the immune contexture can be common between different histological cancer types as analyzed in this review, and on the other hand, the immunological profile of the tumor can serve as a guide to treatment.

Several advantages of radiotherapy are offered to patients, such as tumor downstaging for better growth control and easier surgical removal, localized treatment with less toxicity in healthy organs than systemic chemotherapy and ICIs, as well as the recent option of organ preservation, which increases the quality of life for patients. Enhancing radiotherapy’s effectiveness is therefore in the patient’s best interests. Various factors can affect the response to radiotherapy, one of which is the immune landscape systemically and/or intratumorally. A wide range of factors influences the effect of radiotherapy on the immune landscape, including dose and fractionation, target volume, radiation fields, and histological type and grade. It is important to understand how radiotherapy changes the immune landscape, as well as how the existing immune landscape influences the patient’s response, in order to develop therapeutic interventions that will improve the efficacy of radiotherapy and convert some ineffective responses into effective ones.
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Introduction

Inhibitors of the ATR kinase act as radiosensitizers through abrogating the G2 checkpoint and reducing DNA repair. Recent studies suggest that ATR inhibitors can also increase radiation-induced antitumor immunity, but the underlying immunomodulating mechanisms remain poorly understood. Moreover, it is poorly known how such immune effects relate to different death pathways such as caspase-dependent apoptosis. Here we address whether ATR inhibition in combination with irradiation may increase the presentation of hallmark factors of immunogenic cell death (ICD), and to what extent caspase activation regulates this response.





Methods

Human lung cancer and osteosarcoma cell lines (SW900, H1975, H460, U2OS) were treated with X-rays and ATR inhibitors (VE822; AZD6738) in the absence and presence of a pan-caspase inhibitor. The ICD hallmarks HMGB1 release, ATP secretion and calreticulin surface-presentation were assessed by immunoblotting of growth medium, the CellTiter-Glo assay and an optimized live-cell flow cytometry assay, respectively. To obtain accurate measurement of small differences in the calreticulin signal by flow cytometry, we included normalization to a barcoded control sample.





Results

Extracellular release of HMGB1 was increased in all the cell lines at 72 hours after the combined treatment with radiation and ATR inhibitors, relative to mock treatment or cells treated with radiation alone. The HMGB1 release correlated largely – but not strictly – with loss of plasma membrane integrity, and was suppressed by addition of the caspase inhibitor. However, one cell line showed HMGB1 release despite caspase inhibition, and in this cell line caspase inhibition induced pMLKL, a marker for necroptosis. ATP secretion occurred already at 48 hours after the co-treatment and did clearly not correlate with loss of plasma membrane integrity. Addition of pan-caspase inhibition further increased the ATP secretion. Surface-presentation of calreticulin was increased at 24-72 hours after irradiation, but not further increased by either ATR or caspase inhibition.





Conclusion

These results show that ATR inhibition can increase the presentation of two out of three ICD hallmark factors from irradiated human cancer cells. Moreover, caspase activation distinctly affects each of the hallmark factors, and therefore likely plays a dual role in tumor immunogenicity by promoting both immunostimulatory and -suppressive effects.





Keywords: immunogenic cell death (ICD), radiation therapy (radiotherapy), ATR, caspase, CALR (calreticulin), ATP - adenosine triphosphate, HMGB1 (high mobility group box 1)




1 Introduction

Radiotherapy is a cornerstone of cancer treatment, but is often not sufficient for tumor ablation on its own. Hence, radiotherapy is typically combined with other treatment modalities. The serine/threonine protein kinase ATR, which regulates cell cycle checkpoints and DNA repair, is a promising target for such combination treatment. Cancer cells are often found to have a dysfunctional G1 checkpoint, rendering them more reliant on the G2 checkpoint (1, 2). Upon radiation-induced DNA damage, activated ATR is required for the S and G2 checkpoints and homologous recombination repair (3, 4). Inhibition of ATR activity will thus cause the cells to progress through mitosis with unrepaired DNA, resulting in more cell death via mitotic catastrophe (5). ATR inhibitors (ATRi) are thus acting as radiosensitizers (6, 7). Combined treatment with radiation and ATR inhibitors is currently tested in clinical trials (8, 9).

In addition to DNA damage and cell death, radiotherapy causes both immunogenic and immunosuppressive effects in the cancer microenvironment [reviewed in (10, 11)]. A major goal is to enhance and exploit the immunostimulatory properties of radiotherapy, in order to prime antitumor immunity and optimize combination with e.g. immune checkpoint blockade. However, the interaction between radiotherapy and the immune system is complex, and more knowledge is needed in order to fully understand its possibilities and limitations. Immunostimulatory effects of radiotherapy may e.g. be induced when irradiated cancer cells undergo immunogenic cell death (ICD) (12) [reviewed in (13, 14)]. ICD is defined as cell death with the potential to induce immune responses through presentation of damage-associated molecular patterns (DAMPs) (15, 16). The presentation of three such DAMPs have been established as major hallmarks for ICD, namely release of the non-histone nuclear protein high mobility group box-1 (HMGB1), secretion of adenosine 5’-triphosphate (ATP) and surface-presentation of the endoplasmic reticulum protein calreticulin (ecto-CALR) (17). When these DAMPs are presented on or from dying cancer cells, they act as adjuvants (or ‘danger signals’) (18), enabling dendritic cells of the immune system to recognize tumor-associated antigens (TAAs) as dangerous, and thus induce T cell responses towards the tumor cells (16).

Interestingly, recent preclinical studies suggest that ATR inhibition can increase the immunostimulatory effects of radiotherapy. This has been demonstrated in multiple murine models in vivo, where ATR inhibition combined with irradiation caused activation of CD8+ T cells, dendritic cells and natural killer cells, induction of immunological memory and less regulatory T cell-mediated immunosuppression (11, 19–21). Nevertheless, the underlying molecular mechanisms are incompletely understood. ATR inhibition may cause downregulation of programmed cell death 1 ligand 1 (PD-L1) and leukocyte surface antigen 47 (CD47), thereby giving a partial suppression of the PD-1/PD-L1 and SIRPα/CD47 immune checkpoints (22). ATR inhibition can also promote efferocytosis, where apoptotic tumor cells are engulfed by phagocytes such as dendritic cells (23). Moreover, ATR inhibition can increase type I interferon (IFN) signaling via induction of cytosolic DNA or RNA in irradiated tumor cells (24–26). ATR thus appears to regulate multiple immunomodulating mechanisms after irradiation. However, to our knowledge, it is not known whether ATR inhibition also affects radiation-induced expression of the abovementioned hallmark factors of ICD.

ICD may be linked to specific cell death mechanisms such as apoptosis, which is executed by activated caspases [reviewed in (27)]. Caspase activation has been shown to promote chemotherapy-induced ATP secretion and calreticulin surface-presentation (28, 29). On the other hand, caspases are generally associated with immunosuppression, as a part of the intended immunological silence of apoptosis [reviewed in (27)]. Apoptotic caspases may therefore also inhibit treatment-induced antitumor immune responses. They can for instance inhibit the mentioned type I IFN response through mediating cleavage of the cytosolic DNA sensor cGAS or other components of the cGAS–STING–IFN pathway [reviewed in (30, 31)]. In line with this, we recently showed that the IFN response to treatment with irradiation and ATR inhibition is counteracted by caspase activation (26). Apoptotic caspases also suppress the release of HMGB1 from mouse melanoma cells after irradiation (32), and may also indirectly inactivate HMGB1 (33). Furthermore, combining irradiation with caspase inhibition gives enhanced antitumor immune responses and tumor regression in murine tumor models in vivo (34–36). Caspase inhibition may thus be a potential strategy to enhance the immunostimulatory effects of radiotherapy.

In this study, we hypothesized that irradiation combined with ATR inhibition increases the extent of immunogenic cell death, as ATR inhibition abrogates the radiation-induced G2 checkpoint and disables DNA repair. We also hypothesized that caspase activation contributes to regulate ICD in this setting, in concordance with the previously reported chemotherapy-induced ICD mentioned above (28, 29). The results show that ATR inhibition can increase radiation-induced presentation of HMGB1 and ATP – two of the three ICD hallmark factors. This suggests that the combination treatment with irradiation and ATR inhibition may contribute to priming of antitumor immunity. Furthermore, we show that caspase inhibition has distinct effects on each of the ICD factors, and that caspase activation therefore may promote both immunostimulatory and -suppressive effects after the combined treatment.




2 Results



2.1 Combined treatment with radiation and ATR inhibitors triggers extracellular release of HMGB1 from human cancer cells

In order to evaluate whether ATR inhibitors can increase the expression of ICD hallmark factors after irradiation, we first measured HMGB1 release by immunoblotting of growth medium harvested at 72 hours after treatment (Figures 1A, B). The human osteosarcoma cell line U2OS and the human non-small-cell lung cancer (NSCLC) cell lines H460, SW900 and H1975 were included in this analysis. We have previously observed increased IFN signaling in U2OS and the NSCLC cell lines at 72 hours after treatment with 5 Gy X-rays and the two ATR inhibitors VE822 and AZD6738 at concentrations of 250 nM and 1250 nM, respectively (26). We hence used the same radiation dose, ATR inhibitor concentrations and time-point as in the previous study. All cell lines showed similar kinetics of G2 checkpoint abrogation (26). They also showed increased amount of non-viable cells at 72 hours after the co-treatment with radiation and ATR inhibitors (Supplementary Figure S1A). We found that the co-treatment increased the presence of HMGB1 in the medium of samples from all the cell lines, relative to either the mock treatment or radiation treatment alone (Figure 1B). In addition, 5 Gy irradiation alone increased extracellular HMGB1 in two of the cell lines (H460 and H1975) and gave a non-significant increase in another (SW900) (Figure 1B). As the serum of the growth medium will contain bovine HMGB1, we included a medium control sample to our analysis, to verify that the signals were higher than the background HMGB1 level (Figure 1B). Of note, HMGB1 release was also increased by the co-treatment if cells were cultured in serum-free medium with the serum substitute B-27 (Supplementary Figure S1B). Timecourse analysis of U2OS cells showed that the release of HMGB1 did not occur much earlier than 72 hours after treatment, as it was not detected at 24-48 hours (Supplementary Figure S1C). This correlated with an increased amount of non-viable cells at 72 hours (Supplementary Figure S1D). Furthermore, a lower concentration of the ATR inhibitor VE822 (50 nM) did not yield detectable HMGB1 release (Supplementary Figure S1C).




Figure 1 | Combined treatment with radiation and ATR inhibitors translocate HMGB1 from the nucleus to the cytoplasm, and increase radiation-induced extracellular HMGB1 release. (A) Experimental set-up for measurement of HMGB1 release. Medium from treated cells was collected 72 hours post treatment to allow for accumulation of extracellular HMGB1. After harvest, the samples were centrifuged in order to exclude floating cells, before they were diluted in loading sample buffer (LSB) and analyzed by SDS-PAGE and western blotting. (B) Results from three or more experiments performed as in (A) for U2OS, H460, SW900 and H1975 cells. Bar charts show quantification of extracellular HMGB1. In each experiment the values are normalized to the values for the 5 Gy treatment. p values were calculated as described in the Materials and methods section (not included for medium controls). Immunoblots on top of the bar charts are from a representative experiment. (C) Micrographs of U2OS cells stained with antibody against HMGB1 (green), the nuclear stain Hoechst (blue) and cell membrane staining, fluorochrome-conjugated WGA (red) at 72 hours post treatment. White arrows indicate cells with cytoplasmic HMGB1 signal. Scale bar = 20 µm. (D) Relative levels of intracellular HMGB1 in viable U2OS cells at indicated time-point after treatment with ionizing radiation (5 Gy; IR) and/or the ATR inhibitor VE822 (250 nM), as measured by flow cytometry. Cells were stained with Pacific Blue (PB) before fixation to distinguish between viable (PB-) and non-viable (PB+) cells. (Viable cells were gated as in Supplementary Figure S2B). n = 2. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.



The release of HMGB1 is believed to occur in a two-step process. First, the HMGB1 translocates from its primary location in the nucleus to the cytoplasm (37). From here, the HMGB1 can be actively secreted (38–40) or passively released [reviewed in (41)] over the cell membrane to the extracellular space. As the immunoblotting of HMGB1 only measured the extracellular HMGB1, we used immunofluorescence microscopy to assess nuclear versus cytoplasmic HMGB1 localization following the combined treatment. Whereas HMGB1 was detected only in the nucleus of non-treated U2OS cells, HMGB1 was localized both to the nucleus and to the cytoplasm after treatment with ATR inhibition and irradiation, thus confirming transport of HMGB1 from the nucleus to the cytoplasm (Figure 1C). We next wanted to assess whether the subsequent extracellular release of HMGB1 only occurred from cells with disintegrated cell membranes. To test this, we measured the levels of remaining intracellular HMGB1 in viable versus non-viable U2OS cells after treatment. The cell samples were viability-stained with Pacific Blue (PB), before formalin fixation, staining with an anti-HMGB1 antibody and flow cytometry analysis (Supplementary Figure S2A). A barcoded mock sample was added to all samples for accurate quantification of HMGB1 levels. The overall levels of intracellular HMGB1 in viable cells (PB-) were not markedly reduced after any of the treatments (Figure 1D) and were generally higher than for non-viable cells (Supplementary Figure S2B; bottom histograms). We noted that irradiation alone caused a slight increase in intracellular HMGB1 (Figure 1D). This could likely be related to increased cell size, particularly at 24-48 hours after treatment when irradiated cells remain arrested at the G2 checkpoint. However, when examining the HMGB1 histograms from viable cells at 72 hours post treatment, a proportion of the viable cells (PB-) from samples treated with ATR inhibition and irradiation showed low HMGB1 levels comparable to the bulk population of non-viable cells (Supplementary Figure S2B). Vice versa, a proportion of the non-viable cells (PB+) showed high HMGB1 levels, comparable to the levels of the bulk population of viable cells (Supplementary Figure S2B, bottom). Taken together, these results suggest that HMGB1 release after treatment with ATR inhibition and irradiation occurs more frequently for non-viable than viable cells, but it is not strictly correlated with loss of membrane integrity.




2.2 Combined treatment with radiation and ATR inhibitors increases secretion of ATP

To measure ATP secreted to the growth medium, we treated cell samples and incubated them for 24-72 hours. As serum may contain ATPases that can perturb the ATP measurements, we replaced the growth medium with fresh, serum-free medium six hours prior to medium harvest (Figure 2A). CellTiter-Glo measurements of the harvested medium samples revealed an increase in ATP secretion at 48-72 hours after irradiation alone in H1975, SW900 and H460, but not in U2OS cells (Figures 2B–E). The co-treatment led to increased secretion in U2OS, H1975 and H460 cells, as there was a higher secretion after the co-treatment compared to after treatment with radiation or ATR inhibitor alone in all experiments (Figures 2B, C, E). Timecourse analysis showed that the co-treatment increased ATP secretion at 48 and 72 hours, but not at 24 hours after treatment (Figures 2B, C). However, the ATP secretion was not increased after the co-treatment compared to after irradiation alone in SW900 cells (Figure 2D). Although ATP secretion was clearly most pronounced with the highest ATR inhibitor concentration of 250 nM VE822, a small increase in ATP secretion was also observed 72 hours after irradiation in combination with 50 nM VE822 (Figure 2B). Of note is that the results for H460 had to be normalized to the cell number of the dish at time of harvest, as the treatments severely impacted the cell growth relative to the rapidly dividing mock sample (Figure 2E). Altogether, these results show that ATP secretion is increased after irradiation alone in three of the cell lines, and increased relative to mock in all cell lines after the co-treatment. Interestingly, the ATP secretion is markedly increased already at 48 hours after the co-treatment.




Figure 2 | Combined treatment with radiation and ATR inhibitors increases ATP secretion. (A) Experimental set-up for measurement of ATP secretion, exemplified for the 72 hour time-point. Treated samples were incubated for 72 hours. Six hours prior to medium harvest, the medium was replaced with a reduced amount of serum-free medium. The media were collected from the samples, and centrifuged twice for cell exclusion, before the medium supernatants were analyzed by use of the CellTiter-Glo assay. Same set-up was employed for the other time-points, still with medium replacement for the last six hours. (B-D) Results from experiments performed as in (A) for U2OS (B), H1975 (C) and SW900 cells (D) at indicated time-points after treatment with ionizing radiation (5 Gy; IR) and/or ATR inhibitors (VE822 or AZD6738 at indicated concentration). Bar charts show crude relative luminescence values (relative luminescence units; RLU), which is proportional to the extracellular concentration of ATP. p values were calculated for difference between co-treatments and irradiation alone or ATR inhibition alone. For statistical analysis between groups of different size, only data that paired up from the same experiments were included. (E) Results from experiments performed as in (A) in H460 cells, presented as for (B-D) (left). To correct for vast differences in cell count after treatment in this cell line, the relative luminescence values were normalized to cell counts at time of harvest (right). *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.






2.3 An optimized ecto-CALR detection protocol reveals increased ecto-CALR after irradiation, but no further increase after combined treatment with radiation and ATR inhibitors

Cells undergoing ICD may translocate calreticulin from the endoplasmic reticulum to the cell surface. Nevertheless, the increase in ecto-CALR might be small, making accurate detection important. We therefore optimized a live-cell flow cytometry-based detection protocol, in which we included a barcoding strategy to eliminate any variation that might occur due to differences in antibody staining between samples. First, a mock sample, consisting of non-treated cells, was stained with cell permeable Hoechst 33342 and distributed in equal portions to the samples with treated, non-stained cells. Thereafter, the barcoded samples were stained with anti-CALR and secondary antibodies, as well as the non-permeable DNA-stain propidium iodide for live/dead cell differentiation (Figure 3A). In this way, the Hoechst-stained mock sample served as an internal standard enabling normalization of the ecto-CALR signals from all treated samples to the ecto-CALR signal of a common mock sample. The mock and treated cell populations were separated by the Hoechst 33342 signal during data analysis (Figure 3B). All of the barcoded samples were split into secondary antibody controls as well, and we performed similar analysis for these secondary antibody controls. Hence, we could subtract the background signals of the secondary antibody controls from the ecto-CALR signals (Supplementary Figure S3). Importantly, the background signals of the secondary antibody controls were shifted upon the various treatments, and it was therefore crucial to include secondary antibody controls for all samples in the experiment.




Figure 3 | Surface-presentation of calreticulin is increased upon irradiation, but is not further increased by the addition of ATR inhibitors. (A) Procedure of Hoechst 33342-based barcoding, in which a live mock sample was stained with permeable Hoechst 33342, before it was divided equally to differently treated live-cell samples. Each of the barcoded samples were thereafter split into two aliquots; one for primary anti-calreticulin (anti-CALR) staining and one for secondary antibody control staining. The two aliquots were thereafter stained with propidium iodide (PI) for discrimination of live and dead cells. (B) The gating hierarchy employed for the flow cytometry analysis. Debris was excluded and cells were gated in a forward-scatter area (FSC-A) versus side-scatter area (SSC-A) plot. Cell singlets were gated in a side-scatter width (SSC-W) versus SSC-A plot. The barcoded populations were separated in a Hoechst-A versus SSC-A plot, in which the Hoechst 33342-stained mock population is shifted upwards the Hoechst-A axis. Live cells were gated in PI-A versus SSC-A plots, in which dead (PI+) cells are shifted upwards the PI-A axis. Finally, histograms of the ecto-CALR signals (Alexa Fluor 488) are obtained from the live cells in both of the barcoded populations, and the median value of ecto-CALR signal is obtained from each histogram. Similar gating hierarchy and analysis was done for the secondary antibody control samples. (Demonstrated in H1975 cells). (C) Results from experiments performed as in (A, B) for H1975, SW900 and H460 cells after treatment with ionizing radiation and ATR inhibitors. Bar charts show ecto-CALR signals normalized to the barcoded mock population of each sample. Note that results from both a 24 hours time-point (light grey) and 72 hours time-point (dark grey) are shown for H1975, whereas results from the 72 hours time-point are shown for SW900 and H460. *p ≤ 0.05, **p ≤ 0.01.



Using this method, we found that irradiation alone (5 Gy) increased ecto-CALR presentation by a factor of ~1.5 at 24 hours post treatment and ~1.8 at 72 hours post treatment relative to mock in H1975 (Figure 3C). No further increase was seen after the co-treatment with radiation and ATR inhibitors (Figure 3C). Rather, the co-treatment showed a trend towards reduction in radiation-induced ecto-CALR presentation in H1975. Similarly, we observed an increase in ecto-CALR at 72 hours post irradiation for SW900 and H460, but no further increase after the co-treatment (Figure 3C). U2OS cells were not included in this assay as the ecto-CALR signals were too low to be distinguished from the secondary antibody controls in this cell line (data not shown). We conclude that our optimized flow cytometry assay reveals a small increase in ecto-CALR after irradiation alone, but no further increase after co-treatment with irradiation and ATR inhibition.




2.4 Inhibition of apoptotic caspases differentially modulates the HMGB1 release, ATP secretion and ecto-CALR after combined treatment with radiation and ATR inhibition

We have previously shown that activated caspases suppress IFN-β secretion after the co-treatment with irradiation and ATR inhibition (26). To assess whether caspase activation also affects ICD after irradiation and ATR inhibition, we used the inhibitor Q-VD-OPh, which inhibits several caspases including the apoptotic caspases 3, 7, 8 and 9. In contrast to the effects on IFN-β secretion, we found that the caspase inhibitor strongly suppressed the HMGB1 release in H460 and U2OS cells, suggesting that the HMGB1 release is coupled to caspase activity and apoptosis (Figure 4A, B). In line with a specific role of apoptotic caspases in this process, the HMGB1 release was not much affected by two inhibitors of caspase-1 that did not suppress caspase-3 cleavage (Supplementary Figure S4A). Notably, Q-VD-OPh did not appear to inhibit HMGB1 release in H1975 cells, despite inhibition of caspase-3 cleavage (Figure 4A-C; Supplementary Figure S4B). However, in this cell line caspase inhibition caused increased phosphorylation of the pseudokinase mixed lineage kinase domain-like protein (pMLKL), a marker for necroptosis (Figure 4C). Necroptosis has previously been linked to HMGB1 release after caspase inhibition (32). The HMGB1 release after caspase inhibition in H1975 is thus likely caused by redirection of cell death towards necroptosis. On the other hand, the ATP secretion measured by the CellTiter-Glo assay was actually increased upon addition of Q-VD-OPh in U2OS and slightly increased in H1975 (Figure 4D), the two cell lines with highest increase in Figure 2. Caspase inhibition thus gave opposite effects on HMGB1 release and ATP secretion in U2OS cells. Caspase inhibition showed no major effects on the ecto-CALR signal in either H1975 or H460 cells (Figure 4E). (As mentioned above, U2OS was not included in the ecto-CALR measurements as the signal was too low). During flow cytometry analysis, we also quantified the percentage of live cells based on the exclusion of propidium iodide positive cells. As expected, the caspase inhibitor partly rescued the decrease in cell viability seen upon the co-treatment with irradiation and ATR inhibition (Supplementary Figure S4C). Altogether, these results show that treatment-induced caspase activation gives distinct effects on each of the ICD hallmark factors, as well as on IFN-β signaling, thus likely promoting both immunostimulatory and -suppressive effects.




Figure 4 | Caspase inhibition can suppress HMGB1 release, increases ATP secretion and does not alter ecto-CALR presentation after combined treatment with radiation and ATR inhibitors. (A) Representative immunoblots of extracellular HMGB1 in medium supernatants from U2OS, H460 and H1975 cells at 72 hours after treatments with 5 Gy radiation (IR) and/or 250 nM VE822 (ATRi) and 10 µM of the pan-caspase inhibitor Q-VD-OPh (CASPi). Gradient in the U2OS blot represents different volumes loaded from the co-treated sample. (B) Quantification of extracellular HMGB1 in independent experiments performed as for the immunoblots in (A), from samples treated with 5 Gy or 6 Gy (IR; black and grey dots, respectively), 250 nM VE822 (ATRi) and 10 µM Q-VD-OPh (CASPi), normalized to the sample treated with IR + ATRi. (Please note that 1, 3, 2 and 3 data-points for the mock of U2OS and H1975 and the triple-treatment for U2OS and H460, respectively, were non-detectable and hence excluded from the quantification. Averages for these treatments were therefore even lower in reality). n.s. = non-significant. (C) Immunoblots of cleaved caspase-3, cleaved PARP1, phosphorylated MLKL and total MLKL in cell lysates corresponding to the supernatants used for the HMGB1 immunoblots in (A). (D) ATP secretion in H1975 and U2OS cells with and without caspase inhibitor Q-VD-OPh (CASPi, 10 µM), normalized to the mock sample. ATP secretion was measured at 72 hours post treatment as in Figure 2A. (E) Results from the ecto-CALR flow cytometry assay in H460 and H1975 cells treated for 72 hours with and without 10 µM Q-VD-OPh (CASPi). Values are normalized to the barcoded mock signal (0 Gy), as in Figure 3. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.







3 Discussion

In this study, we have assessed presentation of three hallmark factors for immunogenic cell death – namely release of HMGB1, secretion of ATP and surface-presentation of CALR – in human cancer cell lines after treatment with radiation and ATR inhibitors. To our knowledge, this is the first study reporting whether ATR inhibition can increase the radiation-induced expression of these ICD factors. We found that the combined treatment with radiation and ATR inhibitors can increase the release of HMGB1 and secretion of ATP, but not surface-presentation of CALR, in several human cancer cell lines. Previous studies have shown that ATR inhibition affects multiple immunomodulating mechanisms after irradiation, including type I IFN responses, efferocytosis and immune checkpoints (22–26). Our new results suggest that increased HMGB1 release and ATP secretion may be added to this list of immunomodulating mechanisms that promote antitumor immunity after the combined treatment.

Moreover, our results show that activated caspases can modulate the ICD response after treatment with irradiation and ATR inhibition: Caspase inhibition can abolish the extracellular release of HMGB1, as shown for two cell lines, but increases the ATP secretion and does not alter the CALR surface presentation. We have previously reported that caspase inhibition strongly increases a type I IFN response after the combined treatment with radiation and ATR inhibitors (26). Caspase inhibition thus leads to distinct effects on each of these factors: It clearly exerts immunostimulatory effects on IFN signaling and also appears to promote immunostimulatory ICD through increased ATP secretion. Nevertheless, it contributes neither stimulatory nor suppressive through ecto-CALR presentation, and can exert immunosuppression through vastly reducing the HMGB1 release. An interesting issue for future studies is to determine which of these factors are most important for antitumor immunity, in order to evaluate the physiological potential of the caspase inhibition. Potentially, the strong increase in IFN secretion upon triple-treatment with irradiation, ATR inhibition and caspase inhibition may outweigh the concomitant loss of HMGB1 release, thus resulting in an overall increased antitumor immune response. Notably our finding of caspase-dependent HMGB1 release is consistent with results in e.g. apoptosis-mediated sepsis (42) and for macrophages treated with a proteasome inhibitor (43). Furthermore, our results suggest that caspase inhibition does not always abolish the HMGB1 release, as shown for H1975 cells where the caspase inhibition also caused phosphorylation of MLKL, a necroptosis marker. As mentioned above, the results in H1975 resemble the previous report of necroptosis and HMGB1 release after caspase inhibition and irradiation in mouse melanoma cells (32). Triple-treatment with caspase inhibition, irradiation and ATR inhibition can thus likely induce necroptosis-dependent HMGB1 release in some cases. Interestingly, our finding that ATP secretion is increased by caspase inhibition is in contrast to previous studies showing caspase-dependent ATP secretion during chemotherapy-induced ICD (28). The co-treatment with irradiation and ATR inhibition thus likely activates an alternative, non-apoptotic mechanism of ATP secretion. Indeed, ATP secretion independent of the apoptosis mediators BAX and BAK has been reported in cells with intact plasma membrane (16). In line with this, the measured ATP in our experiments most likely reflects secretion from live cells, as it was high already at 48 hours after treatment and was increased when the viability was increased by caspase inhibition.

To accurately measure the surface-presentation of CALR, we included a unique barcoding strategy in our live-cell flow cytometry assay. Previous studies that have used flow cytometry to measure ecto-CALR have also included a dye to distinguish live from dead cells (e.g. (44, 45)), similar to the use of propidium iodide in our assay. However, we are not aware of any previous study that has included a similar barcoding strategy for ecto-CALR measurements. By including barcoding with the membrane-permeable Hoechst 33342 dye, the CALR signal of each sample can be normalized to the CALR signal of a common live-cell standard. As the Hoechst-stained cells are added to the samples prior to antibody staining, this procedure eliminates any potential variation due to e.g. differences in antibody concentration or cell numbers between the samples. Notably, the background signals of the secondary antibody controls increased upon treatment with irradiation and/or ATR inhibition. As a similar increase in background signals was seen for non-stained cells (data not shown), this most likely reflects increased autofluorescence due to treatment-induced changes to the cell. This increase in background signals particularly becomes important when measuring the expression of low-abundance surface proteins, such as ecto-CALR. When measuring ecto-CALR it is thus necessary to accurately obtain the background signal for each treatment. In our optimized flow cytometry protocol, we measure the background signals in aliquots taken from every sample, which then also contains the Hoechst-stained mock cells. We thus obtain a highly accurate measurement of the background signals.

Previous studies have shown that radiation treatment alone can induce ICD, as measured by several DAMPs (12, 46). This is further substantiated in our study. We detected radiation-induced increases in both HMGB1 release, ATP secretion and ecto-CALR in several cell lines. Notably the responses appear to vary between cell lines, as HMGB1 release and ATP secretion were not detected after irradiation alone in U2OS cells. Interestingly, this difference between U2OS and the other cell lines was not likely caused by a corresponding difference in radioresistance. The amount of non-viable cells after irradiation was not markedly lower for U2OS than the other cell lines (Supplementary Figure S1), and previous studies have shown largely similar clonogenic survival for U2OS, H460 and H1975 after irradiation (47, 48). Treatment with ATR inhibitor alone also gave detectable increases in HMGB1 release and ATP secretion, but only for the highest concentration of VE822 (250 nM) at 72 hours post treatment, and not for AZD6738. The effects of the co-treatment could thus not be explained by the effects of ATR inhibition alone. Importantly, the combined treatment with irradiation and ATR inhibition caused increased HMGB1 release and ATP secretion compared to mock in all cell lines tested. The ultimate functional endpoint of ICD is the priming of tumor-specific T cell responses, mediated through recruitment of antigen-presenting cells to the tumor microenvironment. Although it has been reported that simultaneous presence of every ICD hallmark factor is crucial for ICD per se (49), it is reasonable to assume that it is the total immunogenicity of the microenvironment – contributed by the concoction of many different DAMPs – that governs the functional endpoint. Hence, lack of response for some of the hallmarks, such as ecto-CALR in this study, does not rule out the immunogenic potential, as long as there is adequate presence of other immunogenic factors.

The immunostimulatory effects of ATR inhibition in combination with irradiation may potentially be exploited to improve the efficacy of immune checkpoint blockade. Indeed, triple-treatment with radiotherapy, ATR inhibitor and anti-PD-L1 antibodies have been shown to increase antitumor immunity in preclinical mouse models. In a hepatocellular carcinoma model, the triple-treatment caused increased CD8+ T cell infiltration, less regulatory T cells and increased immunological memory compared to after co-treatment with radiotherapy and anti-PD-L1 (21). Similarly, CD8+ T cell infiltration was increased after triple-treatment of murine colorectal cancer models (50). Another study found that the activity of natural killer (NK) cells was boosted by immune checkpoint blockade (targeting either PD-1 or T cell immunoreceptor with Ig and ITIM domains (TIGIT)) in combination with ATR inhibition and radiotherapy in a murine oral squamous cell carcinoma model (51). Moreover, analogous to the combination studies with radiotherapy, long-lasting antitumor immunity was also observed in a murine colorectal model when ATR inhibition was combined with anti-PD-L1 antibodies and platinum-based chemotherapy (52). Promising preclinical results have led to several ongoing early-phase clinical trials with immune checkpoint blockade in combination with ATR inhibitors, and at least one of these studies addresses the triple-treatment with radiotherapy [reviewed in (11, 53)]. Of note is that even the co-treatment of radiotherapy and immune checkpoint blockade is far from fully developed. Both the optimal radiation dose and timing and sequence of treatment remain to be determined [reviewed in (54–56)]. The optimization of the triple-treatment is even more complex. Interestingly, it was recently shown that prolonged ATR inhibitor treatment can abolish the antitumor immune responses in two murine cancer models (colorectal CT26 and melanoma B16-F10). A short-term ATR inhibitor treatment and subsequent cessation was required to increase CD8+ T cell responses to radiotherapy and immune checkpoint inhibitors (57).

In conclusion, our results substantiate the potential for ICD induction by radiotherapy, and show that irradiation in combination with ATR inhibition further increases this potential. Induction of ICD may thus likely contribute, at least to some extent, to the immunostimulatory properties of such combined treatment. Moreover, our results show distinct roles of caspase activation in the regulation of each ICD hallmark. Further studies revealing the exact immunomodulating mechanisms induced by irradiation and ATR inhibition may help to develop new biomarkers for treatment response and to optimize treatment schedules. Understanding these mechanisms will also likely help to further exploit the immunostimulatory properties of the combined treatment, e.g. via subsequent treatment with immune checkpoint blockade.




4 Materials and methods



4.1 Cell culturing and treatment

Human U2OS osteosarcoma and H460 NSCLC cells were grown in Dulbecco’s modified Eagle’s medium with GlutaMAX-I (Gibco by Life Technologies, ThermoFisher Scientific #61965059), and human H1975 and SW900 NSCLC cells were grown in Roswell Park Memorial Institute 1640 medium with GlutaMAX-I (Gibco by Life Technologies, ThermoFisher Scientific #61870044) in a humidified 5% CO2 atmosphere at 37°C. Both media were supplemented with 10% foetal bovine serum (FBS, Biowest #S1810) and 1% penicillin–streptomycin solution (10,000 IU/ml; 10,000 µg/ml) (Pen Strep, Gibco by Life Technologies, ThermoFisher Scientific #15140122). Cell line identity was confirmed by short tandem repeat analysis, and the cultures were tested for Mycoplasma infection. The cells were treated with ATR inhibitors VE822 (berzosertib/VX970, Selleckchem #S7102) at 250 nM or 50 nM and AZD6738 (ceralasertib, Selleckchem #S7693) at 1250 nM, and the pan-caspase inhibitor Q-VD-OPh (quinoline-Val-Asp-difluorophenoxymethylketone, MedChemExpress #HY12305) at 10 µM, for 10-30 minutes before X-irradiation (160 kV Faxitron Corporation CP-160, dose rate 1 Gy/min). Caspase-1 inhibitors Ac-YVAD-cmk (acetyl-Tyr-Val-Ala-Asp-chloromethylketone) and VX-765 (belnacasan) (both from InvivoGen, #inh-yvad and #inh-vx765i-1, respectively) were employed at 60 and 120 µM.




4.2 Western blotting of released HMGB1 in growth medium supernatants

For measuring extracellular HMGB1, an equal number of cells were seeded in 6 cm dishes for all samples within an experiment. Cells were treated as indicated and incubated for 72 hours, before the growth medium supernatants were harvested. The medium was centrifuged at 12100 × g for 5 minutes for exclusion of cells and debris, and the resulting supernatants were diluted 1:2 in 5X loading buffer (Pierce Lane Marker Reducing Sample Buffer, ThermoFisher Scientific #39000) and boiled at 95°C for 10 minutes. The samples were loaded onto SDS polyacrylamide 4-15% gradient gels (Mini-Protean TGX, Bio-Rad #4561086) for electrophoresis, and blotted onto nitrocellulose membrane (Bio-Rad #1704270). The membrane was stained with Ponceau S (Sigma-Aldrich #P7170), and blocked in 5% non-fat skimmed milk (Sigma-Aldrich #70166) in phosphate-buffered saline with 0.1% Tween-20 (Bio-Rad #1610781) (PBST). The membrane was stained with anti-HMGB1 antibodies (Abcam, ab18256, 1:2000 in blocking solution) at 4°C over-night, and thereafter stained with horseradish-conjugated secondary antibodies (Jackson ImmunoResearch, #111-035-144, 1:10 000 in blocking solution) for minimum 30 minutes before addition of enhanced chemiluminescence (ECL) solution (SuperSignal West, ThermoFisher Scientific #34580/#34076/#34095) and processing (ChemiDoc MP, Bio-Rad). Quantification was performed in Image Lab 4.1 (Bio-Rad). For blotting of caspases in the corresponding cell lysates, cells were washed with PBS and stored at -80°C. The cells were lysed with whole-cell lysis buffer [20 mM NaCl, 2 mM MgCl2, 50 mM Tris-HCl pH 7.5, 0.5% Triton X-100 (Sigma-Aldrich #T9284)] with protease and phosphatase inhibitor cocktails (cOmplete mini (EDTA-free) and PhosSTOP EASYpack, Roche, Sigma-Aldrich #5892791001 and #4906837001) and benzonase (100 IU/ml; Merck/Sigma-Aldrich #70664-3). The lysates were diluted based on protein concentration measurements (Micro BCA Protein Assay kit, ThermoFisher Scientific #23235), before 5X loading buffer was diluted 1:4 in each sample. The samples were boiled before SDS-PAGE (Criterion TGX Stain-Free gels, Bio-Rad #5678085) and immunoblotting as described above. Primary antibodies: Cleaved Caspase-3 (Asp175) (5A1E), 1:100, Cell Signaling Technology #9664. PARP1 (F2), 1:200, Santa Cruz Biotechnology #sc-8007. MLKL phospho-Ser358 (D6H3V), 1:1000, Cell Signaling Technology #91689. MLKL (D2I6N), 1:1000, Cell Signaling Technology #14993. γ-tubulin, 1:1000, Sigma-Aldrich #T6557. Quantification of HMGB1 blots were performed by use of loaded volume gradients (see e.g. 50%, 25%, 10% in Figure 4A).




4.3 Immunofluorescence microscopy analysis of HMGB1 release

Cells were seeded (3·105 cells for treatments, 1·105 for mock) in 6 cm dishes containing glass coverslips, and incubated over-night. The samples were treated as indicated, and incubated for 72 hours. The coverslips were washed with phosphate-buffered saline (PBS) and the cells were fixated with a 10% formalin solution (Sigma-Aldrich #HT5011) for 10 minutes. The cells were washed three times in PBS, and stained with Alexa Fluor 594-conjugated wheat germ agglutinin (WGA) (1:1000, ThermoFisher Scientific #W11261) for 10 minutes. The cells were washed three times in PBS and permeabilized with 0.2% Triton X-100 (Sigma-Aldrich #T9284) in PBS for 5 minutes. The cells were washed and stained with anti-HMGB1 antibodies (Abcam, ab18256, 1:1000 in growth medium with 10% FBS) for 1 hour, followed by three washes in PBS and secondary antibody staining (Molecular Probes by Life Technologies (ThermoFisher Scientific #A-21206), Alexa Fluor 488, 1:1000 in growth medium with 10% FBS) for 30 minutes. The cells were washed, stained with 0.6 µg/ml permeable Hoechst 33342 (Invitrogen, ThermoFisher Scientific #H3570) in PBS for 5 minutes and eventually mounted onto object slides with mowiol solution (Mowiol 4-88, Sigma-Aldrich #81381).




4.4 Flow cytometric analysis of viability and intracellular HMGB1

Cells were harvested by trypsinization and centrifuged at approx. 400 × g. Resulting cell pellets were stained with Pacific Blue (0.0375 ng/µl final concentration, V = 200 µl), and incubated at 4°C for 15 minutes. The samples were washed with 3 ml PBS/1% FBS, and centrifuged as before. For the viability measurements presented in Supplementary Figure S1, the resulting cell pellets were thereafter fixated with 70% EtOH, and stored at -20°C. For intracellular staining of HMGB1, the cell pellets were fixated in 10% formalin solution (Sigma-Aldrich #HT5011) for 10 minutes at room temperature, before they were washed in PBS, resuspended in 70% EtOH and stored at -20°C. An aliquot of a barcode-stained (succinimidyl ester-conjugated Alexa Fluor 647, ThermoFisher Scientific #A20006) mock sample was added to all samples, similarly as before (e.g. (47)), allowing accurate quantification of HMGB1 levels. The samples were washed with PBS/2% FBS, and the cell pellets were stained with primary anti-HMGB1 antibodies (Abcam, ab18256, 1:500 in flow cytometry staining buffer [0.1% IGEPAL CA-630 (Sigma-Aldrich #I3021), 6.5 mM Na2HPO4, 1.5 mM KH2PO4, 2.7 mM KCl, 137 mM NaCl, 0.5 mM EDTA pH 7.5)] for 1 hour and secondary anti-rabbit Alexa Fluor 488 (Molecular Probes by Life Technologies (ThermoFisher Scientific #A-21206), 1:500 in flow cytometry staining buffer) for 30 minutes. The samples were thereafter analysed by flow cytometry (BD LSR II, BD Biosciences). Subsequent analyses were conducted with FlowJo v10.




4.5 CellTiter-Glo detection of secreted ATP in growth medium supernatants

Cells were treated with radiation and ATR inhibitors as described and incubated until 6 hours before harvest. The growth media were aspirated, before the dishes were washed with PBS, and then given 1 ml serum-free medium (with inhibitors at given dose, if used). The samples were incubated for the remaining 6 hours – of which ATP secretion would be detected – before the growth media were harvested. The medium supernatants were centrifuged at 12100 × g for 5 minutes, and the resulting supernatants were transferred to new tubes. The supernatants were centrifuged a second time at 12100 × g – to ensure exclusion of any floating cells – and the resulting supernatants were loaded onto a 96-well plate with clear bottoms and white walls (Corning Costar 3610, Sigma-Aldrich #CLS3610-48EA), together with samples for an ATP standard curve. The samples subsequently underwent the CellTiter-Glo procedure after the supplier’s protocol (CellTiter-Glo Luminescent Cell Viability Assay, Promega #G7572), before spectrophotometric analysis.




4.6 Live-cell flow cytometric detection of surface-presented calreticulin

Cells were seeded and let adhere over-night, before the cells were treated as described, and incubated for 24 or 72 hours. The dishes were harvested – both growth medium supernatants and adhered cells – by use of TrypLE Express (Gibco by Life Technologies, ThermoFisher Scientific #12563029). First, the mock sample was centrifuged at approx. 400 × g (2000 rpm). The cell pellet was resuspended in 100 µl medium with 1 µg/ml Hoechst 33342 (Invitrogen, ThermoFisher Scientific #H3570) and incubated at room temperature for 30 minutes, for barcode staining. The barcode-stained sample was thereafter washed with PBS/1% FBS and resuspended in PBS/1% FBS. Meanwhile, the remaining samples were harvested. Equal aliquots of the barcode-stained mock samples were thereafter added to each of the remaining samples, before these were split in two for subsequent primary antibody staining and secondary antibody control staining. The samples were centrifuged at approx. 500 × g, and the cell pellets were resuspended in 100 µl medium (10% FBS) with primary anti-CALR antibodies (Abcam, ab2907, 1:250), or plain medium (10% FBS) for secondary antibody controls, and incubated on ice for 30 minutes. The samples were washed, and resulting cell pellets were resuspended in 100 µl medium (10% FBS) with secondary antibodies (Molecular Probes by Life Technologies (ThermoFisher Scientific #A-21206), Alexa Fluor 488, 1:500). The samples were incubated on ice for 30 minutes, and washed. The samples were resuspended in PBS and transferred to flow cytometry tubes. 1 µl propidium iodine (1.667 mg/ml) was added to the samples 2 minutes prior to flow cytometry (BD LSR II, BD Biosciences), for live/dead staining. Flow cytometric analysis was conducted in FlowJo v10. Ecto-CALR signals were calculated by [(signaltreated – backgroundtreated)/(signalmock – backgroundmock)], where the secondary antibody control signals constitute the background values. Median Alexa Fluor 488 values were used as outputs from the flow cytometry.




4.7 Statistics

For measurements with ≥ 3 replicates, results are presented with standard error of the mean (SEM) error bars. Dots in bar charts indicate individual experiments. p values (two-tailed, one-sample Student’s t test for pairs involving normalization value; two-tailed, paired-samples Student’s t test for the remaining pairs) were calculated with IBM SPSS Statistics v28, with significance level set to 0.05. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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samples,
rectal ) PBMCs 37 CRT HC Response to Higher infiltration in CD8+ T (349
adenocarcinoma or CRT cells
histologically
normal rectal
tissue
Published
8 cancer types i >10.328 Various Meta-analysis Poor 08 Low Immunoscore )
Better DFS and High Immunoscore (densities of
Rectal Cal FFPE 166 CRT IHC 36,
L Sancer (e CD3+ and CD8+ lymphocytes) @9
o 0s above-median CXCL8 serum
ELISA or flow reater mi levels (>29.8 pg/ml) and
: cytometry-based
Pancreatic Cancer ~ PBMCs 66 CRT multiplex bead Above:median pretreatment NK 37)
arrays Prolonged mOS | cell numbers (NKhigh:
CIBERSORT fraction, >4.5%)
FFPE ti
Pancreatic Cancer fssue 70 nCRT mIHC/IF longer RFS low density of M2-type TAMs (38)

blocks

RT, radiotherapy; CRT, chemoradiotherapy; SBRT, stereotactic body radiotherapy; SIRT, Selective internal radiation therapy; nCRT, NeoAdjuvant Therapy; OS, overall survival; mOS, median
overall survival; PES, progression free survival; DES, disease free survival; FEPE, Formalin Fixated Paraffin Embedded Sample; PBMCs, Peripheral Blood Mononuclear Cells; mRNA, messenger
ribonucleic acid; ELISA, Enzyme-Linked Immunosorbent Assay; IHC, Immunohistochemistry; FC, Flow Cytometry; MES, Metastasis Free Survival; NLR, Neutrophil-to-Lymphocyte Ratios
mIHC/IE, Multiplex Immunohistochemistry/Immunofluorescence. “-” There is no correlation observed between the alteration in iTME and the parameters for evaluating response in patients.
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Therapeutic Benefit  Identifier

Cancer Immune o Experimental  Prima A 5
Type Tiraet RT Regimen Ars'\s End oni,nt or Clinical Trial or
b 9 P Status * Reference
69.96 Gy in 2.12 ICL-RT
PD-L1 Avelumab s el ~cetuximab VS PES Active, not recruiting NCT02999087
Gylday over 6.5W
Nelo)
Headiand Neoadjuvant/
NG | optand | Nivolumaband Adjuvant ICI
o A: Ip‘ili‘;n ‘:lm:b“ 56-66 Gy +CRT VS Surgical | DFS Active, not recruiting NCT03700905
resection +
Adjuvant CRT
Median PFS was 16.8
CRT+ICI VS CRT NCT02125461
PD-L1 Durvalumab at least 60 Gy - PES months with ICI VS 5.6
+placebo ) (39)
months with placebo
CRT VS ICI and
PD-1 Pembrolizumab = 50 Gy dose-painted PFS Recruiting NCT03523702
radiotherapy
iothe ICI T
PD-LI Atesolizumab | Fadiotherspy,up Cls +RT VS ORR Recruiting NCT03337698
to 21 days ICls
ICI+ CRT VS ICI
PD-1 Pembrolizumab 18 Gy in 3 X 6 Gy % Ctl' 0os Recruiting NCT03774732
Lung Cancer ICI + CRT +
PD-L1 Atezolizumab 612 GY surgery VS CRT pCR Recruiting NCT04989283
+ surgery
PD-L1 Atezolizumab ZD-CRTor IMRT CRT+IT VS CRT oS Recruiting NCT03811002
BID for 3W
Reduction of
15 Gy in 10 ICI with low-dose . . X -
PD-L1 Durvalumab factions PCI VS ICI incidence of brain Recruiting NCT04597671
metastases
The ORR at 12 weeks was
3 18% in the control arm vs (40)
PD-1 Pembrolizumab = 3 x 8 Gy RT + ICI VS ICI ORR 36% in the experimental NCT02492568
arm (P = .07)
N 1 x 18-22 Gy (18- Stereotactic
Ly C: PD-1 and Nivolumab and
. o oMM ANE ) Gy)or5x6 Gy | radiosurgery and  ONS-specific PES Recruiting NCT05522660
and Melanoma =~ CTLA-4 Ipilimumab
(30 Gy). ICI VS ICI
ICIs VS ICIs +
Lung Cancer Durvalumab
PD-L1 and big dose RT VS
and Colorectal 20 and Not Specified igicoss ORR Active, not recruiting NCT02888743
CTLA-4 i ICIs + low dose
Cancer Tremelimumab
RT
PD-1/PD- . 50-66G/1.8-2.2Gy/ CRT VS CRT + 0OS in 1Y, 2Y, 3Y and L.
L Not specified 25-30f 11 57 Recruiting NCT04821778
ICI RT VS ICI
PD-1 Camrelizumab = 50Gy/30f +C C_; CRTVSICL - pe Not yet recruiting NCT05624099
Esophageal . 50-50.4G, 1.8-2 ICI + CRT V§ -
PD-1 i PF! N NCT04404491
Cancer Camrelizumab G5, 50w Placebo + CRT S ot yet recruiting CT0440449
PD-L1 Durvalumab 50 Gy S]Ig +lervs cPFS Recruiting NCT03777813
8 Gy/time, 3 -5 CRT +IT VSCT
PD-1 ity | SOme i PES Not yet recruiting NCT05183958
times +IT
80 Gy for small-
Cervical N volume tumors or IT + CRT VS .
e PD-1 Serplulimab 85 Gy for larger- | CRT PES Not yet recruiting NCT05173272
volume tumors
ICI VS ICI +
Low-Dose or Low-Dose RT VS
PD-1 Pembroli: b TILs and pCR-LN Recruitis NCT04443348
€morolizamad | High-Dose RT ICI + High-Dose AR SRS
RT
Breast Cancer
Focal hypo- RT VS RT+ICI
VS RT+Ftl-3 Tolerabili d
PD-1 Pembrolizumab | fractionated RT 8 | /> 1+ olerability an Recruiting NCT03804944
Gy x 3 fractions ligand VS RT+Ftl- ~ pCR/cCR
¥ 3+ 1CI
0.5 Gy/fr; days 1
and 15q4 wksx 6 | SOC VS
Ovari CD-40 and APX005M and
C“m" S e S A% cydles. Maximum | APX005M VS ORR Not yet recruiting NCT05201001
ancer - arboplatin 24 wks of therapy;  APX005M+RT
total dose 6 Gy.
PD-1 and Nivolumab and RT +ICIs VS
8 3 RR and PSA RR it NCTI( 715
piny” oiimumab Gray (Gy) x 1Cle ORR and PS. Recruiting CT05655
Prostate
Cancer SBRT will be
PD-LI Durvalumab started one month  RT + ICI VS RT 2-year PFS Recruiting NCT03795207
after ICI in 3fr
50.4 Gy in 28fr nCRT+ICI VS Number of TILS per
PD-1 Pembroli: b Recruiti NCT02305186
embrofizuma over 28 days nCRT hpf and DLT ecruiting
b . Terminated (Study closed
ancreatic
to accrual due to the
RT will be starti DLT and
Cancer PD-Ll and  Bintrafusp alfa WIRDESMing e 4 RT VS an worsening risk: benefit
on Day 17 (+5 Recommended Phase . L NCT04327986
TGE-B) (M7824) ICIs ratio for participants
days) 2 Dose and BOR R
receiving bintrafusp alfa
(M7824)
He Ilul 30-54 in 3-6f1
epatocelilar | ppey Sintilimab 0-54 Gy in 3-6fr | protcrvs T 24-week PFS Recruiting NCT04167293
Carcinoma over 1-2W
Melanoma,
Non-Hodgkin 0% Serious AE -
Lymphoma, CTLA-4 Ipilimumab 10 Gy x 3 fractions  ICI + RT VS ICI DLT Terminated (Planned NCT01769222
Colorectal Future Study)
Cancer
e Patients undergo ivn::i!:‘:::do{ e
Advanced 1B, PD- | Utomilumab, | o O B Evaluation of CD8
. . L1 and Avelumab, i ICIs VS ICIs+RT . B Active, not recruiting NCT03217747
Malignancies i -1/Dose Not immune biomarkers
CD137 Ivuxolimab . .
Specified assessed in tumor
(OX40)
and blood

RT, radiotherapy; CT, chemotherapy; CRT, chemoradiotherapy; SOC, Standard of Care; ICI, Immune Checkpoint Inhibitor; OS, overall survival; PES, progression free survival; pCR-LN,
Pathological Complete Response in the Lymph Nodes; ORR, Overall Response Rate; BOR, Best Overall Response; RR, Response Rate; DLT, Dose Limiting Toxicities; AE, Adverse Effects; TILS,
“Tumor Infiltrating Lymphocytes; PSA, Prostate-Specific Antigen; HPF, High Powered Field.
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Clinicaltrials. gov. Type of Status immunology radiotherapy Primary outcome/ = Reference

identifier trial endpoint

NCT02888743 phase IT Active,not Durvalumab Tremelimumab | radiotherapy Overall response rate (124)
recruiting
(2017/06-
2022/11)

NCT04124601 phase I Recruiting Ipilimumab Nivolumab Chemoradiotherapy adverse events (125)
2020/06- 2023/
05)

NCT05215379 Phase T Recruiting xintilimab (injection) neoadjuvant <CR (122)
phase 11T (2022/10- chemoradiation therapy
2023/04)

NCT04892498 phase IT Recruiting PD-1 inhibitor Hypofractionated PES (126)
(2021/05- radiotherapy
2023/08)

NCT04304209 Phase IT Recruiting Sintilimab radiotherapy pCR (127)
phase I (2019/10-
2021/10)

NCT03503630 phase IT Active, not COMPOUND 2055269 radiotherapy pCR (128)
recruiting
(2018/07-
2024/01)

NCT04109755 phase 11 Recruiting Pembrolizumab SCRT TRG (128)
(2020/06-
2022/06)

NCT03104439 phase IT Recruiting Nivolumab Ipilimumab radiotherapy CR (129)
(2017/05- PR
2024/07) SD

NCT03101475 phase IT Completed Durvalumab (MEDI4736) SBRT iBOR (129)
(2018/11- Tremelimumab
2022/02)

NCT02888743 phase I Active, not Durvalumab Tremelimumab radiotherapy Overall response rate (129)
recruiting
(2017/06-
202212)

NCT02437071 phase I Active, not Pembrolizumab radiotherapy response rate (129)
recruiting
(2015/04-
2023/04)
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Cancer type

Hematopoietic and
lymphoid cell neoplasm
/ Metastatic malignant
solid neoplasm

Advanced Pancreatic
Cancer

Head and neck cancer

Stage IV NSCLC

SBRT(4f, 5f, or 10f) or EBRT(4f, 5f, or 10f) for any site of metastatic
disease.

In each cycle, Gem-based doublets will be administered concurrent with
LDRT for a total of 4 cycles. If there is no progress, SBRT will be
performed sequentially.

Arm 1 is that HDRT (3f) is combined with pembrolizumab.
Arm 2 is HDRT and LDRT in combination with pembrolizumab.

SBRT (30Gy/3f) is first delivered to lung, in combination with LDRT
starting from the 2nd day of SBRT, followed by sintilimab monotherapy
starting within 7 days after the completion of radiotherapy. Sintilimab will
be administered at 200mg every 3 weeks.

Primary
end
points

Disease
control rate.
Objective
response.
Incidence of
adverse
events.

Progression
free survival

Overall
response
rate

Safety and
tolerability
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Europe
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2014
2011
2016
2015
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Evaluation Methods

DRE, Endoscopy, MRI, TRUS, PET-CT
Endoscopy and biopsy, MRI

DRE, Endoscopy, MRI

DRE, Endoscopy, MRI

DRE, Endoscopy and biopsy, MRI, TRUS, CEA
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NSCLC SUVmax
SUVmean
MMVR
radiomics

ccRCC SUVmax

breast cancer SUVmax

gastric cancer SUVmax

colorectal cancer SUVmax, MTV,
TLG

bladder cancer SUVmax

nasopharyngeal SUVmax

carcinoma

oral squamous cell SUVmax

carcinoma

Conclusions

positively associated with PD-L1 expression

positively associated with CD8" T cells, CD163" TAMs and Foxp3+ Treg cells; negatively associated with
CD57" cells

positively associated with PD-1 expression
negatively correlated with PD-L1 expression in TCs

models based on radiomics and/or clinicopathological characteristics showed good accuracy in predicting
PD-L1 expression level

showed good performance in predicting PD-L1*/TIL" tumors
positively associated with PD-L1*/TIL" and PD-L1/TIL" tumors
positively associated with TIL levels

positively associated with PD-L1 expression

positively correlated with CD3" and Foxp3" T cell counts

positively associated with PD-L1 expression

positively associated with PD-L1 and PD-1 expression

negatively correlated with PD-L1 expression in TIICs and positively associated with PD-L1 expression in
TCs

negatively correlated with cold tumors (low tumoral PD-L1 and low stromal CD8*TILs)

References

(19-25)
(21, 22, 26)

(26)
(27)
(28-30)

(31)
(32)
(33-35)
(33)
(36)
(7

(38)
(39)

(40)

NSCLC, non-small cell lung carcinoma; ccRCC, clear cell renal cell carcinoma; TCs, tumor cells; TIICs, tumor-infiltrating immune cells; TME, tumor microenvironment; TIMT, tumor
immune microenvironment type; TIL, tumor-infiltrating lymphocyte; PD-L1, programmed death-ligand 1; PD-1, programmed cell death protein-1; SUVmax, maximum standardized
uptake value; SUVmean, mean standardized uptake value; MTV, metabolic tumor volume; TLG, total lesion glycolysis; MMVR, ratio of metabolic to morphological lesion volumes.
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Criterion CMR

EORTC
(1999) (62)

complete resolution of
8E-FDG uptake within
the tumor volume

PERCIST
(2009) (63)

8E-FDG uptake
completely disappeared

iPERCIST
(2019) (64)

'E-FDG uptake
completely disappeared

imPERCIST5
(2019) (65)

"SE-FDG uptake
completely disappeared

PMR

SUV is reduced by at least 15% ~25%
after 1 cycle of chemotherapy, and > 25%
after more than one treatment cycle

SULpeak decrease by >30% in the target
lesions, and absolute drop in SUL by at
least 0.8 SUL units

SULpeak decrease by 230% in the target
lesions

SULpeak decrease by 230% in the target
lesions, and absolute drop in SUL by at
least 0.8 SUL units

SMD

not
CMR,
PMR, or
PMD

not
CMR,
PMR, or
PMD

not
CMR,
PMR, or
PMD

not
CMR,
PMR, or
PMD

PMD

SUV increase > 25%, visible increase in the extent of tumor “F-FDG
uptake (> 20% in the longest dimension), or appearance of new '*F-
FDG uptake in metastatic lesions

SULpeak in the target lesions increase > 30%, with > 0.8 SUL unit
increase; 75% increase in TLG; new '*F-FDG-avid lesions that are
typical of cancer and not related to treatment effect or infection

SULpeak increase = 30% or new '8E_FDG-avid lesions (UPMD)
UPMD needs to be confirmed CPMD by a second PET after 4-8 weeks;
if UPMD is followed by PMR or SMD, the bar is reset

SULpeak in the target lesions increase > 30%, with > 0.8 SUL unit
increase in tumor SUV peak;

New lesions were included in the sum of SULpeak if they showed
higher uptake than existing target lesions or if fewer than 5 target
lesions were detected on the baseline scan

EORTC, European Organization for Research and Treatment of Cancer 1999 criteria; PERCIST, PET Response Criteria in Solid Tumors; imPERCISTS, immunotherapy-modified
PERCIST, 5-lesion analysis; iPERCIST, immune PERCIST; CMR, complete metabolic response; PMR, partial metabolic response; SMD, stable metabolic disease; PMD, progressive
metabolic disease; UPMD, unconfirmed progressive metabolic discase; CPMD, confirmed progressive metabolic diseases SUV, standard uptake value; SULpeak, peak standardized uptake
values normalized for body lean body mass; SUL, standardized uptake value of lean body mass; TLG, total lesion glycolysis; SUVpeak, peak standardized uptake value.





OPS/images/fimmu.2022.1049043/table3.jpg
Author/
Year

Sachpekidis
et al. (67).
(2018)

Sachpekidis
et al. (68).
(2019)
Goldfarb

et al. (64).
(2019)

Beer et al.
(69).
(2019)
Castello
et al. (70).
(2020)

Dimitriou
et al. (71).
(2021)
Kitajima
et al. (72).
(2022)

Study/
number

prospective
41 patients

prospective
16 patients

retrospective
28 patients

prospective
42 patients

prospective
35 patients

retrospective
104 patients

retrospective
27 patients

Histology ICI Treatment

melanoma

melanoma

NSCLC

NSCLC

NSCLC

melanoma

melanoma

ipilimumab

ipilimumab

nivolumab

nivolumab,
pembrolizumab or
durvalumab

nivolumab or
pembrolizumab

anti-PD-1 with or
without anti-
CTLA-4 treatment
nivolumab or
pembrolizumab

Criteria

EORCT
PERCIMT

EORTC
PERCIMT

iRECIST
iPERCIST

RECIST 1.1
iRECIST
PERCIST

RECIST 1.1
imRECIST
EORTC
PERCIST
imPERCIST
PERCIMT

RECIST
EORTC

EORTC,
PERCIST,
imPERCIST

Conclusion
The sensitivity of PERCIMT was significantly higher than EORTC, but the specificity
was not significantly different.

PERCIMT shows more correct classification (15/16 patients) than EORTC (13/16
patients).

iPERCIST can reclassify 39% of patients assessed by iRECIST.

The three criteria are only moderately consistent, but there is no significant difference in
the ability to assess PFS and OS after 12 months

Fair agreement between imRECIST and EORTC, and PERCIST, and moderate for
imRECIST and PERCIMT were detected. All criteria are significantly related to PFS, but
only PERCIMT and imPERCIST are related to OS.

EORTC is better than RECIST in predicting progress, effectively assessing residual
lesions on CT, and predicting long-term benefits.

All the three FDG-PET criteria showed accuracy for response evaluation of ICI therapy
and prediction of malignant melanoma patient prognosis.

RECIST, Response Evaluation Criteria in Solid Tumor; iRECIST, a modified RECIST 1.1 for immune-based therapeutics; EORTC, European Organization for Research and Treatment of
Cancer 1999 criteria; PERCIMT, PET Response Evaluation Criteria for Immunotherapy; PERCIST, PET Response Criteria in Solid Tumors; iPERCIST, immune PERCIST; imPERCIST,
immunotherapy-modified PERCIST; PES, progression-free survivals 08, overall survival; NSCLC, non-small-cell lung cancer; PD-L1, programmed death-ligand 1; PD-1, programmed cell

death protein-

'LA-4, cytotoxic T lymphocyte-associated protein 4.
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Author/ Study/  Histology ICI treatment Conclusion

Year number

Seban et al. retrospective, melanoma  anti-PD-1 IgG Higher tMTV and BLR correlated with shorter survival

(75) 55 patients

(2019)

Ito et al. retrospective, melanoma  ipilimumab WMTV was negatively correlated with OS

(76) 142 patients

(2019)

Seban et al. retrospective, NSCLC anti-PD-1/PD-L1  tMTV > 75 cm® was associated with shorter OS and absence of disease clinical benefit

(77). 80 patients

(2020)

Hashimoto  retrospective, NSCLC pembrolizumab or  TLG and MTV were negatively correlated with PES and OS

etal. (78). 85 patients nivolumab

(2020)

Castello  prospective, ~ NSCLC nivolumab or High TLG and MTV were significantly associated with hyperprogression and MTV remained a

et al. (79). 50 patients pembrolizumab negatively independent predictor for OS

(2020)

Yamaguchi  retrospective, NSCLC pembrolizumab Higher MTV correlated with worse outcomes for patients with PD-L1 expression 250%

et al. (80). 48 patients

(2020)

Polverari retrospective, NSCLC pembrolizumab Patients with higher MTV and TLG values were more likely to have disease progression and poor
etal. (81). 57 patients response to immunotherapy.

(2020)

Chardin prospective, ~ NSCLC pembrolizumab or  MTV and TLG were negatively correlated with OS and could reliably predict early treatment

etal. (82) 75 patients nivolumab discontinuation

(2020)

Seban et al. retrospective, NSCLC pembrolizumab Both high tMTV and high SUVmean were independent predictors for decreased PFS, and tMTV was
(83). 63 patients also negatively correlated with OS.

(2020)

Wong et al. retrospective, melanoma  ipilimumab, High pre-treatment SLR was associated with short PFS and OS

(84). 90 patients pembrolizumab or

(2020) nivolumab

Seban et al. retrospective, melanoma ipilimumab and/  In patients with mucosal melanoma, increased tumor SUVmax was correlated with shorter OS, while in
(85). 56 patients or pembrolizumab  patients with cutaneous melanoma, increased tMTV and BLR were independently correlated with
(2020) shorter OS, PFS, and lower response

Dall’ Olio  retrospective, NSCLC pembrolizumab tMTV = 75cm® could be a prognostic predictor of inferior outcomes in patients with PD-L1 expression
et al. (86). 34 patients > 50%

(2021)

Vekens retrospective, NSCLC pembrolizumab SUVmax was positively related to PFS. Clinical response and survival were independent of tMTV and
et al. (87). 30 patients TLG. Reduction of tMTV and TLG after 8 to 9 weeks of treatment was a better predictor of prolonged
(2021) survival than RECIST 1.1.

Bauckneht  prospective, ~ NSCLC nivolumab MTV was negatively related to OS

etal. (88) 45 patients

(2021)

Awada retrospective, melanoma  pembrolizumab Elevated tMTV was associated with worse PFS and OS.

et al. (89) 183 patients

(2021)

Gulturk retrospective, RCC nivolumab Pre-treatment SUVmax was negatively related to PFS

et al. (90). 32 patients

(2021)

SUVmax, maximum standardized uptake value; SUVmean, mean standardized uptake value; MTV, metabolic tumor volume; TLG, total lesion glycolysis; tMTV, total metabolic tumor
volume; SLR, spleen-to-liver SUVmax ratio; BLR, bone marrow-to-liver SUVmax ratio; wMTV, whole-body metabolic tumor volume; PD-L1, programmed death-ligand 1; PD-1,
programmed cell death protein-1; NSCLC, non-small-cell lung cancer; RCC, renal cell carcinoma; RECIST 1.1, Response Evaluation Criteria in Solid Tumors version 1.1; OS, overall
survival; PES, progression-free survival.
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Factors

Immunocytes

Cytokines

Chemokines

Adhesion molecules

DAMPs

Cell surface molecules and
receptors

CD8" T cells

CD4" T cells

DCs

NK cells

Tregs

M1
macrophages

MDSCs

Type ITFNs

TGF-B

CXCL9,
CXCL10

CXCL16
CXCL8

ICAM1,
VCAM1

E- selectin, P-
selectin

CRT

HMGB1
ATP

Cytoplasmic
DNA

Fas
MHC-T
molecules

Hsp70
NKG2D

NGK2D ligand

Neoantigen

CD47

PD-L1

Immunomodulation
Immunostimulation (tumor-specific cytotoxicity via MHC-I)

Immunostimulation (Enhancing CTLs responses or exerting cytolysis via
binding MHC-II)

Immunostimulation (Uptake of TAAs, cross-presentation, and initiation of
tumor-specific CTLs)

Immunostimulation (Killing tumor cells directly without prior sensitization
or MHC restriction)

Immunosuppression (Inhibiting CTLs and NK cells, enhancing MDSCs
and M2 TAMs)

Immunostimulation (Production of pro-inflammatory cytokines)

Immunosuppression (Secretion of immunosuppressive cytokines, inhibition
of T cells and NK cells)

Immunostimulation (Recruitment of CD8" T cells and CD4" T cells,
activation of DCs)

Immunosuppression (Inhibiting CTLs and NK cells, inducing Tregs, M2
TAMs, and N2 TANs)

Immunostimulation (Recruiting CXCR3-expressing T cells)

Immunostimulation (Recruiting CD8" T cells)
Immunostimulation (Inducing targeted migration of CD56dim NK cells)

Immunostimulation (Recruitment and attachment of circulating
leukocytes)

Immunostimulation (Facilitating lymphocyte homing)

Immunostimulation (Prophagocytic signals for macrophages and DCs by
binding to CDI1 receptors)

Immunostimulation (Activating T cells)
Immunostimulation (Recruitment of monocytes and production of IL-1B)

Immunostimulation (Enhancing the expression of type I TENs via cGAS-
STING signaling)

Immunostimulation (A specific death factor inducing apoptosis by binding
to FasL)

Immunostimulation (Transporting and displaying TAAs allowing CD8* T
cells to identify)

Immunostimulation (Activating monocytes, macrophages and DCs)

Immunostimulation (enhancing cytotoxicity of T cells)
Immunostimulation (Sensitizing NK cell-mediated cytotoxicity)

Immunostimulation (Inducing neoantigen-specific CD8" T cells and CD4"
T cells)

Immunosuppression (An anti-phagocytic signal to promote immune
evasion)

Immunosuppression (Inhibiting activation of T cells)

Effect of RT

Increased infiltration and
activation

Increased infiltration and
activation

Increased infiltration and
activation

Increased infiltration and
cytotoxicity

Decreased infiltration
Increased polarization
Decreased infiltration
Increased expression
Decreased expression

Increased expression

Increased expression
Increased expression

Increased expression

Increased expression

Increased exposure

Increased release
Increased release

Increased exposure
Increased expression
Increased expression
Increased exposure

Increased expression
(CD4" T cells)

Increased expression
(tumor cells)
Increased expression

Decreased expression

Increased expression

Ref.

(64, 135, 170-
178)

(64, 179, 180)

(173,177,
181-184)

(180, 185)

(173-177)

(127, 180,
181, 186)

(170, 173,
176, 187)

(94, 155, 188-
190)

(180, 186)

(94)

(191)
(192)
(92, 193, 194)

(195)

(196, 197)

(25, 174)
(198)

(188, 189,
199, 200)

(194, 201-
203)

(201, 204)

(205)
(179, 206)

(207, 208)
(203, 204,
209)

(210)

(120, 121,
176, 211)
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Author
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Willemijn S
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Narek 97
Shaverdian

(248)

Yijun Hua 25
(249)

Shankar 30
Siva (250)

Alice Y Ho 17
(251)

Chad Tang 31
(252)

Hari Menon 26
(253)

Cancer types

Advanced Non-
Small Cell Lung
Cancer

Metastatic non-
small-cell lung
cancer

Stage IV advanced
Non-Small Cell
Lung Cancer

recurrent
nasopharyngeal
carcinoma
oligometastatic
clear cell renal cell
carcinoma

metastatic triple-
negative breast
cancer

Metastatic liver or
lung Cancer

Metastatic
Malignant Solid
Neoplasm

RT
planning

8Gyx3

8Gyx3,

or
12.5Gyx4,
or 3Gyx15

Previously
received
any RT

22Gyx30

18-20Gyx1

600 cGyx5

12.5Gyx4
or 6Gyx10

73Gy (L.1-
19.4Gy)

Immunotherapy
planning

Pembrolizumab 200 mg/
kg q3w

Pembrolizumab 200 mg/
kg q3w

Pembrolizumab 2 mg/kg
q3w or 10 mg/kg q3w or
10mg/kg q2w

Toripalimab 240mg q3w

Pembrolizumab 200mg
Q3w

Pembrolizumab 200mg
Q3w

Ipilimumab 3 mg/kg q3w

Pembrolizumab 200 mg/
kg q3w,

or Ipilimumab 3 mg/kg
Q3w

Treatment
schedule

Pembrolizumab alone vs.
pembrolizumab + SBRT

Pembrolizumab alone vs.
pembrolizumab + SBRT

Pembrolizumab with a
history of RT vs
pembrolizumab alone

Toripalimab + RT

Pembrolizumab+ RT

Pembrolizumab+ RT

Ipilimumab+ RT

38 low-dose lesions vs 45
no-dose lesions

Outcomes

ORR 18% vs. 36%; p = 0.07

mPES 1.9 vs 6.6; p = 0.19

mOS 7.6 vs. 15.9; p = 0.16

Best ARR 19.7% vs 41.7%
(OR 2.96, p=0-0039)

Best ACR 43.4% vs 65.3%
(OR 2.51, p=0-0071)
mPFS 4.4months vs 9.0
months (HR 0.67,
p=0.0071)

mOS 8.7months vs
19.2months (HR 0.67,
p=0.0004)

mPFS 4.4 vs. 2.15 p

79.2% overall response,
95.8% disease control

1- and 2-yr OS 90% and
74%,
1- and 2-yr PFS 60% and
45%

ORR 17.6%,
CR 17.6%

10% PR,
13% SD

PR/CR 58% vs 18% (P =
0.0001)

median change for longest
diameter size -38.5% vs 8%

(P < 0.0001)

Data source

https://clinicaltrials.
gov/ct2/show/
NCT02492568

https://clinicaltrials.
gov/show/
NCT02492568
https://clinicaltrials.
gov/show/
NCT02444741

https://clinicaltrials.
govict2/show/
NCT01295827

https://clinicaltrials.
gov/ct2/show/
NCT03854838

https://clinicaltrials.
gov/ct2/show/
NCT02855203

https://clinicaltrials.
gov/ct2/show/
NCT02730130

https://clinicaltrials.
gov/ct2/show/
NCT02239900

https://clinicaltrials.
gov/ct2/show/
NCT02239900
https://clinicaltrials.
gov/ct2/show/
NCT02444741
https:/clinicaltrials.
gov/ct2/show/
NCT02710253

ORR, overall response rate; mPFS, Median progression-free survival; mOS, median overall survival; ARR, out-of-field (abscopal) response rate; ACR, abscopal disease control rate; CR,
complete responses; PR, partial response; SD, stable disease.
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