Advances in cancer immunotherapy: Historical perspectives, current developments, and future directions

Meiyin Zhang1#, Chaojun Liu2#, Jing Tu3#, Min Tang4, Milad Ashrafizadeh5, Noushin Nabavi6, Gautam Sethi7*, Peiqing Zhao8*, Shijian Liu9*


1Department of Surgical Oncology, Harbin Medical University Cancer Hospital, Harbin, China
2Department of Breast Surgery, Henan Provincial People’s Hospital; People’s Hospital of Zhengzhou University; People's Hospital of Henan University, Zhengzhou, Henan, 450003, China
3Department of Pulmonary and Critical Care Medicine, Chongqing General Hospital, Chongqing University, Chongqing, China
4Department of Oncology, Chongqing General Hospital, Chongqing University, Chongqing 401147, China
5Department of Radiation Oncology and Shandong Provincial Key Laboratory of Radiation Oncology, Shandong Cancer Hospital and Institute, Shandong First Medical University and Shandong Academy of Medical Sciences, Jinan, Shandong 250117, China
6Independent Researcher, Victoria, British Columbia, V8V 1P7, Canada
7Department of Pharmacology and NUS Centre for Cancer Research (N2CR) Yong Loo Lin School of Medicine, National University of Singapore, Singapore 117600, Singapore
8Translational Medicine Center, Zibo Central Hospital Affiliated to Binzhou Medical university, Zibo, China
9Department of General Medicine, the 2nd Affiliated Hospital of Harbin Medical University, Harbin 150081, China








#authors contributed equally to this work
*Correspondence: 
Shijian Liu. Department of General Medicine, the 2nd Affiliated Hospital of Harbin Medical University, No. 246 Xuefu Road, Harbin 150081, China. Email: liushijian@hrbmu.edu.cn

Peiqing Zhao. Translational Medicine Center, Zibo Central Hospital Affiliated to Binzhou Medical university, No. 54 Communist Youth League Road, Zibo, China. Email: bzjzzpq@163.com

Gautam Sethi, Department of Pharmacology and NUS Centre for Cancer Research (N2CR) Yong Loo Lin School of Medicine, National University of Singapore, Singapore 117600, Singapore. Email: phcgs@nus.edu.sg
1. Models for immunotherapy study
While the mechanisms of anti-cancer immunity are well-documented, a detailed understanding of the underlying processes and validation of findings require appropriate models in cancer immunotherapy. These models are categorized into four main types: in silico, in vitro, ex vivo, and in vivo. The development of such models has been beneficial in improving the understanding of cancer immunotherapy.
The specific aspects of immune response can be studied using in vitro models. The co-culture of immune cells and tumor cells including dendritic cells (DCs) and T cells can be employed to evaluate the cellular interactions, antigen presentation and T-cell cytotoxicity. Advanced approaches including patient-derived organoids grown in 3D or specialized cell lines, replicate the TME, including oxygen gradients and extracellular matrix (ECM) components, that are beneficial in understanding the concept of immune system. Microfluidic devices, or organ-on-a-chip systems, simulate dynamic immune-tumor interactions under realistic flow conditions. Ex vivo models, such as tumor explants or patient tissue slices, preserve the natural architecture (framework) and immune components of tumors, enabling short-term therapy assessments in a controlled environment. These models serve as a bridge between in vitro and in vivo studies. In vivo models allow the study of cancer immunity and immunotherapy at a systemic level with providing more reliable results and insights. Syngeneic mouse models, involving murine tumor cells in immunocompetent hosts, are widely employed to evaluate checkpoint inhibitors and cytokine therapies. Genetically engineered mouse models (GEMMs) introduce oncogenic mutations in immune-competent systems to mimic human tumor progression, while humanized mice and patient-derived xenograft (PDX) models combine human tumors and immune cells to study human-specific immune responses. In silico models use mathematical frameworks and artificial intelligence (AI) to simulate tumor-immune interactions and predict the therapy outcomes. These computational approaches include agent-based models, ordinary differential equation (ODE) systems, and network-based simulations of pathways, suggesting insights into personalized treatment strategies. Integrative approaches combining in vitro, in vivo, ex vivo, and in silico models are increasingly employed to refine immunotherapy methods and enhance their clinical relevance. Table S1 provides a summary of the different types of models used in cancer immunotherapy research. 

Table S1: The developed models for cancer immunotherapy evaluation.
	Model 
	Origin
	Tumor heterogeneity 
	Advantages
	Disadvantages
	Further reading

	In vitro
	Cultured cell lines
	Low
	Adjusted environment
High-throughput screening
Ease of manipulation of conditions and variables
	Lack of full TME complexity and considering the complicated interactions among the cells, lack of exact replicating of the environment
Lack of fully replicating systemic interactions.
	[1-11]

	3D tumor organoids
	Obtained from patient biopsy or cancer cell lines
	High (providing a good representation of tumor architecture, stromal components and heterogeneity)
	Mimicking in vivo tumor microenvironment.
Providing patient-specific features.
Investigating drug response and immune interactions in 3D
	Requiring specialized techniques
Lack of ability to fully simulate systemic immune responses.
Poor affordability
	

	Microfluidic chips
	Application of microfluidic technology 
	Moderate (simulating tissue architecture and flow along with limited heterogeneity resemblance)
	Real-time monitoring of tumor-immune interactions
High precision and control over variables
Mimicking blood flow dynamics
	High cost and technical complexity
Restricted tumor complexity
Limitations in scaling for high-throughput screening
	

	Syngeneic mouse models
	Tumor cells from mouse models implanted into immunocompetent mice
	Low (driven from murine tumor models and does provide the diversity of human tumors)
	Immunocompetent mice allow studying immune response
Standardized models with known genetics
Beneficial for understanding the immune checkpoint inhibitor and cytokine functions
	Restricted human tumor representation
Lack of effective mimicking immune responses
Low affordability

	

	Humanized mouse models
	Immunodeficient mice engrafted with human immune cells and tissues
	Moderate (providing a better human-like immune reactions to cancer cells)
	Understanding certain immune responses and providing targeted therapies
Modelling immune checkpoint inhibitors
	Low affordability
Restricted immune system development in mice
Graft-versus-host disease (GVHD) can complicate results
	

	Patient-derived xenografts (PDX)
	Human tumor tissue implanted into immunocompromised mice
	High (mimicking tumor heterogeneity and TME)
	Providing a good view of human tumor biology
Providing tumor complexity
Personalized investigation of therapies
	Limited immune system reactions due to the compromised immune system and is not proper for understanding the immune interactions
	

	Genetically engineered mouse
	Genetically modified mice with tumor-driving mutations
	High
	Mimicking process of cancer progression and understanding specific mutations 
	Restricted to certain mutations
Lack of fully replicating tumor heterogeneity
	

	Ex vivo tumor explants
	Freshly obtained tumor tissue from patients
	Moderate (providing tumor architecture and immune components)
	Retaining natural immune-tumor interactions
Lack of requirement for long-term animal studies
	Short-term study limits the study duration and restricted potential in providing systemic immune reactions
	

	Agent-based models
	Computational model, typically based on known biological data
	High (modelling tumor cell interactions with immune components)
	Stimulating complicated interactions in silico and analysing tumor growth, evasion and therapeutic outcomes
	Extensive computational expertise
	

	Mathematical methods
	Computational models based on differential equations or network analysis
	High (providing immune dynamics)
	Prediction of therapeutic strategies and evaluating long-term outcomes
	Oversimplifying complicated biological interactions and requirement of high quality input data 
	

	Artifical intelligence and machine learning models
	Data-driven computational approach using clinical and molecular data
	Moderate (predicting tumor behaviour and responses) 
	High potential for personalized therapy prediction
Development of patterns based on patient data
	Requirement of high quality input data
Risk of overfitting or bias in studies
Problems in interpretation of “black-box” results
	

	Final points to be considered
	The application of in vitro models can provide an adjusted environment for highlighting the immune-cell interactions and tumor antigen presentations, but the complicated nature of tumor microenvironment has been neglected. In vivo models, such as syngeneic mice and humanized mice provide an organism for understanding the immune responses in a systemic way, but they have been failed in providing human-specific tumor heterogeneity and immune interactions. The ex vivo models including tumor explants have offered reliable tumor responses with patient-specific features, but they are restricted to short-term study durations. The computational models also suggest powerful tools for the evaluation of therapeutic responses, but they require high quality data and lack tumor complexity consideration.




Figure S1 highlights the function of vaccines in cancer immunotherapy that is provided here.
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Figure S1: A schematic representation of vaccines in the cancer immunotherapy. There are four kinds of vaccines using for the induction of anti-cancer immunity. Regardless of their type, these vaccines can function through the regulation of APC cells and their interaction with T cells to suppress distant tumor [12]. These vaccines can significantly improve the interaction of T cells with APC cells through TCR-HLA-I interaction to suppress tumors at the primary and secondary sites. The mechanism of action of vaccines is of importance that in the first phase, the tumor antigen is engulfed by APCs including DCs that further migrate to the lymph nodes. Then, the mature DCs interact with T cells through MHC-I and MHC-II to induce the T cell responses. Then, the population of CD8+ T and CD4+ T cells increases that accumulate in the tumor site for the interaction with the tumor cells and the generation of effector cytokines in cancer immunotherapy [13]. (Created by Biorender.com)

2. [bookmark: _Toc184406943]Biomarkers of cancer immunotherapy
The application of ICB has been confirmed in the clinical level; however, ICB has been shown to be beneficial for the treatment of some patients, providing the insight for the development of predictive biomarkers. Since immunotherapy has been introduced as an interesting and alternative method in tumor suppression, development of biomarkers can successfully predict the results and employ immunotherapy in competent patients. The patient’s screening and classification can be provided by biomarkers, further identifying the patients benefiting from therapy and increasing effective therapy with reducing the risk of inappropriate interventions. PD-L1 has been first used as a biomarker for pembrolizumab, possesses limitations as a prognostic marker owing to its stimulation by interferon and several immunological pathways throughout the therapy. Acquired resistance to anti-PD-1 has been associated with the mutations in interferon and antigen presentation pathways as markers of relapse. Further research has shown additional mutations and immunosuppressive chemicals connected to the poor prognosis, whereas factors such as T-cell inflammatory gene expression patterns and somatic copy number variants are associated with the positive prognoses in patients treated with ICIs. Hence, biomarker analysis is advantageous for understanding individualized ICI prescriptions [14]. Neoantigens are special to the cancer cells employed by T cells, rendering them as biomarkers for the anti-PD-1 and anti-CTLA-4 therapies. Such proteins results from nonsynonymous mutations throughout the tumor growth, modifying the amino acid sequences and generate tumor-specific aberrant proteins. Such proteins are able to induce immune system to provide a reaction against neoplastic cells. The neoantigen-driven immune system can be increased in cases demonstrating high binding affinity for MHC molecules. Nonetheless, evaluating neoantigen quality, defined as their capacity to stimulate immunological activation is still a challenge. The novel techniques for neoantigen identification, known as epitope discovery, including the detection of exon mutations and the execution of MHC binding tests to evaluate candidates, or the direct isolation of neoantigens using TCR sequencing of tumor-reactive T cells have been introduced [15]. The changes in PD-L1 levels have been examined using RNA and protein evaluations of extracellular vesicle indicators linked to ICI response [16]. A research evaluating PD-L1 mRNA expression in plasma-derived extracellular vesicles for monitoring therapeutic results in melanoma and NSCLC demonstrated that patients with partial or complete responses showed reduced PD-L1 levels, while non-responders exhibited elevated EV PD-L1 expression post-ICI treatment [17]. The pre-treatment plasma EV PD-L1 protein concentrations were significantly enhanced in metastatic melanoma patients who exhibited no response to ICI [18, 19]. In contrast, upregulated EV PD-L1 levels in the initial phases of immunotherapy were demonstrated by Chen et al. to predict improved response rates in melanoma patients [18, 20]. YTHDF1 has been identified as a potential pan-cancer biomarker for prognostic evaluation and immunotherapy. Its expression correlates with prognosis, immune checkpoint expression, tumor mutational load, and immune cell infiltration in the different malignancies, demonstrating its value in predicting the patient outcomes and informing immunotherapy methods [21]. PSME2 has been demonstrated as a possible biomarker for M1 macrophage infiltration in pan-cancer and its function in inhibiting malignant phenotypes of osteosarcoma. The expression of PSME2 correlated with M1 macrophage infiltration, exhibited prognostic significance in several malignancies, and suppressed osteosarcoma cells [22]. FAM110A has been considered as a predictive and immunological biomarker in the human malignancies. FAM110A expression is associated with prognosis, immune cell infiltration, and responses to immunotherapy [23]. A thorough pan-cancer investigation identified NUSAP1 as a new biomarker for prognostic prediction and immunotherapy response. The expression of NUSAP1 was correlated with prognosis, immune cell infiltration, and immunotherapy results in several malignancies [24]. Therefore, advances in the field of biology have been beneficial in improving the prediction of immunotherapy response in patients. More accurate biomarkers can be developed using a signature of reliable biomarkers.
3. Oncolytic virus therapy
The growing evidence has concentrated on exploring the potential of OVs in the area of cancer immunotherapy [25-32]. An OV has been designed to express the CRISPR/Cas9 system targeting PD-L1 for tumor suppression, enhancing the cancer immunotherapy, and decreasing the PD-L1 levels. Such OV has been utilized against melanoma, pancreatic cancer, liver tumors, and glioblastoma. The OVs can attach to the T cells and enhance their transfer to the cancer cells. Moreover, the significant accumulation in the melanoma was observed, and a 50% reduction in PD-L1 expression was detected, leading to an 80% enhancement in the survival rate over 70 days [33]. OVs can be engineered with the present tumor-unrelated bystander T cell epitopes that can be recognized by T cells. This OV was assessed in relation to several types of cancers, such as melanoma, lung cancer, and colorectal cancer. The virus successfully directed the existing bystander T cells to the TME for tumor eradication. This approach has been proven advantageous in triggering a phenomenon known as epitope spread, where immune cells become activated to target a wider array of tumor-specific antigens in cancer immunotherapy. This virus has a combined effect with ICBs [34]. The epitopes from viruses such as SARS-CoV-2 can be used to enhance immune responses. In a new strategy for colorectal tumor therapy, the OV has been adjusted with T cell engagers conencting T cells and tumor cells, facilitating their close interaction and activating T cells. This OV successfully prompted both CD4+ and CD8+ T cells to deliver strong anti-cancer immune responses. This treatment demonstrated encouraging outcomes in both syngeneic and xenograft models. The role of OV was connected to enhancing the delivery and retention of T cell engagers within the TME, and this treatment showed an abscopal effect [35]. So far, the different types of OVs have been developed for cancer immunotherapy, such as T-VEC (talimogene laherparepvec) [36-38], OV-related PD-L1 inhibitor [39], CF33 [40], miR-CVB3 [41] and CD17 [42], among others.
To enhance the role of OVs in the cancer immunotherapy, several strategies have been introduced. One of them involves the integration of OVs with ferroptosis inducers. A recombinant vaccinia virus expressing GM-CSF to stimulate the immune system was paired with erastin, a small molecule that inhibits the Xc- cystine/glutamate antiporter, to promote ROS accumulation and facilitate ferroptosis. This combination has been investigated for various tumors such as hepatoma, colon, and ovarian tumors, as well as in a mouse model of liver cancer. This combination of OV and erastin enhanced anti-cancer immune responses and stimulated cell death. Moreover, the infiltration of CD8+ T cells into the TME was enhanced. In mouse models, a reduction in growth and enhanced survival were demonstrated [43]. Another research employed OV expressing GM-CSF combined with vanadyl sulfate to modulate the immune system in melanoma. This combination increased anti-cancer efficacy relative to monotherapy and elevated the levels of pro-inflammatory cytokines (TNF-α, IL-6) and chemokines (CXCL10, CCL5) in the TME. These molecules are essential for recruiting and activating immune cells in cancer immunotherapy. The combined therapy proved to be beneficial in enhancing the infiltration of immune cells, including neutrophils, macrophages, and CD8+ T cells (cytotoxic T cells), into the TME for cancer immunotherapy [44].
Moreover, chimeric viruses have been developed using elements from two viruses, known as vesicular stomatitis virus and Newcastle disease virus. The chimeric virus preserved the functionality of both viruses, exhibiting strong oncolytic effects to suppress the hepatocellular carcinoma progression and reduce the negative impacts. There was a decrease in neurotoxicity and hepatotoxicity, accompanied by the promotion of immunogenic cell death [45]. The OV expressing IRF2 was developed for the cancer immunotherapy. IRF2 expression can diminish the levels of inhibitory ligands, enhancing their sensitivity to T cell function. Moreover, it elevates the levels of MHC molecules to enhance T cell activity [46]. The pairing of OV with PD-1 inhibition has demonstrated significant potential [47] and beyond T cells, OV treatment can influence various types of immune cells such as NK cells [48]. The OVs may also be associated with the induction of immunogenic cell death [49]. In general, the OVs follow three primary pathways to induce immunogenic cell death. The initial step involves the removal of cancer cells that then release TAAs and DAMPs. In different terms, OVs include PAMPs to regulate immune responses. In the final approach, OVs regulate cancer cells to boost their responsiveness to immune attacks by increasing the levels of MHC molecules or co-stimulatory molecules. Consequently, the OV-induced immunogenic cell death leads to the stimulation of DCs, alongside the priming and activation of T cells, which disrupts immune evasion.
Regarding the aforementioned discussions, the use of OVs is strongly recommended for the cancer immunotherapy. OVs are also advantageous for suppressing the tumor formation in cases of drug-resistant phenotypes [50]. In an attempt, a BiTE was utilized with an oncolytic herpes simplex virus type 1 (oHSV). The virus can inhibit and eliminate cancer cells, whereas BiTE binds to CD3 on T cells and Claudin18.2 on pancreatic tumor to induce T cells. Claudin18.2 is expressed in several tumor cells, including those in the pancreatic cancer, thereby making it an appropriate target for cancer treatment [51]. The OVs can be designed to generate the different types of proteins such as PH-20, IL-12, and sPD1-Fc used for treating melanoma and breast cancer. This OV enhances the ability to eliminate cancer and encourages the infiltration of CD8+ T and NK cells [52]. Alongside the fundamental research evaluating the OV-based therapies [53-56], there is proof of clinical investigation. A clinical trial has employed T-VEC for treating melanoma. It was a phase II clinical trial involving 60 melanoma patients who were administered with T-VEC injections. In 98.3% of cancer patients, T-VEC DNA was found, with detection in urine for 31.7% of the patients and swabs from injected lesions showing 100% positivity. Though it occurs less often, T-VEC may be present on the surface of dressings, oral mucosa, and the anogenital region. Throughout the safety follow-up phase, T-VEC DNA was exclusively found on swabs taken from treated lesions (14% of patients). T-VEC is located at the injection site and can be detected in the bloodstream. The shedding of T-VEC is limited, and the risk of T-VEC transmission to nearby individuals is low. This study demonstrates a favorable safety profile for T-VEC, enabling its use in clinical research with restricted shedding and transmission [57]. 
4. Adoptive T cell therapy
NK cells represent a possible substitute for the universal cellular immunotherapy [58]. Selecting the appropriate subset of human T cells for the gene introduction and identifying suitable antigenic targets for the modified TCRs or CARs are two crucial factors when employing genetically altered cells for anticancer ACT. Preclinical studies using animal models indicate that transducing T cells during their early differentiation stages, such as naive or central memory cells, improves antitumor responses [59]. Monkey studies support this observation by demonstrating that central memory cells are more enduring in vivo compared to effector memory cells [60]. After the progression from naïve T cells to the central and effector memory populations, CD8+ T cells can be categorized into multiple memory subsets based on their differentiation statuses [61]. Although acquiring antitumor properties such as lysing target cells and generating interferon-γ, CD8+ T lymphocytes paradoxically lose their effectiveness against tumors [62]. A negative relationship exists between the differentiation status of CD8+ T cells and their proliferation and persistence abilities [62-64]. These results carry significant practical consequences since ACT research has demonstrated a positive link between younger T cells and clinical results [65]. CD8+ T cells can obtain a stem cell-like state similar to that of stem cells in the different organ systems, enabling clonal repopulation. These cells express a gene program accelerating the proliferation and differentiation of human T memory stem cells into different subsets of T cells [66, 67]. While ACT has demonstrated encouraging outcomes for the hematological cancers in pediatric oncology, its application in solid tumors remains at a preliminary phase [68-71]. Several factors lead to its lack of effectiveness: (1) an immunosuppressive TME comprised of Tregs, TAMs, and MDSCs, along with their own immunosuppressive agents [72, 73]; (2) a scarcity of tumor neoantigens or suppressed tumor antigen presentation [74, 75]; (3) a minimal tumor mutational burden [76, 77]; and (4) inadequate immune cell movement to the tumor site [78-80].
DCs and immunological effector cells can both participate in ACT. DCs are typically used as vaccine carriers or APCs to stimulate naïve T lymphocytes [81]. The original cells employed for ACT were CTLs and NK cells, which are essential for the body's natural anti-tumor immune response. Especially in B cell leukemia and lymphoma, ACT has shown significant effectiveness over the last 20 years [82, 83]. In 1988, a significant study by Rosenberg and his team at the NIH effectively utilized TILs to treat 20 patients suffering from metastatic melanoma [84]. Metastatic melanoma [85-88], renal cell carcinoma [89, 90], nasopharyngeal cancer [91], gastric cancer [92], hepatocellular carcinoma [93], and lung cancer [94] are handful few of solid tumors that have demonstrated promising progress since that time [81].
Another strategy, checkpoint inhibitors, appears to be effective in reversing CAR T cell inhibition and improving persistence [95-98]. Tisagenlecleucel (KymriahTM), the inaugural CAR T therapy approved by the FDA, originated from a multicenter study involving 75 patients, both adults and children, affected by ALL that had recurred or proved resistant to earlier therapies [99]. Among 75 individuals, 73% (55 patients) experienced grade 3 or 4 adverse events linked to tisagenlecleucel, with 21% showing grade 3 CRS and 25% exhibiting grade 4 CRS. For the management of CRS, 47% (35 patients) had to be hospitalized in ICU. On August 30, 2017, the FDA approved the use of tisagenlecleucel for patients aged 25 years or younger with resistant B cell precursor ALL or those undergoing a second or later relapse, based on these findings. The FDA later granted approval on May 1, 2018, for use in treating large B-cell lymphomas that have either relapsed or demonstrated resistance to the previous treatments, including high-grade B-cell lymphomas, diffuse large B-cell lymphomas derived from follicular lymphomas, and DLBCL that has advanced after two or more systemic treatment lines, based on findings from the multicenter JULIET trial [100]. In this study, 92 patients were assessed, yielding the highest overall response rate of 52%, including 40% CR and 12% PR. Nonetheless, 63% of the patients indicated adverse effects that could be associated with tisagenlecleucel, grade 3 or 4 [99].
Patients received a second dose of lymphokine-activated killer (LAK) cells, which were generated by briefly activating leukapheresis products with IL-2 in vitro for several days or overnight. The majority of these LAK cells comprised of T cells, whereas effector NK cells were found in the minimal quantities. Given that NK cells represent only 10–20% of lymphocytes in the peripheral blood, this short stimulation was not adequate to provoke their significant growth and activation. An alternative strategy involved the in vivo induction of NK cells through the direct administration of high doses of IL-2 to the patients, but this approach had significant adverse impacts [101]. It is better to activate NK cells ex vivo with other cytokines instead of IL-2, as the latter can trigger Tregs [102, 103]. The recent findings indicate that short exposure to cytokines such as IL-12, IL-15, and IL-18 stimulates NK cells, prompting them to generate CD25, the low-affinity alpha chain of the IL-2 receptor [104]. Immunotherapy utilizing NK cells that have been pre-activated with cytokine combinations has been proposed as a promising novel treatment strategy due to this. Innovative stimulatory factors, enhanced comprehension of NK cell biology, and technological progress have all exerted a role in the emergence of advanced clinical trial designs. As previously elaborated extensively, NK cell therapy is a rapidly expanding field worldwide, featuring numerous pioneering approaches currently being developed or undergoing clinical trials [105-107]. Significantly, clinical research has concentrated on utilizing NK cells as a potential method in adoptive cell immunotherapy.
Various treatment strategies have been introduced with both benefits and drawbacks. The combinatorial methods are selected when the limitations of these options cannot be addressed [108]. However, numerous transformation strategies exist, and discovering the most effective one requires real-world testing. To alter the immunosuppressive TME and diminish the off-target effects of CAR cells, investigating the combination of CAR cell therapy with photoacoustic therapy or nanoengineering is valuable [109-111]. Using light or ultrasound directly on the tumor stimulates CAR cells, while these methods have minimal impacts on the surrounding healthy tissue. Another approach that has demonstrated potential in combination therapy is utilizing drug-loaded nanoparticles to enhance the anti-tumor efficacy of CAR-T cells [112]. Furthermore, studies have shown that CAR-T cells can modify their metabolic pathways and improve interactions with the immune system, leading to the prolonged antigen distribution following vaccination prompts [113]. Both the production of IFN-γ by CAR-T cells and IL-12 by DCs is essential for the dissemination of antigens. Antigen heterogeneity in solid tumors can be efficiently addressed by integrating vaccinations with CAR-T cell therapy. Multimodal therapies may prove to be more effective than individual treatment approaches [108]. Negative outcomes remain a significant obstacle in many trials, despite the effectiveness of ACT being established. The generation of MART-1 in healthy cells resulted in considerable damage to the normal organs, such as melanocytic cells within the skin, eyes, and inner ears, in patients receiving high-affinity TCR-T cells aimed at gp100 or MART-1 [114]. Because of CEA expression in healthy colonic tissue, patients treated with TCR-T cells aimed at CEA in metastatic colorectal cancer experienced significant inflammatory colitis [115]. Two patients experienced leukoencephalopathy [116], while three others experienced neurological issues following the administration of MAGE-A3-specific TCR-T cells. CAR-T CRES and off-tumor effects are among the side effects of CAR-T therapy that are similar to those observed in TCR-T therapy. Moreover, CRS constitutes the majority of adverse effects associated with CAR-T therapy [117-120]. The lymphodepleting chemotherapy-related side effects indicated in the TIL section are part of the toxicities associated with CAR therapy, alongside CRS, CRES, and autoimmune responses. The most frequent side effect is CRF, which typically presents with moderate flu-like symptoms such as fever, tiredness, headache, increased heart rate (tachycardia), and muscle discomfort (myalgias). In some individuals with CRS, severe symptoms resembling sepsis such as vascular leakage, low blood pressure, rash, pulmonary edema, systemic coagulopathy, and multi-organ failure can manifest rapidly [121]. The cancer risk score correlates with the tumor burden [122]. Most toxicities, classified as grade 1-2, can be effectively managed [120]. Further clinical research is required to confirm the identified predictive biomarkers for CRS, comprising the amount of CAR-T cells infused, disease burden, and prior endothelium activation [123, 124].
Another factor restricting the effectiveness of CAR T cell therapy in treating solid tumors is the capacity of the cells to infiltrate the tumor and eliminate target cells amid the immunosuppressive TME [125-127]. Stromal cells and the ECM develop a barrier in the TME, hindering CAR T cells from accessing tumor cells [125, 128]. Additionally, the effector function of CAR T cells is suppressed by the accumulation of immunosuppressive cells in the surrounding environment. Tregs and various tumor-infiltrating immune cells produce inhibitory cytokines and decrease IL-2 levels, developing an TME for CAR T cells [125, 129, 130]. The level of antigen expression in healthy tissues influences the ability of CARs to identify normal cells, potentially causing off-tumor targeting of the intended antigen. This is due to the fact that CARs are designed to focus on specific antigens. Researchers are presently focusing on methods to adjust CAR affinity to detect tumor cells that have a high antigen density while disregarding normal cells with a low antigen density [131, 132]. A factor that may limit the effectiveness of treatment is antigen escape, occurring when the antigen is either reduced or eliminated on cancer cells due to mutation or downregulation [133]. Antigen escape can worsen disease resistance and the return of symptoms following CAR T cell therapy. Finally, inhibitory immune cells and cytokines within the TME can result in T cell reduction and mortality, particularly in solid tumors [134-136].
5. Immune checkpoint inhibitors
By enhancing the quantity and activity of CD8+ T cells, inhibiting PD-1 facilitates the eradication of tumors [137]. o reactivate fatigued CD8+ effector cells, it is essential to inhibit the PD-1 [138]. This will diminish the PD-1-mediated decrease of proximal TCR signaling. Even when PD-L1 is consistently found in the TME, this approach enables the restoration of exhausted T cells, resulting in a robust immune response [139]. Tumors that have triggered an internal T cell response are more sensitive to PD-1 blockade. Additionally, TILs are not essential for the elimination of tumors in PD-L1-negative cancers [140]. After PD-1 blockade, the fraction of CXCR5+PD-1+ CD8+ T cells undergoes significant proliferation, since anti-PD-1 therapy consistently promotes the growth of PD-1+ CD8+ T cells [137, 141]. The induction of PD-1 significantly diminishes the signaling of TCR, CD28 co-stimulatory, and ICOS [142-144]. When PD-1 interacts with its ligand PD-L1, it undergoes phosphorylation by the protein tyrosine kinase Lck. This phosphorylation subsequently enables the recruitment of the tyrosine phosphatase Shp2, which is also referred to as Src homologous phosphatase 2. This process suppresses T cell-related signaling by resulting in the dephosphorylation of TCR and CD28 [145-148]. The intramembrane motif of PD-1 remains unphosphorylated by lymphocyte-specific protein tyrosine kinase (Lck) when PD-1/PD-L1 immune checkpoint inhibitors are utilized, inhibiting Shp2 recruitment. This results in heightened T cell proliferation and differentiation by preventing the dephosphorylation of TCR and CD28, which subsequently aids the efficient delivery of activation signals to downstream proteins and pathways. The T cells' immunological function is then restored [149]. Noteworthy, some tumor cells not only express PD-1 that is independent of adaptive immunity, but they can also promote tumor growth on their own. PD-1 checkpoint drugs can restrict tumor growth by inhibiting the interaction between intrinsic PD-1 and PD-L1 [150-152]. The growing evidence has focused on the use of PD-1 inhibitors and modulators in treating patients [153-159]. Research has aimed to understand the role of itacitinib as a JAK1 inhibitor and pembrolizumab as an anti-PD-1 antibody in lung cancer therapy. This phase II clinical trial targeted patients exhibiting a PD-L1 expression level exceeding 50%. This combination treatment resulted in a 67% response rate and decreased the tumor size. The itacitinib enhanced immune function in patients who did not show significant responses to pembrolizumab alone. Consequently, reducing JAK activity can enhance the effectiveness of PD-1 inhibition in cancer immunotherapy. Itacitinib proved advantageous for balancing T cells and increasing their quantity [160].
Tislelizumab, an antibody that targets PD-1, has also been utilized in the therapy of solid tumors. This phase IA/IB clinical trial demonstrated the therapy's tolerability, with mild to moderate adverse effects (grade 1-2). The typical side effects include fatigue, nausea, and reduced appetite. In the Phase IA segment, 18% of patients attained a validated objective response. In the Phase IB segment, 12% of patients attained a verified objective response [161]. A combination of Belapectin (GR-MD-02) and Pembrolizumab has additionally been employed for melanoma and head and neck cancer (HNSCC) treatment in a phase I clinical trial. Significantly, the combination was linked to a reduced incidence of immune-related adverse events compared to those generally observed with pembrolizumab alone. Moreover, there was an objective response rate of 50% for melanoma patients and 33% for those with HNSCC. The generation of effector memory T cells rose, while the levels of M-MDSCs decreased. Elevated baseline levels of Gal-3+ tumor cells and PD-1+CD8+ T cells were associated with response, along with greater serum trough concentrations of pembrolizumab [162]. The use of Lenvatinib alongside anti-PD-1 antibodies was beneficial in the treatment of hepatocellular carcinoma. A phase II clinical trial showed that 39.3% of patients who were treated with the combination therapy could proceed with surgery afterward. Of the patients who had surgery, 38.1% reached a pathological complete response (pCR). The 12-month RFS was 47.6%, and the combination enhanced the infiltration of CD8+ T cells [163]. Tables S2 and S3 provide a summary of the vaccines, ACT, and additional options for cancer immunotherapy.
Table S2: A summary of the clinical studies using vaccines in cancer therapy.
	Cancer
	Type of vaccine
	Outcome
	Ref

	Cervical cancer, primarily caused by Human Papillomavirus (HPV) types 16 and 18
	HPV-16/18 AS04-adjuvanted vaccine (Cervarix)
	Strong anti-cancer immune responses with 100% seropositivity after one month of third dose
Well-tolerated vaccine
	[164]

	Colorectal tumor
	Guadecitabine, a DNA methyltransferase inhibitor
GVAX, a granulocyte-macrophage colony-stimulating factor (GM-CSF) secreting colon cancer vaccine
	Highlighting the safety and efficacy of this combinational regimen
Well-tolerated regimen
No significant enhancement in the levels of CD45RO+ T cells, highlighting the fact that combination therapy does not affect the immune interactions
	[165]

	Prostate cancer
	GX301
	Phase II clinical trial
Activation of immune responses
No significant improvement in the overall survival of patients
	[166]

	Prostate cancer
	Ipilimumab
Poxviral vaccine
	Phase I clinical trial for understanding the efficacy of this combination
Mild-moderate adverse impacts
Stimulation of PSA-specific T cell responses in some patients
Some patients demonstrated reduction in PSA levels, highlighting anti-cancer activity 
	[167]

	Gastric cancer
	IMU-131 as a B-cell epitope vaccine
	Mild adverse impacts
Induction of immune responses in a dose-dependent manner
A number of patients demonstrated tumor shrinkage or disease stabilization
	[168]

	Ovarian cancer
	p53 vaccine
Gemcitabine chemotherapy
	Phase I clinical trial
Stimulation of p53-specific T cell responses to induce immune system
Improving outcomes in some patients
A number of patients demonstrated tumor shrinkage or disease stabilization
	[169]

	Gastrointestinal tumors
	Tumor-specific CTL therapy
	Out of 38 enrolled patients, 6 had a complete response, and 18 had a partial response
Improvement in performance status
	[170]

	Gastric cancer
	BVAC-B
	Phase I clinical trial
Lack of dose-limiting toxicity
Stimulation of immune cells such as T cells
	[171]

	Advanced/metastatic solid tumors
	Shared neoantigen vaccine
Immune checkpoint inhibitors (ipilimumab and nivolumab)
	Phase I clinical trial
Presence of dose-limiting toxicity
Stimulation of T cell responses
	[172]

	Breast cancer
	Autologous GM-CSF-secreting breast cancer vaccine
	Harvesting the cancer cells from patients and the development of vaccine
Well-tolerated with mild adverse impacts
Stimulation of antibody and T cell responses
	[173]

	HER2-positive metastatic breast cancer
	Cyclophosphamide
Trastuzumab
Allogeneic GM-CSF-secreting breast tumor vaccine
	Safe and well-tolerated
The clinical benefit rates at 6 months and 1 year were 55% and 40%, respectively
The vaccine induced HER2-specific immune responses in some patients, including the development of polyfunctional CD8+ T cells
Median progression-free survival of 7 months
	[174]

	Ovarian cancer
	Durvalumab
TPIV200 vaccine affecting FRα
	Phase II clinical trial
Well-tolerated
Induction of FRα-specific T cell responses in all patients
Stable disease in a number of patients
Median overall survival of 21 months
	[175]



Table S3: The clinical application of adoptive cell therapy and immune checkpoint inhibitors in cancer immunotherapy.
	Cancer
	Therapeutic compound
	Remark
	Reference

	Renal cell carcinoma
	Immunotherapy with lymphokine-activated killer (LAK) cells and recombinant interleukin-2 (rIL-2)
	The current therapy is based on the application of NK cells from patients and reinfusion for the induction of immune system
	[176]

	Hematological malignancies
	Purified NK cells
	Separation of NK cells from other immune cells and using for controlling cancer relapse
A phase II clinical trial
	[177]

	Liver cancer
	Irreversible electroporation
Allogeneic NK cells
	Evaluating safety and short-term clinical outcomes
	[178]

	Canine sarcoma
	Radiotherapy
NK cell therapy
	Radiotherapy can improve potential of NK cells in cancer therapy
Evaluating safety and visibility
	[179]

	Hepatocellular carcinoma
	Autologous NK cells
	Collecting the patient's own (autologous) iNKT cells, which are a specialized subset of T cells with properties of both T cells and NK cells
Phase I clinical trial
Lack of dose-associated toxicity
Increasing number of iNKT cells and demonstrating a T-heper 1 (Th1) cytokine profile
	[180]

	Leukaemia
	NK cell therapy
	Increased NK cell density in the bone marrow after adoptive transfer and improving leukemia
Improving leukemia-free survival
	[181]

	Leukemia
	NK cells from HLA-haploidentical donors
	Patients received fludarabine, cytarabine, and granulocyte colony-stimulating factor (FLAG) chemotherapy regimen before NK cell infusions
ORR at 28-30 days after the first infusion was 78.6%
CR rate was 50%
	[182]

	Relapsed/refractory acute myeloid leukemia
	IL-2 to support NK cell therapy
N-803 as an IL-15 superagonist
	IL-15 promotes allogeneic NK cell rejection and therefore, application of N-803 decreases NK cell resistance
	[183]

	Hepatocellualr carcinoma
	5-fluorouracil (5-FU) and cisplatin
NK cells
	Phase I clinical trial with 15 participants having liver cancer
ORR was 60%
CR was 20%
Partial response was 40%
Disease control rate was 86.7%
Median progression-free survival was 10.3 months
Median OS was 41.6 months 
	[184]

	Metastatic breast cancer
	Activated NK cells
	Phase I clinical trial with 15 participants
Safe and well-tolerated
No dose-limiting toxicity
Increased number of NK cells
Improving immune reconstition
	[185]

	Multiple myeloma
	NK cells
	Phase I/II clinical trial involving 19 patients
No acute graft-versus-host disease (GvHD) or other serious adverse events related to NK cell infusions were reported.
Detection of NK cells in the peripheral blood up to 4 weeks after last infusion
Improvement in the activity of granzyme B as a marker of NK cells
	[186]

	Non-small cell lung cancer
	NK cells
	Randomized phase II clinical trial involving 45 patients
The NK cells were activated with a combination of TKD (a trispecific antibody) and IL-2
The NK cells were targeted to identify a membrane-bound form of heat shock protein 70 (mHsp70) expressed on tumor cells
	[187]

	Pancreatic cancer
	NK cell therapy
	This was a retrospective study involving 36 patients with unresectable stage III/IV pancreatic cancer
Median PFS and OS were 15.1 and 23.2 months
Decrease in the number of CTCs
Increased NK cell activity and T cells
	[188]

	Desmoid tumors
	Ipilimumab, an anti-CTLA-4 antibody
Nivolumab, an anti-PD-1 antibody
	Phase II clinical study
ORR of 33%
DCR of 83%
The median duration of response was not reached, suggesting that the responses were durable
	[189]

	Melanoma or breast cancer
	Regulating expression of CTLA-4 and GITR on the DCs
	Improving anti-cancer immune responses
	[190]

	Metastatic melanoma
	Ipilimumab, an anti-CTLA-4 antibody
Nivolumab, an anti-PD-1 antibody
	The patients with high tumor mutation burden demonstrate better response to combination immunotherapy
Reduction in ctDNA levels
	[191]

	Renal cell carcinoma
	Davoceticept (ALPN-202)
	Davoceticept is designed to activate T cells by engaging CD28, a key co-stimulatory receptor, but only when PD-L1 is present on tumor cells.
Dual suppression of PD-L1 and CTLA-4
Phase I clinical study
	[192]

	Adrenocortical carcinoma
	Ipilimumab, an anti-CTLA-4 antibody
Nivolumab, an anti-PD-1 antibody
	Phase II clinical study
Limited activity of this combination therapy
ORR of 10%
Disease control rate was 50%
PFS of 2.8 months
	[193]

	Non-small cell lung cancer
	Quavonlimab (MK-1308)
Pembrolizumab
	Phase I clinical study
The combination therapy was well-tolerated
ORR of 27.5-40%
PD-L1 expression and the total number of circulating CD4+ T cells were found to correlate with ORR
	[194]

	Melanoma
	CTLA-4 blockade
IFN-α
	Increasing pro-inflammatory environment and improving the expression of genes for increasing T cell recruitment
Improving overall survival
	[195]

	Melanoma and prostate cancer
	CTLA-4 blockade
Local chemotherapy
	The combination increased anti-cancer immune responses
Enhancement in the T cell infiltration
Stimulation of immunogenic cell death
	[196]

	Recurrent glioblastoma
	Ipilimumab, an anti-CTLA-4 antibody
Nivolumab, an anti-PD-1 antibody
	Mild to moderate side effects
Median OS of 67.1 weeks
Increasing immune cell infiltration in TME
	[197]

	Hepatocellular carcinoma
	Ipilimumab, an anti-CTLA-4 antibody
Nivolumab, an anti-PD-1 antibody
	A cohort of 5000 patients
Development of a model for evaluating the safety and efficacy of drugs
	[198]

	Angiosarcoma
	Ipilimumab, an anti-CTLA-4 antibody
Nivolumab, an anti-PD-1 antibody
	Phase II clinical study
ORR of 25%
DCR of 65%
	[199]

	Non-small cell lung cancer
	Cadonilimab, a bispecific antibody that simultaneously targets PD-1 and CTLA-4
	Mild to moderate side effects
ORR of 20.7%
DCR of 65.2%
DOR of 10.8 months
	[200]

	Melanoma, lung and bladder cancers
	NEO-PV-01
Anti-PD-1 therapy
	Phease Ib, open-label clinical trial
Stimulation of neoantigen-specific T cell reactions in patients
Tumor suppression
Stable disease in patients
	[201]

	Melanoma
	LAG-3
PD-1
	Blockade of LAG-3 and PD-1 in cancer immunotherapy
Increasing CD8+ T cells
	[202]

	Head and neck cancer
	Anti-PD-1 therapy
	A IPRICE study that utilized single-cell RNA sequencing for analysing TME
Understanding the impact of anti-PD-1 therapy on TME
	[203]

	Melanoma
	Ipilimumab in combination with nivolumab
	DCR of 33% for the combination therapy
OS of 55% for combination therapy
Improved outcomes in patients
 Several baseline biomarkers were associated with clinical outcomes, including lactate dehydrogenase (LDH) levels, tumor mutational burden (TMB), and the presence of certain immune cells in the TME
	[204]

	Small cell lung cancer
	PD-1/PD-L1 inhibitors
	Adding atezolizumab (a PD-L1 inhibitor) to chemotherapy significantly improved OS and PFS in patients
Similar findings were observed upon combination of chemotherapy withdurvalumab
	[205]

	Melanoma
	6MHP, a helper peptide vaccine
Pembrolizumab
	Phase I/II clinical study
Induction of T cell responses
ORR of 67% in PD-1 naïve patients
	[206]

	Colorectal cancer
	Anti-PD-1 therapy
COX inhibitors
	Phase II clinical study
A combination of camrelizumab and celecoxib was well-tolerated
ORR of 88.2%
DCR of 100%
Durable responses
	[207]

	Lung cancer
	Autologous iNKT cells
PD-1+CD8+ T cells
DCs
	Phase I/II clinical study
No dose-limiting toxicity
Enhancement in the levels of iNKT cells and their activation upon therapy
	[208]

	Melanoma
	Anti-PD-1 therapy
	Evaluating the response of metastases in the different regions of body including lymph nodes, skin, lung, liver, and brain
Response to immunotherapy relied on the metastasis location
Highest complete response was observed in lymph nodes and lung metastases
Lowest response was observed in liver and brain metastases
[bookmark: _GoBack]Lung metastases were more likely to progress early during treatment
Brain metastases often progressed later, even after initial response
	[209]

	Rectal cancer
	Tislelizumab
Chemotherapy using a combination of FOLFOX and CAPEOX
Radiotherapy therapy
	Phase II clinical study
Four cycles of CAPEOX
Standard long-course chemoradiation
pCR rate of 30%
The regimen was well-tolerated
Better response to therapy was found in the patients with expression of LRP1B
	[210]

	Non-small cell lung cancer
	Pembrolizumab
Chemotherapy
Irradiation
	A phase III clinical study providing the results about the combination of radiotherapy and standard chemotherapy
Radiation promotes the release of tumor antigens for improving the recognition by immune system
	[211]

	Refractory solid tumors
	Anlotinib
PD-1 inhibitor
	Phase II clinical study
Median OS of 16.8 months
DCR of 83.3%
ORR of 31.7%
	[212]

	Cervical cancer
	Balstilimab
	Phase II clinical study
ORR of 14.6%
Median duration of response of 13.8 months
DCR of 49.3%
Responses were seen in both squamous cell carcinoma and adenocarcinoma subtypes of cervical cancer
ORR was higher in patients with PD-L1-positive tumors (20.3%)
	[213]

	Sarcoma
	Pembrolizumab
Low-dose cyclophosphamide
	Phase II clinical study
PD-1 inhibition with pembrolizumab had limited activity in these sarcoma types. Only 3 out of 50 patients assessable for efficacy experienced tumor suppression
M2 macrophage infiltration
Upregulation of IDO in the tumors
	[214]

	Gastric cancer
	Toripalimab
	Phase Ib/II clinical study
Safe regimen
ORR of 12.1%
DCR of 39.7%
OS of 4.8 months
	[215]

	Non-small cell lung cancer
	Docetaxel
Ramucirumab
Pembrolizumab
	Phase II clinical study
The 6-month PFS rate was 45.6%
ORR of 26.5%
	[216]

	Triple-negative breast cancer
	Anti-PD-1 and anti-LAG-3 antibodies
	LAG-3 participates in immune evasion
A rapid increase in proliferating granzyme-B+ NK and T cells, including CD4+ T cells
Decrease in the levels of MDSCs
	[217]

	Solid tumors
	Personalized neoantigen vaccine
Anti-PD-1 therapy
	Phase I clinical study
Stimulation of neoantigen-specific T cell responses by vaccine
DCR of 58.3%
ORR of 16.7%
PFS of 3.4 months
OS of 14.2 months
	[218]

	Recurrent carcinoma of anal canal
	Pembrolizumab
	Mild to moderate side effects
ORR of 17%
DCR of 58%
	[219]

	Melanoma
	Personalized neoantigen vaccine
Anti-PD-1 therapy
	Analysing blood samples from 21 patients
Patients with a higher proportion of identical TCRs before treatment were more likely to have prolonged PFS
Increase in the number of T cells
Stable TCR
	[220]

	Solid tumors
	PD-1 blockade-activated multiple antigen-specific cellular therapy (aMASCT)
Apatinib
	Increase in the activity and levels of T cells
DCR of 76.2%
ORR of 23.8%
PFS of 5.7 months
OS of 15.4 months
Adding apatinib to the regimen did not significantly improve outcomes
	[221]




6. Cytokines and chemokines
The use of indomethacin alongside IL-2 or IFN-α reduced lung metastasis and enhanced the survival rate. Some mice experienced early deaths, thereby making researchers more wary of the side effects of this combination [222]. The use of both IFN-α and IFN-λ can have a synergistic effect in the cancer treatment and increase the levels of NK cells [223]. The combination of IFN-α2 and Rituximab for treating relapsed low-grade non-Hodgkin's lymphoma has been evaluated for its effectiveness. This combination therapy demonstrated a 70% overall response rate with a relapse mediation duration of 19 months [224]. The combination of IFN-α and TLR3 ligand (rintatolimod) has proven useful for immunotherapy in breast cancer and enhances CTL infiltration. Furthermore, it decreased the amounts of Treg cells and may accelerate the levels of CTLs via chemokines [225]. Merging IL-4-PE with IFN-α and IFN-γ enhances cell death in ovarian tumors, and this effect relies on the interferon signaling rather than the IL-4-PE pathway [226]. In an innovative approach, sensitized CD8+ T cells along with IFN-α/β were employed to inhibit the dissemination of lymphoma cells and enhance survival [227]. The IL-12 pre-treatment can enhance the activation of pathways by IFN-α, including the JAK/STAT axis, to exert anti-cancer effects. Moreover, this combination may prevent the progression and development of melanoma [228]. The antibody aimed at VEGFR2 can be combined with IFN-α to stimulate immune responses. This method can inhibit the progression of colorectal cancer and, by blocking the PI3K-AKT-GSK3β-snail pathway, reduces the spread of tumor cells. This combined treatment also enhanced the quantity and function of CD8+ T cells and DCs [229]. A phase I clinical trial has evaluated the safety and tolerability of a novel vaccine aimed at the CEA protein. This vaccine employs a "prime-boost" approach using two distinct viruses (vaccinia and fowlpox) altered to possess the CEA gene. The integration of vaccine with GM-CSF and IFNα-2b to enhance the efficacy of vaccine in cancer immunotherapy. The research involved 33 patients and enhanced T cell activity [230]. Consequently, growing evidence shows the role of IFNs in enhancing the effectiveness of cancer immunotherapy [231-236].
Collecting therapeutic levels in tumors is made difficult by the challenge of targeting cytokines. Antibody-cytokine conjugates combine the targeted nature of antibodies with the immune-boosting characteristics of cytokines, presenting a potential treatment. The conjugates also improve the pharmacokinetics and pharmacodynamics of the active ingredients. Diabodies constitute a novel class of antibodies developed via recombinant DNA technology; they are among the highlighted innovations. They are comprised of two VH domains and two VL domains, connected by a short linker that joins each VL domain of a scFv to a VH domain. This design leads to the developed of diabodies that have two antigen-binding sites positioned in reverse directions [237]. The utilization of cutting-edge protein engineering has led to the development of trispecific T/NK cell engagers, combining bispecific T/NK cell engagers with cytokines such as IL-2 and IL-15. The immunocytokine class includes diabody-fused cytokines ("diabody cytokines") and trispecific T/NK cell engagers, all of which have been evaluated in human clinical trials [238]. Cytokines affect immune reactions and have demonstrated potential in the cancer immunotherapy; however, systemic toxicity and short treatment durations have restricted their use. Immunocytokines were created to tackle these challenges. These instruments facilitate the exact targeting of immunomodulatory medications into TME by connecting cytokines with antibodies. This approach enhances the therapeutic ratio and minimizes systemic side effects. Different molecular designs and cytokine payloads have been assessed in both pre-clinical and clinical levels, with results showing that these approaches are more efficient and safer compared to the conventional cytokine therapies [239].
IFN-α has been widely employed in the cancer immunotherapy across numerous clinical and pre-clinical investigations. Small amounts of IL-2 and IFN-α could provide immunotherapy for kidney cancer. In 138 patients, IL-12 was administered through the subcutaneous injection in conjunction with IFN-α. The overall response rate was 10.9% and the median survival duration was 19.6 months. The therapy showed moderate side effects classified as grade 2, with a median survival of 65.1 months [240]. T lymphocytes triggered by antigens generate IL-2, a crucial signaling glycoprotein enhancing cell survival, expansion, and differentiation. The production of IL-2Rα (CD25), part of the high-affinity trimeric IL-2 receptor, occurs upon the activation of TCR and IL-2R. In this process, the importance of IL-2-mediated signaling is increased, proving to be more substantial in cytotoxic CD8+ T cells than in helper CD4+ T cells. Many investigations have been outperformed on IL-2-based immunotherapy for the treatment of cancer and autoimmune diseases due to the IL-2's diverse biological roles [241-247]. When encountered with an antigen, naive CD8+ T cells multiply and develop into effector cells and enduring memory cells [248]. Various co-stimulatory signals from APCs and cytokines secreted by CD4+ T cells impact this process, along with the related epigenetic changes [249]. Essential for maintaining a stable state of memory and effector cell differentiation and proliferation is the availability of IL-2 and its receptor on CD8+ T cells. After a viral infection, CD8+ T cells display different levels of IL-2Rα expression. Cells with minimal IL-2Rα expression promote the formation of memory cells by elevating the expression of IL-7Rα and CD62 ligand (CD62L) [250].
Conversely, cells exhibiting elevated IL-2Rα expression react more robustly to IL-2, acquire an effector cell phenotype via BLIMP1 induction, and undergo greater contraction compared to the cells with lower IL-2Rα expression levels. The variations in IL-2 signaling intensity affect effector and memory characteristics. Decreased antigen recognition, diminished cytokine secretion, and modified effector capabilities characterize CD8+ T cell exhaustion during extended viral infections and tumor responses [248, 251]. IL-2 has shown potential in the cancer immunotherapy. The growth of TILs can be restrained by PGE2 function by inhibiting IL-2 and mitochondrial activity [252]. An intriguing aspect is the inactivation of IL-2 due to the acidic pH present in tumors. Consequently, an acidic TME can inhibit IL-2, leading to the development of a pH-selective IL-2 mutant to maintain its effectiveness in the acidic TME and enhance its performance [253]. Another element suppressing the activity of IL-2 in cancer immunotherapy is SUSD2. SUSD2 can target the IL-2 receptor signalling to disrupt the function and activity of CD8+ T cells [254]. Consequently, despite the encouraging outcomes of IL-2 in the cancer immunotherapy, previous investigations highlighted several difficulties associated with the use of IL-2. To enhance IL-2-mediated cancer immunotherapy, the several studies have been conducted. A human orthogonal IL-2 and IL-2Rβ system has been proven advantageous for enhancing the growth of CAR T cells. Therefore, this system can prevent the IL-2 receptor to enhance the function and growth of CAR T cells in leukemia immunotherapy [255]. An additional approach involves the use of lipid nanostructures to deliver IL-2 mRNA in the cancer immunotherapy, leading to a significant increase in IL-2, IFN-γ, and CD8 levels, with this system reducing tumor progression by as much as 70.3% [256]. This delivery can also be executed for the transportation of IL-2 via modified mesenchymal stem cells to enhance the activity of CD8+ T cells in overcoming resistance [257]. An alternative approach to enhance IL-2-based immunotherapy is utilizing non-toxic versions of IL-12 and IL-2 to advance lung tumor immunotherapy [258]. Additionally, when the IL-2 receptor on CD8+ T cells is aimed at, the anti-cancer immunotherapy is enhanced [259]. In light of the limitations of traditional IL-2, novel immunotherapy approaches have been created, including Cergutuzumab amunaleukin (CEA-IL2v), which can specifically target IL-2 [260]. H9T has been designed as a partial agonist of IL-2 that can enhance the expansion of CD8+ T cells without affecting their terminal differentiation. H9T increased TCF-1 levels and boosted mitochondrial health to maintain a stem-cell-like condition [261]. Consequently, concentrating on IL-2 shows potential in the era of cancer immunotherapy [262-266]. Pre-clinical studies are in progress for several new IL-15 agonists and fusion proteins. An antibody against the GD2 ganglioside, for example, has its heavy chain combined with RLI to develop GD2-RLI. This fusion protein attaches to IL-15Rβγ and efficiently targets GD2, an antigen linked to tumors that is prominently expressed in various neuroectodermal cancers [267]. GD2-RLI can inhibit the growth of subcutaneous EL4 lymphomas and reduce the metastasis of NXS2 neuroblastomas to the liver [268, 269]. 2B8T2M serves as another instance of a fusion protein that merges N-803 with anti-CD20. Its aim is to simultaneously bind to CD20, IL-2/15Rβγc, and Fc receptors. In a xenograft SCID mice model, 2B8T2M exhibited superior anti-tumor effectiveness compared to the anti-CD20 monotherapy [267, 270]. An inert tissue factor scaffold has been generated to produce heteromeric fusion protein complexes (HFPC) incorporating IL-12, IL-15, and IL-18 receptor engagement (HCW9201), while the second one includes CD16 engagement (HCW9207). HCW9201 and HCW9207 could stimulate the growth of NK cells, showing potential for the cancer immunotherapy [271]. Additionally, engineering cord blood NK cells to express IL-15 and a CD19-targeted CAR can inhibit leukemia, enhance survival in murine models, and deliver strong anti-cancer effects [272]. Furthermore, the existence of IL-15 is essential for T cell memory [273]. During physical activity, there is a rise in CD8+ T cell levels, and it appears that the IL-15/IL-15Rα pathway is crucial for enhancing anti-cancer immunity in pancreatic tumors [274]. To enhance the circulation of the cytokine, a biomimetic nanovaccine has been introduced for the simultaneous delivery of IL-15 and MHC that targets IL-15 to antigen-specific CTLs [275].
Chemokine receptors, especially CCR5 and CCR4, are becoming essential contributors in the intricate TME, affecting both the advancement of the disease and the response to therapy. This compilation of research emphasizes the varied functions these receptors have in different cancer types, highlighting their promise as therapeutic targets and prognostic indicators. Numerous studies have emphasized on CCR5, demonstrating its diverse function in cancer. In MIBC, TINs that express CCR5 were linked to better survival outcomes [276], indicating a possible anti-tumor function. In contrast, in TNBC, blocking CCR5 suppressed tumor growth and spread by interfering with the CCR5-YAP1 pathway [277]. This opposing role highlights the context-dependent characteristics of CCR5's function in the TME. Additional complexity is apparent in melanoma, where IL-6 has been demonstrated to increase CCR5 expression on MDSCs, thereby boosting their immunosuppressive ability [278]. Therefore, CCR5 might play a role in immune evasion in some cancers. The CCL17/CCL22-CCR4 pathway was examined in pediatric B-ALL, with the blood expression levels of CCR4 and its ligands recognized as potential predictive and prognostic biomarkers In ovarian cancer, anti-CCR4 monoclonal antibodies demonstrated anti-tumor impacts by affecting Treg function [280], emphasizing the therapeutic promise of targeting CCR4. In addition to CCR5 and CCR4, the wider influence of chemokine signaling in cancer is apparent. In colorectal cancer, the expression of CCR5 and CCL5 genes was associated with a higher tumor mutational burden and immune cell infiltration [281], indicating a connection between chemokine signaling and anti-tumor immune response. Moreover, the function of CXCR3(+) CCR4(-) CD4(+) T cells in boosting DC-driven activation of CTLs highlights the significance of chemokine receptor expression in influencing T cell responses [282]. The chemokine receptor CCR4 has developed considerable interest as a potential target for cancer immunotherapy, with increasing evidence highlighting its involvement in tumor-induced immunosuppression and its prospects for therapeutic intervention. Numerous studies have focused on the development and use of anti-CCR4 antibodies for the cancer therapy. A study showed the effective humanization of a murine anti-CCR4 antibody with strong anti-tumor effects on CTCL cells, pertained to both direct cytotoxic effects and the elimination of Treg suppression [283]. Anti-CCR4 monoclonal antibodies specifically reduce effector-type Tregs, enhancing anti-tumor immune responses in humans [284]. The Treg-depleting effect was similarly observed in preclinical models of bladder cancer [285] and prostate cancer [286], with CCR4 blockade resulting in extended survival and clinical efficacy, respectively. These results emphasize the therapeutic promise of anti-CCR4 antibodies across various cancers by improving anti-tumor immunity via Treg modulation. In addition to targeting through antibodies, the study also examined CCR4's involvement in the immune suppression caused by tumors. In gastric cancer, abnormal CCR4 expression was identified as a factor in immune evasion by enhancing Treg infiltration and inhibiting anti-tumor responses [287]. In breast cancer, the FOXP3/HAT1 pathway was demonstrated to control CCR4 expression, affecting the infiltration of Tregs into the TME [288]. These results highlight the significance of understanding the mechanisms that regulate CCR4 expression in cancer cells and Tregs for the advancement of effective treatment strategies. Moreover, the CCL17 and CCL22/CCR4 pathway has been identified as a promising target for therapy aimed at nasal natural killer/T-cell lymphoma [289], thereby broadening the viable uses of CCR4-directed therapies.
In a mouse model of tauopathy, the progression of the disease was altered by blocking CCR2 [290], while simultaneously inhibiting both CCR2 and CCR5 improved the efficacy of anti-PD-1 treatment in glioma [291]. These results suggest that targeting CCR2 might enhance anti-tumor responses and treatment effectiveness. However, conflicting evidence also highlights a beneficial role for CCR2+ monocytes in particular circumstances, such as aiding in the regression of cancer metastasis [292] and overcoming resistance to PD-1 blockade [293]. This dual role necessitates a deeper insight into CCR2's role across various cancer types and stages to develop targeted therapeutic strategies. Conversely, the activation of CCR1 is primarily connected to immune evasion and tumor progression. The recruitment of MDSCs, recognized for their role in inhibiting anti-tumor immune responses, is associated with CCR1 function [294]. Additionally, the activation of CCR1 enhances tumor progression and immune escape by engaging with the PD-L1 pathway in esophageal squamous cell carcinoma [295]. Therefore, disrupting CCR1 signaling presents a potential strategy to reduce immunosuppressive mechanisms and improve anti-tumor immune reactions. Notably, methods focused on addressing both CCR2 and CCR1 have also been explored. The concurrent administration of a CCR2 antagonist with a STING-activating nanocarrier was shown to overcome immune resistance in pancreatic cancer [296]. Similarly, in hepatocellular carcinoma, blocking both CCR2 and CXCR2 enhanced the efficacy of transarterial chemoembolization [297]. The interaction between chemokine ligands and their targeted receptors is crucial in the progression and management of various cancers and inflammatory diseases. The CCL9/CCR1 pathway has been employed in the innovative approaches, such as chemotactic nanovesicles, to sequester TGF-β and diminish metastasis in SMAD4-deficient colorectal cancer, highlighting a potential therapeutic strategy formetastasis [298]. Similarly, the MCP-1/CCR2 pathway, involved in facilitating immune cell migration, has been recognized as a target to improve the brain microenvironment's reaction to melanoma brain metastases [299]. The CCL2/CCR2 axis is essential in inflammatory responses, highlighted by CD30L-mediated control in colitis models through NF-κB signaling [300]. These findings collectively emphasize the significant impact of chemokine pathways on cancer and immune-related conditions, offering insights into potential therapeutic targets [301]. Further research on the CCR2 axis reveals its bifunctional roles in tumor immunity and progression. In gliomas, inhibiting CCR2 reduced tumor-associated myeloid cells and enhanced the efficacy of immune checkpoint inhibitors, thereby impeding disease progression [302]. Moreover, the therapeutic blockade of CCR2 in liver cancer significantly reduced the immunosuppression induced by tumor-associated macrophages, emphasizing its potential in reshaping the tumor microenvironment [303]. Besides oncology, CCR2+ monocytes are linked to autoimmune encephalomyelitis, where their transformation into tolerance-inducing cells negated the autoimmune traits [304]. The reduction of CCR2 levels can improve sarcoma outcomes by altering the TME, affecting CD4+ T cells, CD8+ T cells, monocytes, macrophages, dendritic cells, and NK cells [305]. Table 4 provides a summary of fundamental studies in cancer immunotherapy.


Table S4: The recent advances of basic research in immuno-oncology.
	Molecular target
	Cancer
	Remark
	Reference

	Spatial organization of myeloid and T cells
	Lung cancer
	The spatial arrangement of myeloid cells and T cells within the tumor microenvironment plays a key role in immune evasion and influences clinical outcomes in lung cancer
	[306]

	Tumor aerobic glycolysis
	-
	Tumor cells exploit aerobic glycolysis to evade immune destruction by modulating their sensitivity to T cell-mediated bystander killing via TNF-α
	[307]

	Various immune evasion pathways identified via in vivo CRISPR screens
	-
	In vivo CRISPR screens reveal a diverse landscape of immune evasion pathways across different cancer types, highlighting potential therapeutic targets
	[308]

	Extracellular cGAMP hydrolysis
	-
	Hydrolysis of extracellular cyclic GMP-AMP (cGAMP) contributes to metastasis and immune evasion
	[309]

	Glycosphingolipid synthesis
	KRAS-driven cancer
	Glycosphingolipid synthesis plays a role in immune evasion in cancers driven by KRAS mutations
	[310]

	Various genes and pathways related to mutational processes
	Ovarian cancer
	Specific mutational processes in ovarian cancer drive site-specific immune evasion, influencing the tumor microenvironment and immune response
	[311]

	Various immune evasion mechanisms identified through single-cell analysis
	Colorectal cancer
	Integrative single-cell analysis reveals distinct immune evasion mechanisms in different patient subgroups, highlighting the heterogeneity of colorectal cancer and the need for personalized therapies
	[312]

	CD155/TIGIT axis
	Pancreatic cancer
	The CD155/TIGIT axis promotes immune evasion in pancreatic cancer, particularly in tumors expressing neoantigens. Targeting this pathway may enhance anti-tumor immunity
	[313]

	FTO
	-
	Targeting the FTO protein suppresses cancer stem cell maintenance and immune evasion, suggesting a potential therapeutic strategy
	[314]

	Potential immune evasion mechanisms identified through single-cell analysis
	Head and neck cancer
	Single-cell analysis reveals potential immune evasion mechanisms that occur during the early stages of metastasis in head and neck cancer
	[315]

	SOX17
	Colorectal cancer
	SOX17 contributes to immune evasion in early-stage colorectal adenomas and cancers
	[316]

	ITPRIPL1
	-
	ITPRIPL1 binds to the CD3ε component of the T cell receptor complex, impeding T cell activation and contributing to tumor immune evasion
	[317]

	SMARCAL1
	-
	SMARCAL1 acts as a dual regulator of innate immune signaling and PD-L1 expression, promoting tumor immune evasion
	[318]

	Membrane-associated MHC-I inhibitory axis
	-
	Identifies a membrane-associated inhibitory axis that suppresses MHC-I expression, contributing to cancer immune evasion
	[319]

	JMJD8 (ER-localized JmjC domain-containing protein)
	Breast tumor
	JMJD8 targets the STING pathway, inhibiting its activation and promoting immune evasion and tumor growth
	[320]

	PD-L1 (linked to loss of ZNF652)
	Triple-negative breast cancer
	Loss of ZNF652 is linked to increased PD-L1 expression and immune evasion in triple-negative breast cancer
	[321]

	NAD+ metabolism
	-
	NAD+ metabolism plays a role in maintaining inducible PD-L1 expression, contributing to tumor immune evasion
	[322]

	Intratumoral copper
	-
	Copper levels within the tumor microenvironment can modulate PD-L1 expression and influence immune evasion
	[323]

	RIG-I
	Colon tumor
	RIG-I, a key sensor of viral RNA, can promote immune evasion in colon cancer by modulating PD-L1 ubiquitination and stability
	[324]

	MTHFD2 (folate cycle enzyme)
	-
	MTHFD2 induces immune evasion by upregulating PD-L1 expression
	[325]

	MAL2
	Breast cancer
	MAL2 suppresses tumor antigen presentation, leading to immune evasion in breast cancer
	[326]

	(Key genetic determinants)
	Esophageal cancer
	Identifies key genetic determinants that drive the initiation and immune evasion of esophageal squamous cell carcinoma
	[327]

	ADORA1
	-
	Inhibition of ADORA1 unexpectedly promotes tumor immune evasion by regulating the ATF3-PD-L1 axis
	[328]

	Chromosome 9p21.3 deletions (encompassing interferon genes)
	-
	Deletions in chromosome 9p21.3, which encompass interferon genes, are identified as mediators of immune evasion and metastasis
	[329]

	MYC (oncogene)
	Triple-negative breast cancer
	MYC overexpression drives immune evasion in triple-negative breast cancer, but combinatorial immunotherapies can overcome this resistance
	[330]

	Serum amyloid A proteins (SAA)
	-
	Hepatocytes release SAA proteins, contributing to immune evasion in the tumor microenvironment
	[331]

	LAT2 (amino acid transporter)
	-
	LAT2-mediated amino acid uptake regulates CD47 expression, promoting tumor immune evasion
	[332]

	-
	Hepatocellular carcinoma
	Describes the trajectory of immune evasion mechanisms and their association with cancer progression in hepatocellular carcinoma
	[333]

	FMRP (RNA binding protein)
	-
	Aberrant overexpression of FMRP in tumor cells mediates immune evasion
	[334]

	Glucocorticoid receptor
	Pancreatic cancer
	The glucocorticoid receptor regulates PD-L1 and MHC-I expression in pancreatic cancer cells, promoting immune evasion and resistance to immunotherapy
	[335]

	HKDC1
	Hepatocellular carcinoma
	HKDC1 promotes immune evasion by linking the cytoskeleton to STAT1 activation and PD-L1 expression
	[336]

	Spatial organization and genetic regulators
	Ovarian cancer
	Maps the spatial organization of the tumor microenvironment and identifies genetic regulators of cell state that contribute to immune evasion in ovarian cancer
	[337]

	PDHE1α (pyruvate dehydrogenase E1 alpha subunit)
	-
	MAPK signaling induces phosphorylation and subcellular translocation of PDHE1α, promoting tumor immune evasion
	[338]

	DENR
	-
	DENR controls the translation of JAK2, leading to increased PD-L1 expression and tumor immune evasion
	[339]

	miR-105-5p
	Gastric cancer
	miR-105-5p regulates PD-L1 expression and tumor immunogenicity. Downregulation of miR-105-5p may contribute to immune evasion
	[340]

	miR-21-3p
	Melanoma
	Nanoparticle delivery of miR-21-3p sensitizes melanoma to anti-PD-1 immunotherapy by promoting ferroptosis, a form of cell death that can trigger anti-tumor immunity
	[341]

	circUSP7 (circular RNA) / miR-934 / SHP2 axis
	Lung cancer
	Cancer cell-derived exosomal circUSP7 induces CD8+ T cell dysfunction and anti-PD-1 resistance by regulating the miR-934/SHP2 axis
	[342]

	EP300 / circRERE / miR-6837-3p / MAVS axis
	Colorectal cancer
	This tumor-suppressive molecular axis activates the type I interferon pathway and antitumor immunity. Disruption of this axis may contribute to immune evasion
	[343]

	MCT-1 / miR-34a / IL-6 / IL-6R signaling axis
	Breast cancer
	This signaling axis promotes epithelial-to-mesenchymal transition (EMT), cancer stemness, and M2 macrophage polarization, all of which can contribute to immune evasion
	[344]

	lncRNA SNHG14 / miR-5590-3p / ZEB1 positive feedback loop
	Diffuse large B cell lymphoma
	This positive feedback loop promotes lymphoma progression and immune evasion by regulating the PD-1/PD-L1 checkpoint
	[345]

	miR-23a
	-
	Blockade of miR-23a enhances adoptive T cell transfer therapy by preserving immune competence in the tumor microenvironment
	[346]

	circ_0004140 / miR-1184 / CCL22 axis
	Lung cancer
	This axis promotes tumor progression and immune resistance in lung adenocarcinoma
	[347]

	miR-26a-EZH2 axis
	-
	The tumor microenvironment disarms CD8+ T cell function via the miR-26a-EZH2 axis
	[348]

	miR-424(322)
	-
	miR-424(322) reverses chemoresistance by activating the T cell immune response and blocking the PD-L1 immune checkpoint
	[349]

	miR-183 (inhibited by bio-responsive gold nanoparticles)
	Hepatocellular carcinoma
	Inhibition of miR-183 enhances immunotherapy by inducing immunogenic cell death
	[350]

	Apolipoprotein L3 (APOL3)
	Colorectal cancer
	APOL3 enhances CD8+ T cell antitumor immunity by promoting LDHA-mediated ferroptosis
	[351]

	MMP-2 activated nanoparticles carrying B7-H3 bispecific antibodies
	Glioblastoma
	These engineered nanoparticles enhance immunotherapy by inducing ferroptosis in glioblastoma cells
	[352]

	Dual PI3K/HDAC inhibitor
	-
	This dual inhibitor induces immunogenic ferroptosis, potentiating the effects of immune checkpoint inhibitors
	[353]

	ANO1 (anoctamin 1)
	-
	ANO1-mediated inhibition of ferroptosis in cancer cells confers resistance to immunotherapy by recruiting cancer-associated fibroblasts
	[354]

	PRMT5
	Triple-negative breast cancer
	PRMT5 reduces immunotherapy efficacy by methylating KEAP1 and inhibiting ferroptosis
	[355]

	ACSL4 (acyl-CoA synthetase long-chain family member 4)
	-
	CD8+ T cells and fatty acids orchestrate tumor ferroptosis and antitumor immunity via ACSL4
	[356]

	Focus on CD8+ T cells
	-
	CD8+ T cells play a crucial role in regulating tumor ferroptosis during cancer immunotherapy
	[357]

	Dihydroartemisinin-loaded nanoreactor
	-
	This nanoreactor motivates anti-cancer immunotherapy by inducing ferroptosis, which activates the cGAS/STING pathway and reprograms macrophages
	[358]

	Dihydroartemisinin
	Lung tumor
	Dihydroartemisinin elicits immunogenic cell death through ferroptosis-triggered ER stress and DNA damage, enhancing lung cancer immunotherapy
	[359]

	Membrane anchoring photosensitizer
	Pancreatic cancer
	This photosensitizer induces pyroptosis, remodeling the tumor microenvironment and enhancing immunotherapy in pancreatic cancer
	[360]

	ZIF-8 Nanoparticles
	-
	These nanoparticles evoke pyroptosis, leading to high-efficiency cancer immunotherapy
	[361]

	Gasdermin protein-expressing nanoplatform (logic "AND gate circuit"-based)
	-
	This sophisticated nanoplatform induces tumor-specific pyroptosis to enhance cancer immunotherapy
	[362]

	Virus-like particles
	-
	These particles induce cGAS-STING activation and AIM2 inflammasome-mediated pyroptosis for robust cancer immunotherapy
	[363]

	Tumor-membrane-targeted photosensitive dimer
	-
	This dimer enables synergistic photodynamic and photothermal immunotherapy mediated by pyroptosis
	[364]

	Smart responsive Fe/Mn nanovaccine
	Liver cancer
	This nanovaccine triggers liver cancer immunotherapy via pyroptosis and pyroptosis-boosted cGAS-STING activation
	[365]

	Dual-responsive STAT3 inhibitor nanoprodrug + oncolytic virus
	-
	This combination therapy elicits synergistic antitumor immune responses by inducing pyroptosis
	[366]

	pH-driven membrane-anchored NIR dual-type nano-photosensitizer
	Prostate Cancer
	This nano-photosensitizer induces immunogenic pyroptosis and sequesters immune checkpoints for enhanced photo-immunotherapy in prostate cancer
	[367]



7. Combination chemotherapy and radiotherapy
7.1 Chemotherapy
DOX is among the most commonly utilized chemotherapeutic drugs alongside immunotherapy or for TME remodeling and immunotherapy purposes. Although combining chemotherapy and immunotherapy provides new insights into tumor suppression, and our previous descriptions support it, the insufficient accumulation of anti-cancer agents in tumors continues to be a major problem. As a result, studies have focused on the use of nanoparticles for the delivery of chemotherapy agents such as DOX to improve immunotherapy. A cellular membrane vehicle effectively co-delivers DOX and sorafenib, with this combination not only stimulates immunogenic cell death but also enhances TME remodeling to increase T cell levels and reduce Treg and PD-1 levels [368]. Numerous studies highlight the synergistic potential of DOX when used alongside immunotherapeutic agents or methods. The BET bromodomain inhibitor JQ1, used alongside DOX in a charge-reversal yolk-shell liposome, enhanced tumor chemo-immunotherapy by inhibiting the PD-L1 pathway [369]. Similarly, the simultaneous use of IOX1, which inhibits hypoxia-inducible factor 1α, with DOX improved antibody-independent cancer chemo-immunotherapy [370]. The combination of DOX with imiquimod, a toll-like receptor 7 agonist, in pH-responsive micelles designed to target the TME improved the precision of drug delivery for chemotherapy as well as immunotherapy [371]. These findings emphasize DOX's capacity to collaborate with different immunotherapeutic agents, boosting antitumor responses. The sophisticated drug delivery systems have been developed to improve the chemo-immunotherapeutic efficacy of DOX. A pH-responsive delivery system utilizing macrophage membrane-coated shRNA and DOX was created for melanoma chemo-immunotherapy [372]. Moreover, polymeric nano-vaccines enveloped in erythrocyte membranes containing a DOX prodrug exhibited enhanced antitumor effects by elevating the activity of DC and T cells [373]. Additionally, the ultrasound-activated low-dose DOX liposomes increased the release of mitochondrial DNA, which stimulated the cGAS-STING pathway and facilitated antitumor immunity [374]. These developments demonstrate the adaptability of DOX across various drug delivery systems, offering promising possibilities for improved therapeutic efficacy [375, 376] [377]. Li and colleagues explored the chemical bond between paclitaxel and muramyl dipeptide, an immunostimulatory agent, to study the synergistic impacts of immunotherapy and chemotherapy [378]. The combinational use of active immunotherapy with carboplatin- or paclitaxel-based chemotherapy also improved the anti-tumor responses [379]. Additionally, an albumin nanoparticle that contained a PI3Kγ inhibitor and paclitaxel, when combined with α-PD1, effectively induced tumor shrinkage in a breast cancer mouse model  [380]. The focus has been on enhancing the natural immunomodulatory characteristics of paclitaxel. A research developed a nanomicelle formulation maintaining the immune activation properties of paclitaxel and enhanced tumor sensitivity to anti-PD-1 immunotherapy [381]. The micellar paclitaxel improved immunogenic cell death and accelerated chemo-immunotherapy in metastatic TNBC  [382]. Moreover, studies have revealed a circulating immunotherapy mechanism employing pyroptosis and the STING pathway, leveraging a Mn-containing paclitaxel prodrug nanoplatform to combat tumor development and metastasis [383]. Moreover, paclitaxel filament hydrogel improves macrophages' efficacy during the phagocytosis process [384].
Cytotoxic drugs induce the release of danger signals within the TME, providing an inflammatory environment that may enhance PD-L1 expression. Consequently, PD-L1 facilitates chemoresistance by inducing ERK hyperactivation, a crucial element in multidrug resistance. Nonetheless, while PD-L1 overexpression encourages chemoresistance, it also influences the response of cancer cells to immunotherapy. Significantly, chemo-resistant cells exhibiting increased PD-L1 expression can effectively respond to immunotherapy, providing a treatment option for patients unresponsive to chemotherapy. Chemotherapy boosts the anti-tumor immune reaction via several complementary methods, mainly by counteracting immunosuppression. Immunosuppression, a natural mechanism intended to reduce inflammatory damage to healthy tissues, is utilized by tumors to prevent being recognized by the immune system. After the chemotherapy-induced reactivation of the immune-inflammatory response, the immune system ultimately enhances immunosuppressive pathways to diminish inflammation, consistent with its biological function. The increase in PD-L1 expression is a vital component of this process, highlighting the need for the concurrent or consecutive incorporation of chemotherapy and immunotherapy [385]. Numerous chemotherapeutic drugs have demonstrated the ability to boost the antigenicity and adjuvanticity of dying tumor cells [386]. Mitomycin C induces ICD by modifying the metabolism of tumor cells to boost oxidative phosphorylation. This metabolic alteration enhances the permeability of the mitochondrial membrane, resulting in the release of mitochondrial DNA into the cytoplasm and subsequently activating DCs [387]. Similarly, DNA-damaging drugs including anthracyclines, particularly idarubicin and doxorubicin, encourage the exposure or release of DAMPs. These drugs induce the relocation of calreticulin to the cell membrane or the release of HMGB1 from dying tumor cells, which both boost the recruitment and activation of DCs  [388, 389]. Cyclophosphamide promotes apoptosis in tumor cells by increasing uric acid levels, a DAMP that stimulates APCs in the TME [390, 391]. A recent investigation by Choi et al. found that a new oral metronomic version of oxaliplatin enhanced ICD markers in both in vitro and in vivo systems, improving tumor antigen absorption and activating dendritic cells in lymph nodes that drain the tumor  [392]. In addition to causing ICD, certain chemotherapeutic agents such as doxorubicin, paclitaxel, and cisplatin make tumor cells more sensitive to immune effectors inclding CTLs. This is accomplished by enhancing the levels of mannose-6-phosphate receptors and boosting tumor cell permeability to granzyme B, a critical protein generated by cytotoxic T lymphocytes [386, 393]. The TME plays a crucial role in affecting ICI efficacy and undergoes dynamic alterations as tumors progress [394]. A remarkable synergistic effect of chemotherapy and immunotherapy has been highlighted in mouse models possessing active immune systems. Nonetheless, ICIs are often administered to patients with metastatic cancer, whose immune systems are compromised due to immunoediting and prior chemotherapy. Administering immunotherapy sooner, while immune function is less impaired and prior to myeloablative chemotherapy, might lead to the longer-lasting immunity compared to existing protocols [395]. Administering first-line durvalumab together with etoposide and platinum in treatment-naïve early-stage SCLC enhanced overall survival when compared to chemotherapy alone [396]. A meta-analysis of 12 phase-III studies with 9,236 patients suffering from metastatic NSCLC indicated that adding chemotherapy to immune checkpoint inhibitors improved treatment effectiveness as a first-line strategy [397]. This method could subject individuals, who would have benefited from monotherapy, to avoidable toxicity [394].
7.2 Radiotherapy
It is still under question that using radiation in one or more areas can mediate abscopal effects in improving immunotherapy [398]. The majority of existing information comes from case reports or early-stage clinical trials with a single arm [399, 400] exploring various combinations of radioimmunotherapy with different results. In the abscopal research performed by Theelen and associates [401], the combination of single-site SBRT with pembrolizumab in metastatic NSCLC indicated a tendency for enhanced response rates but did not satisfy other effectiveness benchmarks; nevertheless, the group of PD-L1-negative patients experienced significant benefits from SBRT. The research conducted by Kwon and associates on metastatic prostate cancer [402] revealed that there was no variation in overall survival between patients treated with single-site radiation plus ipilimumab and those who received solely single-site radiotherapy. Nonetheless, a minor subgroup of patients, especially those with a low tumor load, showed advantages [398]. Conversely, numerous randomized clinical studies have not demonstrated any benefit of combining radiation with immunotherapy versus administering each treatment individually [403]. A phase III trial with a placebo control revealed that the inclusion of nivolumab did not improve the efficacy of standard adjuvant radiotherapy combined with temozolomide-based chemotherapy following surgery in patients with newly diagnosed glioblastoma with MGMT promoter methylation [404]. A comparable phase III trial involving patients with newly diagnosed MGMT promoter-unmethylated glioblastoma indicated that nivolumab did not exceed temozolomide in efficacy when combined with radiotherapy, which is especially considering temozolomide's limited effectiveness in this population [405]. Similarly, two randomized clinical trials investigating avelumab, an ICI targeting PD-L1, together with standard radiotherapy protocols for patients with locally advanced HNSCC also produced unsatisfactory results [406, 407] [403]. A major challenge in combinatorial therapy is identifying the best time to integrate radiation treatment with immunotherapy. Administering immunotherapy before radiation therapy can improve the effectiveness of radiation therapy by establishing an active immune microenvironment. However, as a cytotoxic strategy, radiation treatment might destroy the effector cells stimulated by immunotherapy. Administering radiation therapy prior to immunotherapy could enhance the latter's effectiveness due to the tumor-specific antigens produced by radiation therapy. Nonetheless, the success of radiation therapy in controlling tumors could be undermined by the current immunosuppressive TME. Furthermore, because of the relatively mild and diverse side effects associated with both radiation therapy and immunotherapy, patients typically manage concurrent treatments effectively. Significantly, in contrast to chemotherapy and radiation therapy, the integration of immunotherapy with radiation therapy entails more intricate interactions [408].
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