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Bi- or tri-specific T cell engagers (BiTE or TriTE) are recombinant bispecific proteins designed to stimulate T-cell immunity directly, bypassing antigen presentation by antigen-presenting cells (APCs). However, these molecules suffer from limitations such as short biological half-life and poor residence time in the tumor microenvironment (TME). Fortunately, these challenges can be overcome when combined with OVs. Various strategies have been developed, such as encoding secretory BiTEs within OV vectors, resulting in improved targeting and activation of T cells, secretion of key cytokines, and bystander killing of tumor cells. Additionally, oncolytic viruses armed with BiTEs have shown promising outcomes in enhancing major histocompatibility complex I antigen (MHC-I) presentation, T-cell proliferation, activation, and cytotoxicity against tumor cells. These combined approaches address tumor heterogeneity, drug delivery, and T-cell infiltration, offering a comprehensive and effective solution. This review article aims to provide a comprehensive overview of Bi- or TriTEs and OVs as promising therapeutic approaches in the field of cancer treatment. We summarize the cutting-edge advancements in oncolytic virotherapy immune-related genetic engineering, focusing on the innovative combination of BiTE or TriTE with OVs.
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1 Introduction

Cancer is one of the most significant public health issues globally (1). According to the GLOBOCAN 2020 study, the estimated number of cancer cases worldwide in 2020 exceeded 19 million patients, while the number of cancer-related deaths approached about ten million cases (2). Therefore, developing an efficient health system to improve preventive and therapeutic interventions is imperative for dealing with this challenge.

To date, a range of therapeutic approaches have been developed for managing malignancies. Surgery is widely recognized as an essential and prevalent treatment for solid tumors, although accompanied by numerous risks such as cancer metastasis (3, 4). Alongside surgery, chemotherapy and radiotherapy represent two prominent procedures employed in cancer treatment. Despite their unavoidable benefits, these approaches are not successful in eradicating tumors in many cases (5, 6). Therefore, novel and less complicated cancer therapies such as monoclonal antibodies have become developed, particularly due to the systemic adverse effects of traditional treatments on healthy tissues and organs (2, 7). Bi- and Tri-specific T cell engagers (BiTEs and TriTEs) as well as OVs are two innovative therapeutic approaches that are currently the subject of numerous ongoing clinical trials due to their promising therapeutic potential (8–10).

OVs-mediated immunotherapy exhibits a targeted strategy by specifically targeting cancer cells, infecting and lysing them, while refraining from infecting not malignant cells. The OVs encompass both wild type viruses and genetically engineered variants derived from wild viruses (11). Furthermore, beyond to their oncolytic activities, OVs have demonstrated considerable efficacy in inducing inflammation and triggering immune responses against both the viruses and the tumor cells. Nevertheless, the immune response’s outcome is accompanied by some complications; the anti-tumor immunity facilitated by OVs mediated cancer immunotherapy eventually appears to be efficient (12, 13).

OVs serve as an appropriate platform for the delivery of therapeutic genes, facilitating the development of different mechanisms of action (14, 15). There are several categories of Trans genes that can be integrated to OV vectors. These genes have the potential to produce cytokines that induce cellular immunity, such as IL-2, IL-12, and IL-15 (16–18). Furthermore, genes involved in the production of proteins that trigger apoptosis and necrosis in malignant cells, such as TRAIL and TNF-α, are also employed in the development of engineered OVs (18, 19). In addition to these genes that have been applied in preclinical and clinical studies, there has been a new focus on genes encoding antibodies with the ability to identify immune cell-associated antigens and tumor-associated antigens that are readily accessible. These therapeutic approaches known as BiTEs and TriTEs which are considered as an innovative class of immunotherapeutic agents (20).

BiTE is a recombinant bispecific antibody with two linked single-chain fragment variables (scFvs) derived from separate antibodies, one targeting a specific cell-surface molecule on T cells while the other scFv targets antigens present on the surface of cancer cells (21). TriTEs are capable of identifying three distinct targeted antigens. A heterologous scFv employed to recognize one or two tumor antigens, which then be linked to another scFv specify for T or NK cell antigens (22).

In this review, our primary focus lies on the application of OVs as a vector to produce bi- or tri-specific antibodies that are facilitate interactions between tumor cells and T or NK cells. This interaction ultimately leads to the activation of immune cells and triggering of tumoricidal activity. Recent findings in pre-clinical and clinical studies involving OVs armed with various BiTEs and TriTEs antibodies for cancer immunotherapy will be discussed.




2 Overview of the bi- and tri-specific T cell engagers and cancer immunotherapy

The concept of using molecules with multiple binding sites for improving their biological functionality back to early 60s, when first bispecific molecule were developed through a combination of antigen-binding fragments derived from distinct polyclonal sera (23). The production of bispecific antibodies was significant progress in the 1970s and 1980s by the advancement of chemical conjugation methods for combining two distinct antigen-specific monoclonal antibodies, as well as the fusing of hybridoma cell lines (quadromas) that are suitable for producing these molecules (24–26). Nevertheless, early formats of these recombinant proteins had restricted therapeutic effectiveness, with advancements in genetic engineering, there are already More than one hundred polyspecific antibody formats under clinical evaluation (27, 28). Although the initial focus was placed on hematological malignancies, there are ongoing researches for the treatment of solid tumors.

The bispecific T cell engager antibody (BiTE) with a small molecular size is a subtype of recombinant bispecific antibodies with two linked single-chain fragment variables (scFvs) derived from two distinct antibodies, one of which targets a pan T cell marker, In most cases CD3, and the other of which targets surface tumor-associated antigens (TAAs) (Figure 1) (29, 30). In cellular models, BiTEs has been found to exhibit significantly higher efficacy in tumor cell lysis compared to monoclonal IgG antibodies as well as other bispecific antibodies. The effectiveness of BiTE is reported to be Up to hundreds of times greater, even when the ratio of T cells to target tumor cells is limited (31). The production of BiTE has proven to be advantageous due to its ability to be generated in significant amounts by mammalian cell lines. This offers a relatively straightforward and efficient production process when compared to time-consuming and difficult methods like CAR T cells (21, 32).




Figure 1 | The design of a bi- and tri-specific T cell engager antibody (BiTEs and TriTE). (A) The Schematic represents the structure and origin of a BiTE molecule that are derived from two distinct antibodies, one specific for a T cell activation molecule and the other specific for a TAA. (B) The BiTE molecule organizes the formation of an immunologic synapse by concurrently interacting with a tumor cell via TAA and a T cell through CD3. (C) The Schematic represents the conceptualization and design of a TriTE antibody, demonstrating its mechanism of action in establishing a link between T cells and cancer cells. SCFV, single chain fragment variant; VH, Heavy chain variable region; VL, Light chain variable region; TAA, Tumor-associated antigen.



One of the primary benefits of BiTE and TriTE molecules is their ability to provide “specificity” to polyclonally-activated populations of T cells, resulting in resistance to tumor immune evasion strategies, such as the downregulation of Major histocompatibility complex (MHC) molecules (33). MHC molecules play a crucial role in the presentation of TAAs. TAAs are processed by antigen-presenting cells such as dendritic cells and presents to the T-cell receptor (TCR) on T cells by MHC molecules. This interaction leads to the activation of T cells, resulting in eliminate of cancer cells. This process is commonly known as MHC restriction (34). The intrinsic resistance to immunotherapies, such as immune checkpoint inhibitors therapy, can be attributed to the impairment or loss of the ability to present antigens for MHC molecules (35, 36). This is a significant factor that impedes the effectiveness of these therapeutic approaches. In addition, it is important to note that the activation of T-cells and the subsequent immune response relies on the presence of costimulatory signals such as CD28 signaling (37, 38).

BiTE has the ability to bridge the gap between cytotoxic T cells and cancer cells, even in the absence of MHC restriction and costimulatory signals. By acting as a biological bridge, BiTE facilitates the activation and proliferation of T cells, regardless of MHC restriction, finally leading to the formation of the immunologic synapse (33, 39). Additionally, BiTE is not dependent on costimulatory signals for T-cell activation. Costimulatory signals, are typically required to fully activate T cells. However, BiTE can independently trigger T-cell activation, making it an adjustable mechanism in cancer immunotherapy (21, 40). Table 1 shows some of the ongoing cancer clinical trials related to BiTEs and TriTEs.


Table 1 | Clinical trials about bi- and tri-specific T cell engagers.



The administration of BiTEs as a novel therapeutic approach for cancer treatment, similar to other procedures, is not without its disadvantages (Figure 2). One characteristic commonly observed in BiTEs/TriTEs is their short biologic half-lives and rapid blood clearance. This means that these molecules are rapidly metabolized. Additionally, they exhibit fast off-rates, which refers to their ability to dissociate from their target molecules quickly (46–48). Another important aspect to consider is the poor retention times of BiTEs/TriTEs in targeted tumor sites (48). While BiTEs have demonstrated efficiency in numerous cases of relapsed or refractory hematological malignancies, there is a subgroup of patients with hematological malignancies who do not exhibit a response to BiTEs therapy. To enhance the effectiveness of BiTEs, it is imperative to conduct more research regarding tumor escaping mechanisms.




Figure 2 | Schematic represents the disadvantages and challenges of BiTEs and TriTEs in pre-clinical and clinical cancer studies. BiTE, Bi-specific T Cell Engager; TriTE, Tri-specific T Cell Engager; TME, Tumor micro-environment.



The term of antigen loss refers to the absence of antigen expression and the inability of targeted antibodies or cells to bind to antigens. The occurrence of either or both of these conditions can result in a relapse characterized by the absence of CD19 expression in B-cell lymphoma as well as ALL (49–51). Targeted antigen loss has been identified as a significant factor in patients who have not responded to anti-CD19 CAR T cell treatment. This observation highlights the crucial role that antigen loss contributes in the development of resistance to T-cell based immunotherapies for tumors (50, 51). In a study conducted by Braig et al., the scientists studied patients with ALL who had received blinatumomab and subsequently experienced relapse characterized by the absence of CD19 expression (49). Thus, employing of multi-targeted approaches could prove advantageous for tackling antigen loss. This may involve the development of a singular pharmaceutical agent capable of simultaneously targeting several TAAs, or alternatively, the combination of diverse immunotherapeutic modalities, each targeting distinct TAAs.

The impaired function of the immune system, particularly T cells suppression, constitutes an important variable contributing to this phenomenon (52). For instance BiTE resistance may be related to PD-1/PD-L1 axis. Köhnke et al. in a case study on one B-precursor ALL patient who was resistant to treatment with blinatumomab (a CD19/CD3 bsAb antibody) demonstrated that, after blinatumomab treatment, PD-L1 expression was increased on the tumor cells, suggesting combination of BiTE therapy with programmed cell death protein 1/programmed death-ligand 1 (PD-1/PD-L1) inhibitors could be beneficial for managing tumor immune escaping mechanism (53). Further studies confirmed that the upregulation of immune checkpoints, particularly PD-L1, was observed following BiTE treatment in AML cells and among patients with diverse hematologic neoplasms. This suggests that the combination of immune checkpoint inhibitors with BiTE therapy represents an appropriate strategy to enhance BiTE-induced cytotoxicity (54, 55).

These issues are also observed in BiTEs Therapy for solid tumors as a result of the immunosuppressive tumor microenvironment such as dominance of immunosuppressive myeloid cells and increasing levels of Tregs (56–59). Also various types of solid tumor cells express the immune checkpoint proteins, which binds to the inhibitory receptors on T cells, consequently compromising the effectiveness of cellular immune responses (60). These obstacles go hand in hand, and consequently the efficacy of T cell-based immunotherapies, such as CAR T cell therapies and BiTE therapy, is compromised.

BiTE therapy, similar to other T-Cell based immunotherapies such as CAR-T cell therapy, has been associated with an elevated risk of toxicity as one of its adverse effects. Among the various adverse effects associated with BiTE therapy, two particularly concerning ones are cytokine release syndrome (CRS) and neurotoxicity (61–63). These adverse effects have been identified as having dose-limiting toxicities (DLTs), meaning that they can become severe enough to limit the dosage of the treatment (63). CRS is a pathological condition characterized by the upregulation of pro-inflammatory cytokines such as IL-6, and interferon-gamma (IFN-γ). The clinical and laboratory findings demonstrate a range of symptoms, including a mild cold-like symptomatology to a severe multi-organ failure, which has the potential to result in mortality (64).

The occurrence of neurological adverse effects can be related to the redistribution of activated T cells. The activation of T lymphocytes stimulated by BiTE results in their adherence to cerebral blood vessels and subsequent migration to the cerebrospinal fluid. The process of T cell sedimentation leads to the impairment of microcirculation and the development of local ischemia, finally giving rise to neurological symptoms (65).

In summary, despite the presence of both notable benefits and drawbacks associated with this innovative therapeutic approach, there exists considerable potential for further development of this category of molecules that orchestrate immune responses against malignancies. These molecules hold promise as cancer immunotherapeutic agents, particularly when applied in combination with OVs to overcome BiTEs/TriTEs monotherapy limitations.




3 Overview of the oncolytic viruses and cancer immunotherapy

Since the 19th century, there have been several case reports of tumor regressions occurring simultaneously with natural viral infections. These patients primarily had hematological malignancies, such as leukemia or lymphoma, which are known to cause significant impairment of the immune system (66). During the 1950s and 1960s, our understanding of viruses greatly increased due to the substantial progress made in cell culture techniques. Virotherapy had attracted significant interest, with viruses such as hepatitis, West Nile, and Epstein-Barr virus commonly employed in cancer treatment at that time. Despite the varying and disputed outcomes (67–69), these reports yielded useful information. During the 1970s and 1980s, the use of viruses as a strategy for combating cancer was disregarded. However, after two decades, this type of treatment resurfaced and became known as “oncolytic viruses” (66). OVs, represent a pioneering category of cancer therapeutic approaches that facilitate the eradication of tumor cells while simultaneously enhancing the innate immune response and the tumor-specific adaptive immune response. OVs have been observed to induce cell death in cancer cells by multiple mechanisms, including direct virus-mediated cytotoxicity and the activation of cytotoxic immune system pathways (70, 71). The activation of the immune system occurs due to the release of cell debris and viral substances within the tumor’s surrounding environment. The selectivity of cancer cells in OV treatment is influenced by multiple parameters. One of these ways involves the entry of the virus into cells through specialized receptors that are specific to the virus. (Figure 3) (70, 72). It has been observed that Tumor cells have a propensity to express elevated levels of specific receptors such as CD46, ICAM-1, DAF, CD155, and integrins. These receptors play an essential role for OVs entry into the malignant cells within TME. For instance, in the case of glioblastoma multiform expressing the human poliovirus receptor CD155, administration of an oncolytic recombinant poliovirus (PVS-RIPO) through intrathecal delivery demonstrated a significant elevation in the median survival time among transgenic mice (73). Nevertheless, there are additional efforts to enhance the specificity of tumor targeting by redirecting OVs for entering cells via receptors that are specific to tumors. Furthermore, the rapid proliferation of tumor cells, characterized by elevated metabolic and replicative functions, may facilitate enhanced viral replication in comparison to normal, quiescent cells. Also, tumor-driver mutations notably enhance the virus replication in the cancer cells (74, 75). In addition, a large percentage of malignant cells demonstrate deficiencies in the signaling of antiviral type I interferon, hence promoting the replication of certain viruses (76).




Figure 3 | The schematic demonstrates the oncolytic viruses mediated tumor lysis. OVs are a novel class of cancer therapeutics that have the potential to eliminate tumor cells and enhance both the innate and adaptive immune responses specific to the tumor. OVs have been proven to trigger apoptosis, necroptosis, and autophagic cell death in malignant cells by many methods, encompassing both direct virus-mediated cytotoxicity and the stimulation of cytotoxic immune system pathways. OVs induce pro-inflammatory responses by enhancing the release of tumor antigens, leading to subsequent immune activation. OVs induce cellular damage and stimulate the release of DAMPs and PAMPs from lysed cancer cells. These substances activate PRRs in NK cells and macrophages, triggering them to secrete inflammatory cytokines such as IFN-γ, and TNF-α. Furthermore, the release of TAAs or TSAs from damaged tumor cells, subsequent presentation by APCs, stimulates adaptive immune responses, including the activation of antigen-specific CD4+ and CD8+ T cells. As a result, these T cells that preferentially target tumors can cause immunogenic cell death in cancer cells. OV, Oncolytic virus; DAMP, Damage-associated molecular patterns; PAMP, Pathogen-associated molecular patterns; TAAs, Tumor-associated antigens; TSAs, tumor-specific antigens; APC, Antigen presenting cell.



Adenovirus (AdV), coxsackievirus, herpes simplex virus (HSV), Maraba virus, measles virus, Newcastle disease virus, parvovirus, reovirus, vaccinia virus (VACV), and vesicular stomatitis virus (VSV) are a few of the interesting OV platforms that are currently being tested in pre-clinical and clinical settings (77). OVs with DNA genome, demonstrate notable advantages due to their larger genome size, durable polymerase enzyme, genomic consistency, and strong proliferation capacity. RNA viruses, alternatively, exhibit outstanding compatibility for the purpose of selectively targeting tumor cells growths within the central nervous system, because of their smaller sizes and remarkable capacity to penetrate the blood-brain barrier (69).

The efficacy of OV immunotherapy depends on two pivotal factors: the capacity to selectively target neoplastic cells and the triggering of systemic immune system responses. OVs have the potential to exploit the unique susceptibilities of malignant cells, including their abnormal stress responses, signaling pathways, and homeostasis processes (78). These abnormalities, which have a possibility to impair the effective functioning of viral clearance mechanisms such as interferon (IFN), toll-like receptor (TLR), Janus kinase-signal transducer and activator of transcription (JAK-STAT), and protein kinase R (PKR) pathways, frequently make cancer cells vulnerable to OV invasion and replication, while protecting healthy cells from adverse effects (79).

OVs frequently trigger immunogenic cell death in cancer cells, and they have the potential to directly engage with immune cells, thereby initiating an anticancer immune response (80, 81). These viruses interact with the immune system while they begin replication within solid tumors (80, 82). OVs cause cellular damage and promote the release of pathogen- and damage-associated molecular patterns (PAMPs and DAMPs) from lysed malignant cells (20). These molecules stimulate innate immune responses in NK cells and macrophages through pattern recognition receptors (PRRs), leading to the secretion of inflammatory cytokines like IFN-α, IFN-γ, TNF-α, IL-6, and IL-12 from these cells (83). Moreover, the release of tumor-associated antigens (TAAs) or tumor-specific antigens (TSAs) from damaged tumor cells and their subsequent presentation by antigen-presenting cells (APCs) stimulate adaptive immune responses, which involve the activation of antigen-specific CD4+ and CD8+ T cells (84, 85). Subsequently, these T cells that specifically target tumors can trigger immunogenic cell death in tumor cells, as confirmed in a preclinical investigation (86, 87).

The emphasis of early virotherapy studies on the inherent mechanism of oncolysis has led to the discovery of tumor-selective virus-mediated apoptosis, which presents an attractive alternative method of cancer therapy in the form of OVs. The reproduction capacity of OVs in healthy cells is limited, whereas the virus can selectively replicate in cancerous cells, leading to their lysis (88, 89). In addition to induction of apoptosis, cellular autophagy mechanisms is influenced by OVs in infected tumor cells. Upon viral infection, OVs interfere with the autophagy machinery in various tumor cells, impacting the self-degradation process (90). These mechanism suggest that inducing the autophagic process alongside virotherapy can improve anti-tumor efficacy in different types of cancer, including lymphoma, myeloma, leukemia, and brain cancers (87, 91, 92).

Nevertheless, it is important to note that although OVs can induce immune responses against cancer, an excessive antiviral response could impair the replication of OVs and may significantly reduce the efficacy of this therapeutic approach (73). Therefore, it is imperative to establish an equilibrium between the immune system responses and the oncolytic activities within the tumor microenvironment.

Currently, there are only two approved OVs for clinical use worldwide. Oncorine (H101) received approval from Chinese authorities in 2005 for treating nasopharyngeal carcinoma in combination with chemotherapy. In 2015, the FDA approved T-VEC (Talimogene laherparepvec) for the treatment of advanced melanoma patients in the United States (93, 94). Several OVs, including HF10 (Canerpaturev), CVA21 (CAVATAK), and Pexa-Vec (a vaccinia virus), are currently undergoing phase II/III clinical trials either as monotherapy or in combination with immune checkpoint inhibitors for several malignancies (70, 95–97). Moreover, there is provisional regulatory approval in Japan for the HSV-based OV called Delytact (Teserpaturev/G47Δ), which is a genetically modified third-generation herpes simplex virus type 1 (HSV-1) with triple mutations, primarily for treating malignant gliomas (98, 99). These advancements represent notable progress in the field of OV therapy.

The utilization of OVs in cancer therapy poses several challenges, including the issues of Limited Virus Penetration, patient selection, passive targeting, immune responses and hypoxia (100–102). In order to overcome these challenges that OV monotherapy is facing, today the attention of scientists in this field has been drawn to the genetic engineering of these viruses in order to express cytokines, chemokines, and also recombinant antibodies. These changes can significantly increase the efficiency of this novel therapeutic approach.




4 The applications of oncolytic viruses for the delivery of immunotherapies

Traditionally, the primary treatment methods employed in cancer management have mainly limited and consisted of combinations of chemo-radiotherapy, surgical intervention, and targeted therapies. Despite the continuous progress achieved in developing various therapeutic strategies, reducing the risk of adverse effects resulting from these procedures still poses considerable issues (69). It has been determined that immunotherapy, particularly via the application of immune checkpoint inhibitors (ICIs), CAR-T cells, monoclonal antibodies (mAb), and bispecific molecules, is not exempt from this concept (Table 2). Numerous patients experience significant adverse effects, such as auto-inflammatory disorders and autoimmunity, which develop from the non-specific stimulation of the immune system and unintended impacts on non-targeted tissues. Therefore, there exists considerable potential for the application of OVs to enhance the safety and specificity of addressed therapeutic interventions, primarily by precisely and exclusively conducting these antibodies toward the tumor site (69, 105, 106). Table 2 presents a brief summary of mentioned immunotherapies currently used for cancer treatment, highlighting the challenges associated with monotherapy as well as the numerous advantages associated with the application of modified OVs. The table also includes the cancer clinical trials on these OVs.


Table 2 | Summary of immunotherapies in cancer treatment: monotherapy challenges, modified oncolytic viruses, and related clinical trials.






5 The incorporation of bi- and tri-specific t cell engagers into oncolytic virotherapy

As described in previous sections, T cell engagers including BiTEs and TriTEs has attracted considerable interest among physicians and scientists. However, their short serum half-life mandates continuous infusion, and systemic administration can lead to severe and fatal side effects. Also, efficacy of this therapeutic approach against solid tumors is constrained by tumor barriers and immune-suppressive microenvironments (9, 107–109). One of the approaches that received considerable interest in the field of cancer immunotherapy to address these limitations is oncolytic virotherapy.

The combination of BiTEs/TriTEs with OVs holds the potential for mutual advantages. The infection caused by OV triggers a localized inflammatory response and attracts T cells to the tumor site. These T cells can be guided towards tumor cells by the administration of BiTEs (Figure 4) (71, 73, 110–112). Furthermore, the use of OVs for encoding BiTEs/TriTEs is an opportunity to address the limitations associated with BiTEs/TriTEs therapy. This delivery method has the potential to enhance the concentration of this therapeutic molecules specifically at the site of the tumor and facilitate its penetration into solid tumors, all the while minimizing its distribution within the body and systemic exposure (113–115). Consequently, this approach enhances the therapeutic efficacy by improving the range of doses that could be safely administered.




Figure 4 | The schematic demonstrates how OV-BiTEs/TriTES work against cancer cells. The production stages (Not shown) for engineered OVs employed as vectors for expressing BiTEs and TriTEs in Studies in this field adhere to a standardized approach. These OVs contain transgenic cassettes that encode bi- or tri-specific T cell engagers. Oncolytic-modified viruses possess the ability to selectively target and damage cancer cells. Infected tumor cells secrete BiTEs and TriTEs antibodies, which serve as attractants for T lymphocytes, hence facilitating their recruitment to the tumor microenvironment. In the context of this therapeutic approach, alongside the viral-mediated lysis of tumor cells, the trigger of tumor cells killing is also attributed to the presence of specific T lymphocytes. BiTE, Bi-specific T cell engager; TriTE, Tri-specific T cell engager.



Typically, the production stages for engineered OVs employed as vectors for expressing BiTEs and TriTEs in Studies in this field adhere to a standardized approach. These OVs contain transgenic cassettes that encodes bi- or tri-specific T cell engagers. Typically, the BiTEs/TriTEs sequences are composed of scFvs that are developed to specifically bind to CD3, together with either a TAA or antigens expressed on cancer-associated fibroblasts or tumor-associated macrophages (116–118). Regulatory domains such as promoters and leader sequences encoding secretory signaling peptides derived from immunoglobulins are commonly found upstream of transgenes (113). Subsequently, the viral vectors and transgenic products are subjected to characterization. The assessment of viral replication kinetics and the potential for direct tumor cell killing involves quantifying progeny and employing several cell viability assays, including metabolic, impedance, or flow cytometry-based evaluations. The confirmation of the expression and secretion of BiTEs/TriTEs is achieved through SDS-PAGE and immunoblotting procedures on the cell-free supernatant obtained from virus-infected cells. In order to determine the binding specificity of BiTEs/TriTEs towards their target antigens and cells expressing the antigens, researchers used ELISA and/or flow cytometry tests. Furthermore, the functionality of BiTEs/TriTEs is explored through in vitro co-culture experiments involving target cells and immune effector cells (117, 119–123). In Table 3, engineered OVs expressing BiTEs/TriTEs and targeted antigens along with the results and observations of each study are summarized.


Table 3 | BiTE- and TriTE-armed OVs for cancer immunotherapy in pre-clinical studies.



This type of combination therapy is a recent innovation that originated within the past ten years. In 2014, Yu et al. conducted a pioneering study wherein they employed an oncolytic Vaccinia virus (VV) that harbored a T cell engager specifically designed to target EphA2 (EphA2-TEA-VV) (117). This BiTE construct had previously demonstrated a capability to selectively target and effectively suppress tumor growth (133). The study was carried out on a lung cancer mouse models, which expressing the tumor antigen EphA2. Administration of this therapeutic construct resulted in the significant inhibition of tumors growth, whereby such outcomes were simultaneously associated to the upregulation of effector cytokines. Tumor cells that were infected with EphA2-TEA-VV induced the activation of T cells, as indicated by the release of IFN-γ and IL-2. The results of in vivo experiments demonstrated that the application of EphA2-TEA-VV, in combination with the adoptive transfer of human T cells, resulted in significantly enhanced antitumor efficacy compared to the control group receiving VV plus T cells. Hence, the application of BiTE-armed OVs is a highly encouraging strategy to enhance the efficacy of oncolytic immunotherapy (117). Nevertheless, the methodology still requires evaluation in models that closely resemble clinical conditions, wherein the presence of intratumoral T cell infiltration and immunosuppressive TME are commonly evaluated (134).

In another research published three years after the initial study ICOVIR-15K-cBiTE, an oncolytic adenovirus (AdV) expressing a BiTE targeting the epidermal growth factor receptor (EGFR), was examined (116). Fajardo et al. used a scFv made from and FDA approved monoclonal antibody cetuximab, which is effective against metastatic colorectal cancer (116, 135). ICOVIR-15K-cBiTE has demonstrated significant oncolytic properties, leading to the activation and proliferation of T cells. Furthermore, this approach has also been found to facilitate bystander cell-mediated cytotoxicity, thereby enhancing its therapeutic potential. In vivo studies demonstrated a significant increase in the tumor-infiltrated lymphocytes (TILs) and retardation in tumor growth in tumor xenograft models treated with ICOVIR-15K-cBiTE, in comparison to mice given the primary virus and the control group. The immunohistochemical assessments demonstrated comparable levels of viral proteins in all groups that were treated with the virus, irrespective of the administration of peripheral blood mononuclear cells (PBMCs). This suggests that the virus remains present at the tumor site despite the existence of effector T cells. Also, the cBiTE-mediated cancer cell death does not have any negative impact on the virus’s capacity to persist in the tumor, as observed in the animal models (116). Generally, the results of this study reveals that BiTE-armed oncolytic adenoviruses possess distinct characteristics that can stimulate targeted and redirected immune responses against tumors. This approach demonstrates a capacity to address significant constraints in oncolytic virotherapy. Another research has provided more evidence that an EGFR-targeted BiTE armed OV can be effectively delivered into the TME by utilizing mesenchymal stem cells (MSCs) as carriers, resulting in enhanced therapeutic effectiveness and systemic availability of ICOVIR-15K-cBiTE. The findings of the study demonstrate the successful production of cBiTE from OAd-infected MSCs, resulting in enhanced cytotoxicity both in vitro and in vivo. These results confirm the effectiveness of the synergistic effect of OAd, cBiTE, and MSCs in controlling tumor growth. The comparison of in vivo antitumor efficacy between the cBiTE-expressing and non-expressing OAdv in combination with MSCs is of particular significance to this study. While the group treated with MSCs/ICOVIR15-cBiTE showed a significant reduction in tumor growth compared to other treatment groups, MSCs/ICOVIR15 also demonstrated improved tumor growth control compared to the ICOVIR15 groups (ICOVIR15, ICOVIR15-cBiTE) and untreated mice. These findings indicate that using ICOVIR15-cBiTE in combination with MSCs may present a promising strategy for cancer treatment that warrants further investigation in clinical trials (120).

In the study published by Wang et al., researchers made modifications to the parental Oncolytic Adenovirus by expressing a MUC16-targeting BiTE antibody. This modified variant, known as OAd-MUC16-BiTE, demonstrated that it maintained its oncolytic properties and ability to replicate in vitro. The BiTE molecule, released by tumor cells, accumulates within the TME. It has the ability to bind MUC16 located on targeted cells, subsequently forming connections with CD3 receptors present on T cells. This interaction triggers a series of events, including the activation, proliferation, and damaging effects of T cells against tumor cells that express MUC16. In ex vivo tumor cultures that were obtained from patients with ovarian cancer, OAd-MUC16-BiTE, successfully overcame the immunosuppressive TME. As a result, it displayed enhanced cytotoxicity compared to the wild type virus. Furthermore, in the context of cell-derived xenograft and patient-derived xenograft models, OAd-MUC16-BiTE demonstrated heightened antitumor efficacy and a notable augmentation in CTLs, as compared to the primary virus. In summary, the combined use of OVs and MUC16-BiTE provides a synergistic effect that overcomes its drawbacks. This approach offers a new and innovative therapeutic option for ovarian cancer. In addition, it can be utilized in combination with diverse cancer treatments, including immune checkpoint inhibitors, chemotherapy, and VEGF inhibitors; nevertheless, investigations evaluating clinical efficacy are necessary (119).

The OV-BiTE strategy has yet to be demonstrated to be effective in more realistic immunological context models. Freedman et al. applied modifications to the oncolytic group B adenovirus EnAdenotucirev (EnAdV) in order to facilitate its capacity to express an additional BiTE. The BiTE construct has been engineered to exhibit dual binding affinity for EpCAM+ tumor cells and CD3+ T cells, leading to the formation of clusters and subsequent activation of CD4+ and CD8+ T cells alongside with cancer cells. In this study, the regulation of BiTE transcription is mediated by the primary late promoter of the virus, hence confining its expression to cancer cells that are capable of supporting virus replication. This methodology has the potential to enhance the cytotoxic effects of EnAd. This report showcases the application of this approach in primary pleural effusions and peritoneal malignant ascites, where the infection of cancer cells with BiTE-expressing EnAd triggers the activation of endogenous T cells. Consequently, these activated T cells are able to effectively eliminate endogenous tumor cells, even in the presence of an immunosuppressive TME. Overall, EnAd has the ability to encode bispecific T-cell engagers without compromising its oncolytic pathogenicity, thus showcasing its transgenic packaging capability. The transgene will not have any impact on the physicochemical characteristics of the viral particles. Therefore, the modified viruses are expected to exhibit identical clinical pharmacokinetics as their parental agent. Additionally, they will preferentially express the encoded BiTE specifically in tumors located throughout the body. The clinical studies of this novel and promising systemically targeted cancer immunotherapy should be given priority (121).

In another study Min Wei et al. engineered an oncolytic vaccinia virus expressing EpCAM Bispecific T-Cell Engager. The VV-EpCAM BiTE has demonstrated notable efficacy in the infection, replication, and lysis of tumor cells. The EpCAM BiTE molecule effectively formed a binding interaction between EpCAM-positive tumor cells and CD3ϵ receptors on T cells, subsequently initiating the activation of naive T cells and the subsequent release of various pro-inflammatory factors, including IFN-γ, IL2, IL6, and IL10. The administration of intratumoral injection of VV-EpCAM BiTE demonstrated a significant enhancement in the efficacy of tumor suppression within EpCAM-positive tumor models, when compared to the administration of wild type of vaccinia virus. Furthermore, there was a significant enhancement in the infiltration of immune cells within the TME in the group that received VV-EpCAM BiTE (129). The findings of this study provide evidence that BiTE-armored oncolytic VVs possess distinct characteristics that can stimulate targeted and redirected immune responses against tumors. The implementation of this particular strategy demonstrates the capacity to effectively overcome significant constraints in the application of oncolytic virotherapy and BiTE therapies within solid tumors. Consequently, it serves as a catalyst for the continued assessment and advancement of these therapeutic approaches.

In a separate investigation, cancer cells were treated by an engineered oncolytic measles virus expressing MV-BiTEs designed to target the tumor antigens CEA and CD20. As a result, the cancer cells were shown to release BiTE antibodies that exhibited functional properties. Significantly, the researchers demonstrated the therapeutic efficacy of MV-BiTE in combatting well-established malignancies in mice with completely functional immune systems. The present model demonstrate an association between the efficacy of anti-tumor agents and the enhanced presence of TIL, as well as the production of durable protective antitumor immune responses. Moreover, the therapeutic efficacy of MV-BiTE in xenograft spheroid models of patient-derived primary colorectal cancer was demonstrated when delivered in combination with human PBMCs. This study reveals the prolonged remission of tumors without recurrence and the development of immune protection following MV-BiTE therapy. This study demonstrates the feasibility of employing an oncolytic vector to express targeted BiTE, showing effectiveness against solid tumors (123).

Instead of directly focusing on cancer cells, BiTEs have the potential to be engineered in a manner that enables T cells to be directed towards pro-tumorigenic factors within the TME. Fibroblast activation protein-α (FAP) demonstrate an elevated expression level in CAFs, which serve as the predominant component of the tumor stroma. As a result, numerous researchers have employed FAP as a focal point for BiTE engineering (118, 136). CAFs exhibit diverse immune-modulating and pro-tumorigenic features, which encompass the secretion of transforming growth factor beta (TGF-β). These CAFs can be effectively addressed by targeting FAP which is known to be expressed on fibroblast cells that are involved in the natural healing process of wounds and tissue remodeling. Nevertheless, the delivery of FAP-BiTEs specifically to tumors by developing engineering OVs may offer an opportunity for minimizing any potential toxicities associated with non-selective targeting. A Vaccinia-based vector, known as mFAP-TEA-VV, was produced in a manner similar to the methodology employed for the development of EphA2-TEA-VV as discussed in the previous study (117, 118). In an immunocompetent melanoma model, mFAP-TEA-VV revealed significant anticancer activity when compared to control VVs and exhibited robust expansion in tumor sites. It is important to note that the increased viral spread caused by mFAP-TEA-VV had a favorable association with the elimination of tumor stroma. To summarize, this study offers preclinical evidence supporting the therapeutic advantages of TEA−VVs that target FAP on CAF. This study demonstrates that mFAP-TEA-VVs significantly increased the replication of viruses within tumors and exhibited potent anticancer effects in a mouse model of melanoma with an optimally functioning immune system (118).

Following this similar concept, Freedman et al. developed an EnAd-derived OV vector encoding a FAP-specific BiTE, capable of concomitantly targeting malignant and immunosuppressive stromal cells. This T-cell Engager shows a high affinity for FAP-expressed CAFs and CD3ϵ expressed on T cells. This interaction triggers a cascade of events, including the induction of fibroblast cell death and the efficient activation of T cells. In summary, EnAd-FAP-BiTE, in contrast to control vectors, resulted in enhanced activation of T cells and cytotoxicity. This led to the decrease of FAP-positive cells and subsequent reductions in TGF-β levels in ascites cultures. The mentioned effects were not detected in patient samples without cancer cells, thereby suggesting enhanced safety attributable to the vector’s precise tumor-directed ability. EnAd-SA-FAP-BiTE demonstrated a remarkable ability to enhance T cell-associated chemokines and effector molecules, while concurrently increasing the expression of genes implicated in dendritic cell maturation and antigen presentation across multiple biopsies. This observation implies the possibility of antigen dissemination and subsequent activation of diverse endogenous T cells, thereby facilitating the development of persistent anti-tumor immune responses. Furthermore, the administration of EnAd-SA-FAP-BiTE has been observed to induce the reprogramming of TAMs by altering their phenotypic expression from pro-tumorigenic M2 macrophages to a more pro-inflammatory M1 phenotype. Furthermore, the administration of this FAP-BiTE-encoding OV to freshly collected clinical biopsies, such as malignant peritoneal ascites and solid prostate cancer tissue, resulted in the upregulation of PD-1 expression on TILs, followed by the destruction of CAFs. In conclusion, EnAd blood stability and systemic bioavailability make it a potential virus platform for targeted BiTE expression in tumors. This approach to trigger proinflammatory cell death and reverse TME-mediated immunosuppression may be required to transform uncompromising, stromal-rich carcinomas into immunotherapeutic targets (124).

Another evaluation of CAF-targeting through applying of the ICOVIR oncolytic adenovirus platform was conducted in order to explore the efficacy of OV-BiTE (125). The two studies conducted by Freedman et al. and de Sostoa et al. elucidate similar methodologies and concepts (124, 125). In contrast to the EnAd-FAP-BiTE research, the study conducted by de Sostoa et al. included immunodeficient mouse models instead of clinical samples in order to assess efficacy (125). The evaluation of T cell biological distribution and efficacy against tumors has been conducted in vivo. The interaction between FBiTE and CD3+ effector T cells, as well as FAP+ targeted cells, resulted in the activation of T cells, their subsequent proliferation, and the induction of cytotoxicity leading to the death of FAP-positive A549 tumor cell lines. In the Hu-SCID tumor models, the expression of FBiTE in OVs was found to augment the intratumoral retention and accumulation of T cells while concurrently reducing the level of FAP expression in the treated tumors. The anti-cancer beneficial effects of the FBiTE-armed OV exhibited a notable superiority over the unmodified viral strain (125). Taken together, the findings from these studies indicate that BiTE-armed OVs have the ability to selectively target malignant cells as well as the stroma associated with tumors, hence encouraging improved therapeutic effectiveness.

Scott et al. designed a research experiment wherein they successfully developed BiTE-armed Ad viruses as well as TriTE-armed Ad viruses. The study demonstrated the efficacy of these viruses in the eradication of TAMs in samples obtained from patients suffering from several malignancies such as melanoma, ovarian cancer, breast cancer and gastrointestinal cancers. In the present study, a comprehensive assortment of bi- and tri-valent T cell engagers was precisely constructed, with the primary objective of targeting CD3ϵ on T cells and CD206 or folate receptor β (FRβ) on M2-like macrophages. T-cell engagers were genetically integrated into the genome of EnAd, a viral vector, and subsequently evaluated for their oncolytic activity and secretion of BiTE in the presence of tumor cells. Overall, this study designed an oncolytic adenovirus, EnAd, to express TAM-targeting T cell engagers without affecting its oncolytic activity, developing a multi-prolonged therapeutic approach to target cancer cells and immunosuppressive TAMs. In summary, this study predicts that eliminating cancer-promoting TAMs, along with the immune-boosting effects of BiTEs and OVs, will offer a potent treatment strategy for overcoming obstacles to anti-tumor immunity in cancer patients (122).

The T lymphocytes, upon activation by the CD206 and FRβ-targeting BiTEs/TriTEs, demonstrate a preference for the selective elimination of M2-polarized autologous macrophages as opposed to M1-polarized autologous macrophages. A novel TriTE, possessing bivalent CD3ϵ binding, showed enhanced efficacy while maintaining its selectivity towards target cells. In contrast, a TriTE containing CD28 has induced non-specific activation of T cells. In immunosuppressive malignant ascites, the activation of endogenous T cells and the production of IFN-γ were observed upon exposure to both free and EnAd-encoded T cell engagers. This resulted in a notable expansion of T cell populations and a reduction in the presence of CD11b+CD64+ ascites macrophages. Remarkably, the macrophages that succeeded to survive demonstrated a notable elevation in the expression of M1 markers. This observation indicates a potential shift in the microenvironment towards a state of pro-inflammatory response (122). The results of this study suggest that there is significant potential in the field of viral vectors and BiTE/TriTE molecule engineering for the development of safer and more effective cancer immunotherapy. However, further investigation into the mechanisms underlying the OV-BiTE therapeutic approach is recommended.

The treatment landscape for recurrent or refractory (R/R) B-cell malignancies has been significantly impacted by the substantial advancements achieved in CD19-based immunotherapy in recent years (137, 138). Blinatumomab, a BiTE targeting CD19 and CD3, has received approval for use in the relapsed/refractory (R/R) B-cell precursor ALL. This approval is based on evidence gathered from the Phase III TOWER study, which demonstrated notable enhancements in overall survival and remission rates when compared to the conventional chemotherapy (139). Nevertheless, NHL patients who demonstrate extramedullary involvement may display greater resistance towards BiTE therapy, indicating a potential constraint in the ability of BiTEs to infiltrate the tumor sites. Additional limitations include the relatively brief half-life of blinatumomab, necessitating a continuous infusion spanning a duration of 6 to 8 weeks. This temporal constraint represents a significant challenge to its clinical application. Furthermore, a notable feedback is that a majority of patients who received this therapeutic agent experienced rate 3 or greater adverse events (139, 140). To address these problems, Wen et al. developed an oncolytic vaccinia virus (OVV) that encodes a CD19-specific BiTE (OVV-CD19BiTE). The findings indicate that the replication and oncolytic properties of OVV-CD19BiTE were comparable to those of its parental counterpart. The induction of activation and proliferation of human T cells, as well as the bystander effect of the virus, were observed upon exposure to supernatants derived from OVV-CD19BiTE-infected cells. The in vivo investigation demonstrated that OVV-CD19BiTE displayed selective replication within the tumor tissue, resulting in a notably augmented proportion of CD3, CD8, and naïve CD8 T subpopulations within the tumor, as compared to blinatumomab. Furthermore, it is of utmost significance to note that the administration of OVV-CD19BiTE, both in vitro and in animal models, exhibited remarkable efficacy in combating tumor growth when compared to the control group receiving control OVs or blinatumomab (128). This research presents compelling evidence regarding the therapeutic advantages of CD19-targeting BiTE expression through Oncolytic Vaccinia Virus. This novel OVV has the potential to overcome the limitations observed in current BiTE therapy, leading to significant therapeutic benefits in the management of B-cell lymphomas. Furthermore, it recommends the possibility of evaluating that therapeutic approach in clinical trials.

In several recent studies, the herpes simplex virus has been employed as an efficient vector for BiTEs. A study has revealed that the administration of oncolytic herpes simplex virus type 1 (HSV-1) has the ability to reprogram the TME with immunosuppressive characteristics into a state that is more proinflammatory. Specifically, it has been observed that the presence of oncolytic HSV-1 leads to a significant decrease in the population of anti-inflammatory macrophages in the TME (141). Furthermore, the administration of CD40L-expressing HSV-1 therapy demonstrated the ability to induce dendritic cell maturation and activate cytotoxic T cells. This therapeutic intervention substantially extended the lifespan of mice suffering from pancreatic ductal adenocarcinoma (PDAC) (142). The results of this study have strengthened the hypothesis of the effectiveness of oHSV-CD40L when combined with ICIs in targeting the PD-1/PD-L1 pathway for overcoming PDAC. Moreover, clinical trials are currently underway to study the potential of HSV Type 2 in treating a variety of solid cancers, including melanoma (NCT03866525). These studies provide evidence of the therapeutic potential of HSV in the treatment of various malignancies.

Khalique et al. conducted a study wherein they armed oncolytic herpes simplex virus-1 (oHSV-1) with PD-L1 BiTE. The objective was to evaluate the efficacy of this combination in delivering targeted cytotoxicity in unpurified cultures of malignant ascites obtained from diverse cancer patients. The findings of the study demonstrate that PD-L1 BiTE exhibits notable efficacy as an immunotherapy agent for killing PD-L1-positive tumor cells and macrophages, while concurrently preserving the integrity of T lymphocytes. Using an OV for the purpose of local expression of PD-L1 BiTE not only helps prevent the occurrence of systemic toxicities associated with ‘on-target off-tumor’ effects but also have the ability to overcome the TME immunosuppressive conditions (130). In another study Shiyu Liu et al. developed a murine OX40L BiTE-armed oHSV-1 (OV-mOX40L). The administration of OV-mOX40L resulted in the transformation of the immunosuppressive tumor immunological environment into a state of elevated activation, accompanied by the restructuring of the stromal matrix and stimulation of T cell response. The administration of OV-mOX40L demonstrated a significant increase in the lifespan of mice with pancreatic ductal PDAC, whether used as a monotherapy or in combination with complementary antibodies that exhibited synergistic effects (131). The results of this study offer significant evidence supporting the effectiveness of OV-mOX40L treatment. These results have the potential to make valuable contributions to the development of OV-mOX40L as a monotherapy or as part of a combination therapy for PDAC.

Jing Jin and colleagues performed a study in which they developed BiTEs targeting PD-L1 or CD19 (oHSV2-BiTEs-PD-L1 or oHSV2-mBiTEs-CD19). The findings of their study indicate that the oHSV2-BiTEs showed enhanced oncolytic potency both in vitro and in vivo. The oHSV2-BiTEs-PD-L1 construct has the ability to trigger oncolysis in tumor cells that have been infected. Additionally, it can stimulate PBMCs by releasing BiTEs-PD-L1, which leads to the PBMCs-mediated elimination of tumor cells that express PD-L1, irrespective of the level of PD-L1 expression. Furthermore, it has been shown that both oHSV2 and PBMCs have the ability to enhance the expression of PD-L1 on tumor cells. oHSV2-BiTEs-PD-L1 and oHSV2-mBiTEs-CD19 demonstrated an elevated oncolytic effect both in vitro and in vivo when compared to the control group, which involved the backbone virus oHSV2-GFP (132). The study’s findings indicate that the oHSV2, armed with BiTEs molecules, possesses the capability to transform T cells into potent tumor-killing cells, thereby enhancing the effectiveness of antitumor treatment. This suggests that it holds great potential as a potential therapy for future cancer clinical trials.




6 Combination therapy: CAR-T cells and OV-armed BITEs

Tumor antigen heterogeneity poses a significant challenge in the context of therapeutic interventions involving chimeric antigen receptor (CAR) T cells and bi- or Tri-specific T-cell engagers armed with OVs (104). In order to address this significant concern, two studies have been designed employing BiTE-OVs in combination with the adoptive transfer of CAR-T cells.

In a study published by Wing et al., it was demonstrated that CAR-T cells armed against FR-α effectively infiltrated tumors. However, these CAR T cells were unable to achieve robust responses, likely attributable to the existence of FR-α-negative malignant cells induced by tumor evasion. Through the combination of ICO15K-cBiTE AdV, which encodes an EGFR-targeting BiTE, with FR-α-specific CAR T cells, the objective of this study was to address the issue of tumor heterogeneity and the potential loss of tumor antigens. The findings revealed that Ad-BiTE-mediated oncolysis indicated a noteworthy enhancement in the activation and proliferation of CAR-T cells. Additionally, it led to an enhancement in cytokine production and cytotoxicity, thereby displaying a favorable safety profile in vitro when compared to CAR-T cell-armed EGFR. BiTEs are synthesized and released by cells that have been infected which have the ability to redirect CAR-T cells towards epidermal EGFR, even without the presence of FR-α. This redirection of CAR-T cells plays a crucial role in addressing the heterogeneity of tumors. The secretion of BiTE additionally directs CAR-negative, non-specific T cells that are present in CAR-T cell preparations towards cancer cells. The implementation of a combination methodology exhibited enhanced antitumor efficacy and long-term survival in mouse cancer models, in contrast to the monotherapies. This favorable outcome can be attributed to an enhanced activation of T-cells mediated by BiTE within the TME (126).

In these concept, Porter et al. applied an OV designed for simultaneously producing IL-12, an anti-programmed cell death ligand-1 (PD-L1) antibody, and a CD44 variant6-targeting BiTE, thereby creating a combined agent stated as CAdTrio (127). Given the significant expression of CD44v6 on tumor tissue and its absence in normal tissue, it is noteworthy that the administration of a CD44v6 antibody to patients suffering from cancers has been associated with reduced adverse effects (127, 143, 144). The CD44v6 BiTE, when expressed from CAdTrio, facilitated the cytotoxicity of HER2-specific CAR-T cells against various CD44v6+ cancer cell lines. Additionally, it resulted in a more expedited and prolonged treatment of disease in orthotopic HER2+ and HER2− CD44v6+ tumor cells. The administration of CAdTrio, in combination with HER2.CAR T cells, facilitated the achievement of dual targeting of two tumor antigens through the engagement of separate receptor classes (CAR and native receptor [TCR]), thereby enhancing therapeutic outcomes (127). In summary, the findings of this studies indicate that simultaneous administration of a BiTE-expressing OVand adoptive CAR-T cell therapy effectively addresses the fundamental drawbacks of CAR-T cells and BiTEs when used as monotherapy for solid tumors. These results provide compelling evidence to support the demand for further research of this combined approach in clinical trials.




7 Concluding remarks

The rapid advancements in molecular biotechnology have facilitated the development of innovative approaches for harnessing the immune system for the management of cancer. At now, several methodologies, such as adoptive cell treatments, monoclonal antibodies, checkpoint inhibitors, and OVs, are considered major advancements in the field of cancer treatment. These approaches have demonstrated the ability to deliver long-lasting and efficient clinical outcomes to cancer patients. Nevertheless, it is imperative to note that currently, the therapeutic advantages of immunotherapy are confined to a restricted subset of patients who undergo treatment. Solid tumors often possess a tumor microenvironment that is characterized by its ability to decrease the activity of T cells and facilitate tumor development. Furthermore, the emergence of novel immunotherapy treatments has given rise to the appearance of previously unobserved immunological adverse effects, such as cytokine storm and autoimmune disorders. Given these drawbacks, it is imperative to make additional modifications to these therapeutic procedures. In addition to novel immunotherapeutic approaches, it is imperative to enhance our knowledge of a patient’s immune contexts in order to improve patient benefits.

FDA and EuEU authorities have approved armed OVs, including T-VEC, in the treatment of patients diagnosed with advanced-stage melanoma. This approval has established armed OVs as a prominent example for the ongoing development of OVs. Regarding BiTEs, it is worth noting that blinatumomab, a dual-specific antibody targeting CD19 and CD3, has demonstrated enhanced efficacy in treating patients diagnosed with B cell lymphoma.

Due to the OVs and BiTEs/TriTEs limitations in solid tumor treatments, the use of BiTE- or TriTE-armed OVs poses an attractive and efficient approach for addressing this unresolved clinical requirement, especially when employed in combination with supplementary methods aimed at mitigating the immunosuppressive tumor microenvironment. These efforts are expected to result in the creation of innovative anti-cancer therapeutic approaches, such as enhanced T cell engagers. This particular goal is recognized as one of the most significant challenges in the field of cancer immunology. The OV-BiTE/TriTE methodology serves as a prime instance in this context. Based on the reliable rationale for science, numerous preclinical research have substantiated the proof-of-concept for this particular approach. Therefore, it is imperative for OV-BiTEs to exhibit both practicality and effectiveness in a clinical setting.





Author contributions

AZ: Conceptualization, Investigation, Validation, Visualization, Writing – original draft, Writing – review & editing. MT: Writing – original draft. AG: Writing – original draft. FR: Writing – original draft. HE: Conceptualization, Supervision, Validation, Writing – review & editing.





Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.





Conflict of interest

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





References

1. Bray, F, Laversanne, M, Weiderpass, E, and Soerjomataram, I. The ever-increasing importance of cancer as a leading cause of premature death worldwide. Cancer. (2021) 127:3029–30. doi: 10.1002/cncr.33587.

2. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA: Cancer J Clin. (2021) 71:209–49. doi: 10.3322/caac.21660.

3. Tohme, S, Simmons, RL, and Tsung, A. Surgery for cancer: a trigger for metastases. Cancer Res. (2017) 77:1548–52. doi: 10.1158/0008-5472.CAN-16-1536.

4. Goldfarb, Y, and Ben-Eliyahu, S. Surgery as a risk factor for breast cancer recurrence and metastasis: mediating mechanisms and clinical prophylactic approaches. Breast disease. (2007) 26:99–114. doi: 10.3233/BD-2007-26109.

5. Bidram, E, Esmaeili, Y, Ranji-Burachaloo, H, Al-Zaubai, N, Zarrabi, A, Stewart, A, et al. A concise review on cancer treatment methods and delivery systems. J Drug Deliv Sci Technol. (2019) 54:101350. doi: 10.1016/j.jddst.2019.101350.

6. Madmoli, M. Evaluation of chemotherapy complications in patients with cancer: A systematic review. Int J Res Stud Sci Eng Technol. (2018) 5:59–64.

7. Scott, AM, Allison, JP, and Wolchok, JD. Monoclonal antibodies in cancer therapy. Cancer immun. (2012) 12:14. doi: 10.1038/nrc3236.

8. Cook, M, and Chauhan, A. Clinical application of oncolytic viruses: a systematic review. Int J Mol Sci. (2020) 21:7505. doi: 10.3390/ijms21207505.

9. Goebeler, M-E, and Bargou, RC. T cell-engaging therapies—BiTEs and beyond. Nat Rev Clin Oncol. (2020) 17:418–34. doi: 10.1038/s41571-020-0347-5.

10. Huehls, AM, Coupet, TA, and Sentman, CL. Bispecific T-cell engagers for cancer immunotherapy. Immunol Cell Biol. (2015) 93:290–6. doi: 10.1038/icb.2014.93.

11. Hemminki, O, and Hemminki, A. A century of oncolysis evolves into oncolytic immunotherapy. Oncoimmunology. (2016) 5:e1074377. doi: 10.1080/2162402X.2015.1074377.

12. Sadri, M, Najafi, A, Rahimi, A, Behranvand, N, Kazemi, MH, Khorramdelazad, H, et al. Hypoxia effects on oncolytic virotherapy in Cancer: Friend or Foe? Int Immunopharmacol. (2023) 122:110470. doi: 10.1016/j.intimp.2023.110470.

13. Chaurasiya, S, Fong, Y, and Warner, SG. Oncolytic virotherapy for cancer: clinical experience. Biomedicines. (2021) 9:419. doi: 10.3390/biomedicines9040419.

14. Guo, ZS, and Bartlett, DL. Oncolytic viruses as platform for multimodal cancer therapeutics: a promising land. Cancer Gene Ther. (2014) 21:261–3. doi: 10.1038/cgt.2014.31.

15. Twumasi-Boateng, K, Pettigrew, JL, Kwok, YE, Bell, JC, and Nelson, BH. Oncolytic viruses as engineering platforms for combination immunotherapy. Nat Rev Cancer. (2018) 18:419–32. doi: 10.1038/s41568-018-0009-4.

16. Wong, RJ, Chan, M-K, Yu, Z, Ghossein, RA, Ngai, I, Adusumilli, PS, et al. Angiogenesis inhibition by an oncolytic herpes virus expressing interleukin 12. Clin Cancer Res. (2004) 10:4509–16. doi: 10.1158/1078-0432.CCR-04-0081.

17. Kowalsky, SJ, Liu, Z, Feist, M, Berkey, SE, Ma, C, Ravindranathan, R, et al. Superagonist IL-15-armed oncolytic virus elicits potent antitumor immunity and therapy that are enhanced with PD-1 blockade. Mol Ther. (2018) 26:2476–86. doi: 10.1016/j.ymthe.2018.07.013.

18. Watanabe, K, Luo, Y, Da, T, Guedan, S, Ruella, M, Scholler, J, et al. Pancreatic cancer therapy with combined mesothelin-redirected chimeric antigen receptor T cells and cytokine-armed oncolytic adenoviruses. JCI Insight. (2018) 3:e99573. doi: 10.1172/jci.insight.99573.

19. Sova, P, Ren, X-W, Ni, S, Bernt, KM, Mi, J, Kiviat, N, et al. A tumor-targeted and conditionally replicating oncolytic adenovirus vector expressing TRAIL for treatment of liver metastases. Mol Ther. (2004) 9:496–509. doi: 10.1016/j.ymthe.2003.12.008.

20. Guo, ZS, Lotze, MT, Zhu, Z, Storkus, WJ, and Song, X-T. Bi-and tri-specific T cell engager-armed oncolytic viruses: next-generation cancer immunotherapy. Biomedicines. (2020) 8:204. doi: 10.3390/biomedicines8070204.

21. Zhou, S, Liu, M, Ren, F, Meng, X, and Yu, J. The landscape of bispecific T cell engager in cancer treatment. biomark Res. (2021) 9:38. doi: 10.1186/s40364-021-00294-9.

22. Yao, Y, Hu, Y, and Wang, F. Trispecific antibodies for cancer immunotherapy. Immunology. (2023) 169:389–99. doi: 10.1111/imm.13636.

23. Nisonoff A, MMR. Recombination of a mixture of univalent antibody fragments of different specificity. Arch Biochem biophys. (1961) 93:460–2. doi: 10.1016/0003-9861(61)90296-X.

24. Staerz, UD, Kanagawa, O, and Bevan, MJ. Hybrid antibodies can target sites for attack by T cells. Nature. (1985) 314:628–31. doi: 10.1038/314628a0.

25. Karpovsky, B, Titus, JA, Stephany, DA, and Segal, DM. Production of target-specific effector cells using hetero-cross-linked aggregates containing anti-target cell and anti-Fc gamma receptor antibodies. J Exp Med. (1984) 160:1686–701. doi: 10.1084/jem.160.6.1686.

26. Perez, P, Hoffman, RW, Shaw, S, Bluestone, JA, and Segal, DM. Specific targeting of cytotoxic T cells by anti-T3 linked to anti-target cell antibody. Nature. (1985) 316:354–6. doi: 10.1038/316354a0.

27. Spiess, C, Zhai, Q, and Carter, PJ. Alternative molecular formats and therapeutic applications for bispecific antibodies. Mol Immunol. (2015) 67:95–106. doi: 10.1016/j.molimm.2015.01.003.

28. Segués, A, Huang, S, Sijts, A, Berraondo, P, and Zaiss, DM. Opportunities and challenges of bi-specific antibodies. Int Rev Cell Mol Biol. (2022) 369:45–70. doi: 10.1016/bs.ircmb.2022.05.001

29. Runcie, K, Budman, DR, John, V, and Seetharamu, N. Bi-specific and tri-specific antibodies-the next big thing in solid tumor therapeutics. Mol Med. (2018) 24:50. doi: 10.1186/s10020-018-0051-4.

30. Baeuerle, PA, and Reinhardt, C. Bispecific T-cell engaging antibodies for cancer therapy. Cancer Res. (2009) 69:4941–4. doi: 10.1158/0008-5472.CAN-09-0547.

31. Wolf, E, Hofmeister, R, Kufer, P, Schlereth, B, and Baeuerle, PA. BiTEs: bispecific antibody constructs with unique anti-tumor activity. Drug Discovery Today. (2005) 10:1237–44. doi: 10.1016/S1359-6446(05)03554-3.

32. Löffler, A, Kufer, P, Lutterbüse, R, Zettl, F, Daniel, P, Schwenken-becher, J, et al. A re-combinant bispecific single-chain antibody, CD19 x CD3, induces rapid and high lymphoma-directed cytotoxicity by unstimulated T lymphocytes. Blood. (2000) 95:2098–103. doi: 10.1182/blood.V95.6.2098

33. Offner, S, Hofmeister, R, Romaniuk, A, Kufer, P, and Baeuerle, PA. Induction of regular cytolytic T cell synapses by bispecific single-chain antibody constructs on MHC class I-negative tumor cells. Mol Immunol. (2006) 43:763–71. doi: 10.1016/j.molimm.2005.03.007.

34. La Gruta, NL, Gras, S, Daley, SR, Thomas, PG, and Rossjohn, J. Understanding the drivers of MHC restriction of T cell receptors. Nat Rev Immunol. (2018) 18:467–78. doi: 10.1038/s41577-018-0007-5.

35. Alspach, E, Lussier, DM, Miceli, AP, Kizhvatov, I, DuPage, M, Luoma, AM, et al. MHC-II neoantigens shape tumour immunity and response to immunotherapy. Nature. (2019) 574:696–701. doi: 10.1038/s41586-019-1671-8.

36. DuPage, M, Mazumdar, C, Schmidt, LM, Cheung, AF, and Jacks, T. Expression of tumour-specific antigens underlies cancer immunoediting. Nature. (2012) 482:405–9. doi: 10.1038/nature10803.

37. Lim, SA, Su, W, Chapman, NM, and Chi, H. Lipid metabolism in T cell signaling and function. Nat Chem Biol. (2022) 18:470–81. doi: 10.1038/s41589-022-01017-3.

38. Daniels, MA, Luera, D, and Teixeiro, E. NFκB signaling in T cell memory. Front Immunol. (2023) 14:1129191. doi: 10.3389/fimmu.2023.1129191.

39. Klinger, M, Benjamin, J, Kischel, R, Stienen, S, and Zugmaier, G. Harnessing T cells to fight cancer with BiTE® antibody constructs–past developments and future directions. Immunol Rev. (2016) 270:193–208. doi: 10.1111/imr.12393.

40. Dreier, T, Lorenczewski, G, Brandl, C, Hoffmann, P, Syring, U, Hanakam, F, et al. Extremely potent, rapid and costimulation-independent cytotoxic T-cell response against lymphoma cells catalyzed by a single-chain bispecific antibody. Int J cancer. (2002) 100:690–7. doi: 10.1002/ijc.10557.

41. Paz-Ares, L, Champiat, S, Lai, WV, Izumi, H, Govindan, R, Boyer, M, et al. Tarlatamab, a first-in-class DLL3-targeted bispecific T-cell engager, in recurrent Small-cell lung cancer: An open-label, phase I study. J Clin Oncol. (2023) 41:2893. doi: 10.1200/JCO.22.02823.

42. Sternjak, A, Lee, F, Thomas, O, Balazs, M, Wahl, J, Lorenczewski, G, et al. Preclinical assessment of AMG 596, a bispecific T-cell engager (BiTE) immunotherapy targeting the tumor-specific antigen EGFRvIII. Mol Cancer Ther. (2021) 20:925–33. doi: 10.1158/1535-7163.MCT-20-0508.

43. Wermke, M, Felip, E, Gambardella, V, Kuboki, Y, Morgensztern, D, Hamed, ZO, et al. Phase I trial of the DLL3/CD3 bispecific T-cell engager BI 764532 in DLL3-positive small-cell lung cancer and neuroendocrine carcinomas. Future Oncol. (2022) 18:2639–49. doi: 10.2217/fon-2022-0196.

44. Hua, G, Carlson, D, and Starr, JR. Tebentafusp-tebn: A novel bispecific T-cell engager for metastatic uveal melanoma. J Adv Practition Oncol. (2022) 13:717. doi: 10.6004/jadpro.

45. Nathan, P, Hassel, JC, Rutkowski, P, Baurain, J-F, Butler, MO, Schlaak, M, et al. Overall survival benefit with tebentafusp in metastatic uveal melanoma. N Engl J Med. (2021) 385:1196–206. doi: 10.1056/NEJMoa2103485.

46. Brinkmann, U, and Kontermann, RE. The making of bispecific antibodies. MAbs. (2017) 9:182–212. doi: 10.1080/19420862.2016.1268307.

47. Zhang, X, Yang, Y, Fan, D, and Xiong, D. The development of bispecific antibodies and their applications in tumor immune escape. Exp Hematol Oncol. (2017) 6:12. doi: 10.1186/s40164-017-0072-7.

48. Runcie, K, Budman, DR, John, V, and Seetharamu, N. Bi-specific and tri-specific antibodies-the next big thing in solid tumor therapeutics. Mol Med. (2018) 24:50–65. doi: 10.1186/s10020-018-0051-4.

49. Braig, F, Brandt, A, Goebeler, M, Tony, H-P, Kurze, A-K, Nollau, P, et al. Resistance to anti-CD19/CD3 BiTE in acute lymphoblastic leukemia may be mediated by disrupted CD19 membrane trafficking. Blood J Am Soc Hematol. (2017) 129:100–4. doi: 10.1182/blood-2016-05-718395.

50. Yu, H, Sotillo, E, Harrington, C, Wertheim, G, Paessler, M, Maude, SL, et al. Repeated loss of target surface antigen after immunotherapy in primary mediastinal large B cell lymphoma. Am J hematol. (2017) 92:E11. doi: 10.1002/ajh.24594.

51. Bukhari, A, El Chaer, F, Koka, R, Singh, Z, Hutnick, E, Ruehle, K, et al. Rapid relapse of large B-cell lymphoma after CD19 directed CAR-T-cell therapy due to CD-19 antigen loss. Am J hematol. (2019) 94:E273–E5. doi: 10.1002/ajh.25591.

52. Dunn, GP, Bruce, AT, Ikeda, H, Old, LJ, and Schreiber, RD. Cancer immunoediting: from immunosurveillance to tumor escape. Nat Immunol. (2002) 3:991–8. doi: 10.1038/ni1102-991.

53. Köhnke, T, Krupka, C, Tischer, J, Knösel, T, and Subklewe, M. Increase of PD-L1 expressing B-precursor ALL cells in a patient resistant to the CD19/CD3-bispecific T cell engager antibody blinatumomab. J Hematol Oncol. (2015) 8:111. doi: 10.1186/s13045-015-0213-6.

54. Krupka, C, Kufer, P, Kischel, R, Zugmaier, G, Lichtenegger, F, Köhnke, T, et al. Blockade of the PD-1/PD-L1 axis augments lysis of AML cells by the CD33/CD3 BiTE antibody construct AMG 330: reversing a T-cell-induced immune escape mechanism. Leukemia. (2016) 30:484–91. doi: 10.1038/leu.2015.214.

55. Feucht, J, Kayser, S, Gorodezki, D, Hamieh, M, Döring, M, Blaeschke, F, et al. T-cell responses against CD19+ pediatric acute lymphoblastic leukemia mediated by bispecific T-cell engager (BiTE) are regulated contrarily by PD-L1 and CD80/CD86 on leukemic blasts. Oncotarget. (2016) 7:76902. doi: 10.18632/oncotarget.v7i47.

56. Jackson, CM, Choi, J, and Lim, M. Mechanisms of immunotherapy resistance: lessons from glioblastoma. Nat Immunol. (2019) 20:1100–9. doi: 10.1038/s41590-019-0433-y.

57. Duell, J, Dittrich, M, Bedke, T, Mueller, T, Eisele, F, Rosenwald, A, et al. Frequency of regulatory T cells determines the outcome of the T-cell-engaging antibody blinatumomab in patients with B-precursor ALL. Leukemia. (2017) 31:2181–90. doi: 10.1038/leu.2017.41.

58. Ghiringhelli, F, Larmonier, N, Schmitt, E, Parcellier, A, Cathelin, D, Garrido, C, et al. CD4+ CD25+ regulatory T cells suppress tumor immunity but are sensitive to cyclophosphamide which allows immunotherapy of established tumors to be curative. Eur J Immunol. (2004) 34:336–44. doi: 10.1002/eji.200324181.

59. Perez, C, Botta, C, Zabaleta, A, Puig, N, Cedena, M-T, Goicoechea, I, et al. Immunogenomic identification and characterization of granulocytic myeloid-derived suppressor cells in multiple myeloma. Blood J Am Soc Hematol. (2020) 136:199–209. doi: 10.1182/blood.2019004537.

60. Cherkassky, L, Morello, A, Villena-Vargas, J, Feng, Y, Dimitrov, DS, Jones, DR, et al. Human CAR T cells with cell-intrinsic PD-1 checkpoint blockade resist tumor-mediated inhibition. J Clin Invest. (2016) 126:3130–44. doi: 10.1172/JCI83092.

61. Frey, NV, and Porter, DL. Cytokine release syndrome with novel therapeutics for acute lymphoblastic leukemia. Hematol 2014 Am Soc Hematol Educ Program Book. (2016) 2016:567–72. doi: 10.1182/asheducation-2016.1.567.

62. Stein, AS, Schiller, G, Benjamin, R, Jia, C, Zhang, A, Zhu, M, et al. Neurologic adverse events in patients with relapsed/refractory acute lymphoblastic leukemia treated with blinatumomab: management and mitigating factors. Ann Hematol. (2019) 98:159–67. doi: 10.1007/s00277-018-3497-0.

63. Li, H, Er Saw, P, and Song, E. Challenges and strategies for next-generation bispecific antibody-based antitumor therapeutics. Cell Mol Immunol. (2020) 17:451–61. doi: 10.1038/s41423-020-0417-8.

64. Fitzgerald, JC, Weiss, SL, Maude, SL, Barrett, DM, Lacey, SF, Melenhorst, JJ, et al. Cytokine release syndrome after chimeric antigen receptor T cell therapy for acute lymphoblastic leukemia. Crit Care Med. (2017) 45:e124. doi: 10.1097/CCM.0000000000002053.

65. Klinger, M, Zugmaier, G, Nägele, V, Goebeler, M-E, Brandl, C, Stelljes, M, et al. Adhesion of T cells to endothelial cells facilitates blinatumomab-associated neurologic adverse events. Cancer Res. (2020) 80:91–101. doi: 10.1158/0008-5472.CAN-19-1131.

66. Kelly, E, and Russell, SJ. History of oncolytic viruses: genesis to genetic engineering. Mol Ther. (2007) 15:651–9. doi: 10.1038/sj.mt.6300108.

67. Gey, G. Tissue culture studies of the proliferative capacity of cervical carcinoma and normal epithelium. Cancer Res. (1952) 12:264–5.

68. Weller, TH, Robbins, FC, and Enders, JF. Cultivation of poliomyelitis virus in cultures of human foreskin and embryonic tissues. Proc Soc Exp Biol Med. (1949) 72:153–5. doi: 10.3181/00379727-72-17359.

69. Zarezadeh Mehrabadi, A, Roozbahani, F, Ranjbar, R, Farzanehpour, M, Shahriary, A, Dorostkar, R, et al. Overview of the pre-clinical and clinical studies about the use of CAR-T cell therapy of cancer combined with oncolytic viruses. World J Surg Oncol. (2022) 20:16. doi: 10.1186/s12957-021-02486-x.

70. Mishra, AK, Ali, A, Dutta, S, Banday, S, and Malonia, SK. Emerging trends in immunotherapy for cancer. Diseases. (2022) 10:60. doi: 10.3390/diseases10030060.

71. Seymour, LW, and Fisher, KD. Oncolytic viruses: finally delivering. Br J cancer. (2016) 114:357–61. doi: 10.1038/bjc.2015.481.

72. Huang, Q, Cai, W-Q, Han, Z-W, Wang, M-Y, Zhou, Y, Cheng, J-T, et al. Bispecific T cell engagers and their synergistic tumor immunotherapy with oncolytic viruses. Am J Cancer Res. (2021) 11:2430–55.

73. Shi, T, Song, X, Wang, Y, Liu, F, and Wei, J. Combining oncolytic viruses with cancer immunotherapy: establishing a new generation of cancer treatment. Front Immunol. (2020) 11:683. doi: 10.3389/fimmu.2020.00683.

74. Aghi, M, Visted, T, Depinho, R, and Chiocca, E. Oncolytic herpes virus with defective ICP6 specifically replicates in quiescent cells with homozygous genetic mutations in p16. Oncogene. (2008) 27:4249–54. doi: 10.1038/onc.2008.53.

75. Coffey, MC, Strong, JE, Forsyth, PA, and Lee, PW. Reovirus therapy of tumors with activated Ras pathway. Science. (1998) 282:1332–4. doi: 10.1126/science.282.5392.1332.

76. Stojdl, DF, Lichty, B, Knowles, S, Marius, R, Atkins, H, Sonenberg, N, et al. Exploiting tumor-specific defects in the interferon pathway with a previously unknown oncolytic virus. Nat Med. (2000) 6:821–5. doi: 10.1038/77558.

77. Martin, NT, and Bell, JC. Oncolytic virus combination therapy: killing one bird with two stones. Mol Ther. (2018) 26:1414–22. doi: 10.1016/j.ymthe.2018.04.001.

78. Adair, RA, Roulstone, V, Scott, KJ, Morgan, R, Nuovo, GJ, Fuller, M, et al. Cell carriage, delivery, and selective replication of an oncolytic virus in tumor in patients. Sci Transl Med. (2012) 4:138ra77. doi: 10.1126/scitranslmed.3003578.

79. Fend, L, Yamazaki, T, Remy, C, Fahrner, C, Gantzer, M, Nourtier, V, et al. Immune checkpoint blockade, immunogenic chemotherapy or IFN-α blockade boost the local and abscopal effects of oncolytic virotherapy. Cancer Res. (2017) 77:4146–57. doi: 10.1158/0008-5472.CAN-16-2165.

80. Workenhe, ST, and Mossman, KL. Oncolytic virotherapy and immunogenic cancer cell death: sharpening the sword for improved cancer treatment strategies. Mol Ther. (2014) 22:251–6. doi: 10.1038/mt.2013.220.

81. Guo, ZS, Liu, Z, and Bartlett, DL. Oncolytic immunotherapy: dying the right way is a key to eliciting potent antitumor immunity. Front Oncol. (2014) 4:74. doi: 10.3389/fonc.2014.00074.

82. Mardi, A, Shirokova, AV, Mohammed, RN, Keshavarz, A, Zekiy, AO, Thangavelu, L, et al. Biological causes of immunogenic cancer cell death (ICD) and anti-tumor therapy; combination of oncolytic virus-based immunotherapy and CAR T-cell therapy for ICD induction. Cancer Cell Int. (2022) 22:168. doi: 10.1186/s12935-022-02585-z.

83. Li, Q, Tan, F, Wang, Y, Liu, X, Kong, X, Meng, J, et al. The gamble between oncolytic virus therapy and IFN. Front Immunol. (2022) 13:168. doi: 10.3389/fimmu.2022.971674.

84. Harrington, K, Freeman, DJ, Kelly, B, Harper, J, and Soria, J-C. Optimizing oncolytic virotherapy in cancer treatment. Nat Rev Drug Discov. (2019) 18:689–706. doi: 10.1038/s41573-019-0029-0.

85. Ma, W, He, H, and Wang, H. Oncolytic herpes simplex virus and immunotherapy. BMC Immunol. (2018) 19:40. doi: 10.1186/s12865-018-0281-9.

86. Angelova, AL, Grekova, SP, Heller, A, Kuhlmann, O, Soyka, E, Giese, T, et al. Complementary induction of immunogenic cell death by oncolytic parvovirus H-1PV and gemcitabine in pancreatic cancer. J virol. (2014) 88:5263–76. doi: 10.1128/JVI.03688-13.

87. Wu, Y-Y, Sun, T-K, Chen, M-S, Munir, M, and Liu, H-J. Oncolytic viruses-modulated immunogenic cell death, apoptosis and autophagy linking to virotherapy and cancer immune response. Front Cell infect Microbiol. (2023) 13:1142172. doi: 10.3389/fcimb.2023.1142172.

88. Li, J, Meng, Q, Zhou, X, Zhao, H, Wang, K, Niu, H, et al. Gospel of Malignant Glioma: Oncolytic virus therapy. Gene. (2022) 818:146217. doi: 10.1016/j.gene.2022.146217.

89. Kalyanasundram, J, Hamid, A, Yusoff, K, and Chia, SL. Newcastle disease virus strain AF2240 as an oncolytic virus: A review. Acta tropica. (2018) 183:126–33. doi: 10.1016/j.actatropica.2018.04.007.

90. Meng, S, Xu, J, Wu, Y, and Ding, C. Targeting autophagy to enhance oncolytic virus-based cancer therapy. Expert Opin Biol Ther. (2013) 13:863–73. doi: 10.1517/14712598.2013.774365.

91. Lei, W, Wang, S, Xu, N, Chen, Y, Wu, G, Zhang, A, et al. Enhancing therapeutic efficacy of oncolytic vaccinia virus armed with Beclin-1, an autophagic Gene in leukemia and myeloma. Biomed Pharmacother. (2020) 125:110030. doi: 10.1016/j.biopha.2020.110030.

92. Botta, G, Passaro, C, Libertini, S, Abagnale, A, Barbato, S, Maione, AS, et al. Inhibition of autophagy enhances the effects of E1A-defective oncolytic adenovirus dl 922–947 against glioma cells in vitro and in vivo. Hum Gene Ther. (2012) 23:623–34. doi: 10.1089/hum.2011.120.

93. Johnson, DB, Puzanov, I, and Kelley, MC. Talimogene laherparepvec (T-VEC) for the treatment of advanced melanoma. Immunotherapy. (2015) 7:611–9. doi: 10.2217/imt.15.35.

94. Liang, M. Oncorine, the world first oncolytic virus medicine and its update in China. Curr Cancer Drug targets. (2018) 18:171–6. doi: 10.2174/1568009618666171129221503.

95. Yokota, K, Isei, T, Uhara, H, Fujisawa, Y, Takenouchi, T, Kiyohara, Y, et al. Final results from phase II of combination with canerpaturev (formerly HF10), an oncolytic viral immunotherapy, and ipilimumab in unresectable or metastatic melanoma in second-or later line treatment. Ann Oncol. (2019) 30:v557. doi: 10.1093/annonc/mdz255.053.

96. Annels, NE, Mansfield, D, Arif, M, Ballesteros-Merino, C, Simpson, GR, Denyer, M, et al. Phase I trial of an ICAM-1-targeted immunotherapeutic-coxsackievirus A21 (CVA21) as an oncolytic agent against non muscle-invasive bladder cancer. Clin Cancer Res. (2019) 25:5818–31. doi: 10.1158/1078-0432.CCR-18-4022.

97. Kim, S-G, and Hwang, T. Phase 2 trial of Pexa-Vec (pexastimogene devacirepvec; JX-594), an oncolytic and immunotherapeutic vaccinia virus, in patients with metastatic, refractory renal cell carcinoma (RCC). Eur J Cancer. (2015) 51:S510. doi: 10.1016/S0959-8049(16)31415-0.

98. Frampton, JE. Teserpaturev/G47Δ: first approval. BioDrugs. (2022) 36:667–72. doi: 10.1007/s40259-022-00553-7.

99. Maruyama, Y, Sakurai, A, Noda, S, Fujiwara, Y, Okura, N, Takagi, T, et al. Regulatory issues: PMDA–review of sakigake designation products: oncolytic virus therapy with delytact injection (Teserpaturev) for Malignant glioma. Oncol. (2023) 28:664–70. doi: 10.1093/oncolo/oyad041.

100. Abd-Aziz, N, and Poh, CL. Development of oncolytic viruses for cancer therapy. Trans Res. (2021) 237:98–123. doi: 10.1016/j.trsl.2021.04.008.

101. Hong, J, and Yun, C-O. Overcoming the limitations of locally administered oncolytic virotherapy. BMC Biomed Eng. (2019) 1:17. doi: 10.1186/s42490-019-0016-x.

102. Guo, ZS. The impact of hypoxia on oncolytic virotherapy. Virus Adapt Treat. (2011) 3:71–82. doi: 10.2147/VAAT.

103. Park, Y-J, Kuen, D-S, and Chung, Y. Future prospects of immune checkpoint blockade in cancer: from response prediction to overcoming resistance. Exp Mol Med. (2018) 50:109. doi: 10.1038/s12276-018-0130-1.

104. Mehrabadi, AZ, Ranjbar, R, Farzanehpour, M, Shahriary, A, Dorostkar, R, Hamidinejad, MA, et al. Therapeutic potential of CAR T cell in Malignancies: A scoping review. Biomed Pharmacother. (2022) 146:112512. doi: 10.1016/j.biopha.2021.112512.

105. Boland, P, Pavlick, AC, Weber, J, and Sandigursky, S. Immunotherapy to treat Malignancy in patients with pre-existing autoimmunity. J immunother cancer. (2020) 8:e000356. doi: 10.1136/jitc-2019-000356.

106. Linardou, H, and Gogas, H. Toxicity management of immunotherapy for patients with metastatic melanoma. Ann Trans Med. (2016) 4:272. doi: 10.21037/atm.

107. Yu, S, Li, A, Liu, Q, Yuan, X, Xu, H, Jiao, D, et al. Recent advances of bispecific antibodies in solid tumors. J Hematol Oncol. (2017) 10:155. doi: 10.1186/s13045-017-0522-z.

108. Esfahani, K, Roudaia, L, Buhlaiga, N, Del Rincon, S, Papneja, N, and Miller, W. A review of cancer immunotherapy: from the past, to the present, to the future. Curr Oncol. (2020) 27:87–97. doi: 10.3747/co.27.5223.

109. Waldman, AD, Fritz, JM, and Lenardo, MJ. A guide to cancer immunotherapy: from T cell basic science to clinical practice. Nat Rev Immunol. (2020) 20:651–68. doi: 10.1038/s41577-020-0306-5.

110. Achard, C, Surendran, A, Wedge, M-E, Ungerechts, G, Bell, J, and Ilkow, CS. Lighting a fire in the tumor microenvironment using oncolytic immunotherapy. EBioMedicine. (2018) 31:17–24. doi: 10.1016/j.ebiom.2018.04.020.

111. Oh, C-M, Chon, HJ, and Kim, C. Combination immunotherapy using oncolytic virus for the treatment of advanced solid tumors. Int J Mol Sci. (2020) 21:7743. doi: 10.3390/ijms21207743.

112. Ribas, A, Dummer, R, Puzanov, I, VanderWalde, A, Andtbacka, RH, Michielin, O, et al. Oncolytic virotherapy promotes intratumoral T cell infiltration and improves anti-PD-1 immunotherapy. Cell. (2017) 170:1109–19.e10. doi: 10.1016/j.cell.2017.08.027

113. Heidbuechel, JPW, and Engeland, CE. Oncolytic viruses encoding bispecific T cell engagers: a blueprint for emerging immunovirotherapies. J Hematol Oncol. (2021) 14:63. doi: 10.1186/s13045-021-01075-5.

114. Song, X-T. Combination of virotherapy and T-cell therapy: arming oncolytic virus with T-cell engagers. Discov Med. (2013) 16:261–6.

115. Scott, EM, Duffy, MR, Freedman, JD, Fisher, KD, and Seymour, LW. Solid tumor immunotherapy with T cell engager-armed oncolytic viruses. Macromol Biosci. (2018) 18:1700187. doi: 10.1002/mabi.201700187.

116. Fajardo, CA, Guedan, S, Rojas, LA, Moreno, R, Arias-Badia, M, De Sostoa, J, et al. Oncolytic adenoviral delivery of an EGFR-targeting T-cell engager improves antitumor efficacy. Cancer Res. (2017) 77:2052–63. doi: 10.1158/0008-5472.CAN-16-1708.

117. Yu, F, Wang, X, Guo, ZS, Bartlett, DL, Gottschalk, SM, and Song, X-T. T-cell engager-armed oncolytic vaccinia virus significantly enhances antitumor therapy. Mol Ther. (2014) 22:102–11. doi: 10.1038/mt.2013.240.

118. Yu, F, Hong, B, and Song, X-T. A T-cell engager-armed oncolytic vaccinia virus to target the tumor stroma. Cancer Trans Med. (2017) 3:122–32. doi: 10.4103/ctm.ctm_13_17.

119. Wang, Q, Ma, X, Wu, H, Zhao, C, Chen, J, Li, R, et al. Oncolytic adenovirus with MUC16-BiTE shows enhanced antitumor immune response by reversing the tumor microenvironment in PDX model of ovarian cancer. Oncoimmunology. (2022) 11:2096362. doi: 10.1080/2162402X.2022.2096362.

120. Barlabé, P, Sostoa, JD, Fajardo, CA, Alemany, R, and Moreno, R. Enhanced antitumor efficacy of an oncolytic adenovirus armed with an EGFR-targeted BiTE using menstrual blood-derived mesenchymal stem cells as carriers. Cancer Gene Ther. (2020) 27:383–8. doi: 10.1038/s41417-019-0110-1.

121. Freedman, JD, Hagel, J, Scott, EM, Psallidas, I, Gupta, A, Spiers, L, et al. Oncolytic adenovirus expressing bispecific antibody targets T-cell cytotoxicity in cancer biopsies. EMBO Mol Med. (2017) 9:1067–87. doi: 10.15252/emmm.201707567.

122. Scott, EM, Jacobus, EJ, Lyons, B, Frost, S, Freedman, JD, Dyer, A, et al. Bi-and tri-valent T cell engagers deplete tumour-associated macrophages in cancer patient samples. J ImmunoTher Cancer. (2019) 7:320. doi: 10.1186/s40425-019-0807-6.

123. Speck, T, Heidbuechel, JP, Veinalde, R, Jaeger, D, Von Kalle, C, Ball, CR, et al. Targeted BiTE expression by an oncolytic vector augments therapeutic efficacy against solid tumors. Clin Cancer Res. (2018) 24:2128–37. doi: 10.1158/1078-0432.CCR-17-2651.

124. Freedman, JD, Duffy, MR, Lei-Rossmann, J, Muntzer, A, Scott, EM, Hagel, J, et al. An oncolytic virus expressing a T-cell engager simultaneously targets cancer and immunosuppressive stromal cells. Cancer Res. (2018) 78:6852–65. doi: 10.1158/0008-5472.CAN-18-1750.

125. de Sostoa, J, Fajardo, CA, Moreno, R, Ramos, MD, Farrera-Sal, M, and Alemany, R. Targeting the tumor stroma with an oncolytic adenovirus secreting a fibroblast activation protein-targeted bispecific T-cell engager. J immunother cancer. (2019) 7:19. doi: 10.1186/s40425-019-0505-4.

126. Wing, A, Fajardo, CA, Posey, AD Jr, Shaw, C, Da, T, Young, RM, et al. Improving CART-cell therapy of solid tumors with oncolytic virus–driven production of a bispecific T-cell engager. Cancer Immunol Res. (2018) 6:605–16. doi: 10.1158/2326-6066.CIR-17-0314.

127. Porter, CE, Shaw, AR, Jung, Y, Yip, T, Castro, PD, Sandulache, VC, et al. Oncolytic adenovirus armed with BiTE, cytokine, and checkpoint inhibitor enables CAR T cells to control the growth of heterogeneous tumors. Mol Ther. (2020) 28:1251–62. doi: 10.1016/j.ymthe.2020.02.016.

128. Lei, W, Ye, Q, Hao, Y, Chen, J, Huang, Y, Yang, L, et al. CD19-targeted bite expression by an oncolytic vaccinia virus significantly augments therapeutic efficacy against B-cell lymphoma. Blood Cancer J. (2022) 12:35. doi: 10.1038/s41408-022-00634-4.

129. Wei, M, Zuo, S, Chen, Z, Qian, P, Zhang, Y, Kong, L, et al. Oncolytic vaccinia virus expressing a bispecific T-cell engager enhances immune responses in EpCAM positive solid tumors. Front Immunol. (2022) 13:1017574. doi: 10.3389/fimmu.2022.1017574.

130. Khalique, H, Baugh, R, Dyer, A, Scott, EM, Frost, S, Larkin, S, et al. Oncolytic herpesvirus expressing PD-L1 BiTE for cancer therapy: exploiting tumor immune suppression as an opportunity for targeted immunotherapy. J immunother cancer. (2021) 9:e001292. doi: 10.1136/jitc-2020-001292.

131. Liu, S, Li, F, Ma, Q, Du, M, Wang, H, Zhu, Y, et al. OX40L-armed oncolytic virus boosts T-cell response and remodels tumor microenvironment for pancreatic cancer treatment. Theranostics. (2023) 13:4016. doi: 10.7150/thno.83495.

132. Jin, J, Wang, R, Yang, J, Hu, H, Wang, D, Cai, L, et al. BiTEs expressed by an oncolytic herpes simplex virus type 2 can transform heterologous T cells into uniform tumor killer cells. Hum Gene Ther. (2022) 33:649–63. doi: 10.1089/hum.2021.277.

133. Hammond, SA, Lutterbuese, R, Roff, S, Lutterbuese, P, Schlereth, B, Bruckheimer, E, et al. Selective targeting and potent control of tumor growth using an EphA2/CD3-Bispecific single-chain antibody construct. Cancer Res. (2007) 67:3927–35. doi: 10.1158/0008-5472.CAN-06-2760.

134. Albelda, SM, and Thorne, SH. Giving oncolytic vaccinia virus more BiTE. Mol Ther. (2014) 22:6–8. doi: 10.1038/mt.2013.271.

135. Wong, S-F. Cetuximab: an epidermal growth factor receptor monoclonal antibody for the treatment of colorectal cancer. Clin Ther. (2005) 27:684–94. doi: 10.1016/j.clinthera.2005.06.003.

136. Chen, X, and Song, E. Turning foes to friends: targeting cancer-associated fibroblasts. Nat Rev Drug Discov. (2019) 18:99–115. doi: 10.1038/s41573-018-0004-1.

137. Locke, FL, Go, WY, and Neelapu, SS. Development and use of the anti-CD19 chimeric antigen receptor T-cell therapy axicabtagene ciloleucel in large B-cell lymphoma: a review. JAMA Oncol. (2020) 6:281–90. doi: 10.1001/jamaoncol.2019.3869.

138. Frigault, MJ, and Maus, MV. State of the art in CAR T cell therapy for CD19+ B cell Malignancies. J Clin Invest. (2020) 130:1586–94. doi: 10.1172/JCI129208.

139. Kantarjian, H, Stein, A, Gökbuget, N, Fielding, AK, Schuh, AC, Ribera, J-M, et al. Blinatumomab versus chemotherapy for advanced acute lymphoblastic leukemia. N Engl J Med. (2017) 376:836–47. doi: 10.1056/NEJMoa1609783.

140. Aldoss, I, Song, J, Stiller, T, Nguyen, T, Palmer, J, O'Donnell, M, et al. Correlates of resistance and relapse during blinatumomab therapy for relapsed/refractory acute lymphoblastic leukemia. Am J hematol. (2017) 92:858–65. doi: 10.1002/ajh.24783.

141. Zhang, L, Wang, W, Wang, R, Zhang, N, Shang, H, Bi, Y, et al. Reshaping the immune microenvironment by oncolytic herpes simplex virus in murine pancreatic ductal adenocarcinoma. Mol Ther. (2021) 29:744–61. doi: 10.1016/j.ymthe.2020.10.027.

142. Wang, R, Chen, J, Wang, W, Zhao, Z, Wang, H, Liu, S, et al. CD40L-armed oncolytic herpes simplex virus suppresses pancreatic ductal adenocarcinoma by facilitating the tumor microenvironment favorable to cytotoxic T cell response in the syngeneic mouse model. J immunother cancer. (2022) 10:e003809. doi: 10.1136/jitc-2021-003809.

143. Tijink, BM, Buter, J, De Bree, R, Giaccone, G, Lang, MS, Staab, A, et al. A phase I dose escalation study with anti-CD44v6 bivatuzumab mertansine in patients with incurable squamous cell carcinoma of the head and neck or esophagus. Clin Cancer Res. (2006) 12:6064–72. doi: 10.1158/1078-0432.CCR-06-0910.

144. Rupp, U, Schoendorf-Holland, E, Eichbaum, M, Schuetz, F, Lauschner, I, Schmidt, P, et al. Safety and pharmacokinetics of bivatuzumab mertansine in patients with CD44v6-positive metastatic breast cancer: final results of a phase I study. Anti-cancer Drugs. (2007) 18:477–85. doi: 10.1097/CAD.0b013e32801403f4.




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Zarezadeh Mehrabadi, Tat, Ghorbani Alvanegh, Roozbahani and Esmaeili Gouvarchin Ghaleh. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu.2024.1343378_cover.jpg
& frontiers | Frontiers in Immunology

Revolutionizing cancer treatment: the
power of bi- and tri-specific T-cell
engagers in oncolytic virotherapy





OEBPS/Images/fimmu-15-1343378-g002.jpg
Toxicities

Limitation of
BiTEs & TriTEs

Immunosuppressive
TME





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Revolutionizing cancer treatment: the power of bi- and tri-specific T-cell engagers in oncolytic virotherapy

      

        		

          1 Introduction

        



        		

          2 Overview of the bi- and tri-specific T cell engagers and cancer immunotherapy

        



        		

          3 Overview of the oncolytic viruses and cancer immunotherapy

        



        		

          4 The applications of oncolytic viruses for the delivery of immunotherapies

        



        		

          5 The incorporation of bi- and tri-specific t cell engagers into oncolytic virotherapy

        



        		

          6 Combination therapy: CAR-T cells and OV-armed BITEs

        



        		

          7 Concluding remarks

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Description

Type of

immunotherapy

Disadvantages
of monotherapy

Advantages of
modified OVs

Clinical trials

Therapeutic antibodies, such
as ICIs, function by blocking
homeostatic signals, such as
CTLA-4 and PD-1, with the
aim of triggering immune

Therapeutic
antibodies
responses against tumor
cells (103).

CAR T cell therapy is a form
of cancer immunotherapy
wherein T cells, undergo
genetic engineering to
enhance their ability to
identify and eliminate tumor
cells with improved
efficacy (104).

CART cells

BiTE is a recombinant
bispecific antibody containing
two linked scFvs derived
from distinct antibodies. One
scFv targets a T cell-surface
molecule, while the other
targets cancer cell antigens.
TriTEs are capable of
identifying three distinct
targeted antigens (21, 22).

Bi- and Tri-
specific molecules

- Limited efficacy in some
patients
- IClIs are less effective in
treating “cold” tumors
- Pulmonary and
Gastrointestinal toxicities
- Neurologic and ocular
complications
- Rheumatologic
complications
- Dermatological toxicities

- Limited success in solid
tumors
- Antigen escape
- Limited tumor infiltration
- Tumor heterogeneity
- CAR-T cell toxicity (e.g.
CRS and ICANS)
- T cell exhaustion
- On-target off-tumor effects
- Immunosuppressive TME
limited the efficiency of CAR
T cell

- Short biological lifespan
- Poor tumor retention
- Antigen escape
- Limited memory immune
response
- toxicity such as CRS

- Enhanced therapeutic response
- OVs modulate TME to make
“cold” tumors susceptible to
immune checkpoint inhibitors.
- Improved tumor lymphocyte
infiltration
- Improved tumor penetration
- Reduced side effects through
local delivery

- Increased CAR T cell
infiltration

- Reducing tumor immune

escaping
- Increase the T cells activity to
suppress tumors and increase the
lifespan
- Improved efficacy by
combination therapy with
cytokine-armed OV (e.g, IL-2,
IFNs)

- OV-mediated delivery of
tumor-selective surface antigens
enhances the antitumor efficacy

of CAR T-cells
- OVs modulate the TME via
enhancing the expression of
immune checkpoint
costimulatory receptors and
ligands. (e.g., OX40, OX40L, 4-
1BB, 4-1BBL)

- Activated T/NK cells for tumor
lysis
- Enhanced tumor specific
targeting
- Enhanced tumor cytotoxicity
both in vitro and in vivo
- Significant reduction in tumor
growth in vivo
- Prolonged remission of tumors
without recurrence in
animal models

- NCT05788926 (Recruiting/Phase I):
TG6050 (CTLA-4 antibody) is an
oncolytic vaccinia viruses/Non-small
cell lung cancer
- NCT04336241 (Recruiting/Phase 1),
NCT05733611 (Active, Not recruiting,
Phase II): RP2 (CTLA-4 antibody) is a
genetically modified HSV-1/Metastatic
Colorectal Cancer
- NCT05081492 (Active, Not
recruiting, Phase I): CF33 (hNIS/Anti-
PD-L1 antibody) is a genetically
modified Orthopoxvirus/Metastatic
Triple Negative Breast Cancer
- NCT05733611 (Active, Not
Recruiting, Phase 1I), NCT05733598
(Not yet recruiting, Phase 1),
NCT05743270 (Withdrawn, Phase II),
NCT04735978 (Active, Not yet
recruiting, Phase I): RP3 (CTLA-4
antibody) is a genetically modified
HSV-1/Metastatic Colorectal Cancer,
Squamous Cell Carcinoma of Head
and Neck, and Hepatocellular
Carcinoma
- NCT03852511(Completed, Phase I):
NG-350A (Anti-CD40 antibody) is a
genetically modified Adenovirus/
Advanced Epithelial Tumors

- NCT03740256 (Recruiting):
CAdVEC/A First in Human Phase 1
Trial of Binary Oncolytic Adenovirus
in Combination With HER2-Specific
Autologous CAR T Cells in Patients
With Advanced HER2 Positive
Solid Tumors

- NCT05938296 (Recruiting/Phase I):
BS006 (PD-L1/CD3-BsAb) is a
genetically modified HSV-2/Metastatic
Solid Tumors

ICI, Immune checkpoint inhibitor; OV, Oncolytic virus; HSV, Herpes simplex virus; TME, Tumor micro-environment; CRS, Cytokine release syndrome; ICANS, Immune effector cell-associated

neurotoxicity syndrome; IEN, Interferon.
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(s)

- MUC16-BiTE mediated T cell activation and target cancer cells specially.
- OAd-MUC16-BiTE-mediated enhanced T-cell-mediated tumor cell killing and bystander effect.

Ad-
M?JCIE CD3 - OAd-MUCI16-BiTE enhanced infiltration of CTLs and reversed the immunosuppressive TME. (119)
BiTE x MUCI16 - Promoted T cell trafficking to the tumor by increasing pro-inflammatory factors and decreasing anti-
inflammatory factors.
- Local administration lowered toxicity and systemic exposure.
- ICOVIR-15K-cBiTE mediated robust T cell activation, proliferation, and bystander cell-mediated
ICOVIR- cytotoxicity.
15K-cBiTE CD3xEGER - ICOVIR-15K-cBiTE Increased TIL durability and accumulation in vivo. (16)
- ICOVIR-15K-cBiTE Improved antitumor activity when coupled with PBMCs or T cells.
ICOVIR - ICOVIR-15K-cBiTE mediated robust T cell activation, proliferation, and cytotoxicity.
15K-cBiTE CD3 x EGFR - ICOVIR-15K-cBiTE increased antitumor effectiveness when combined with PBMCs or T cells in (120)
-cBi
< xenograft models. Mesenchymal stem cells are being employed as carriers to enhance delivery.
- EpCAM-BiTE mediated activation of CD4+ and CD8+ T-cell populations.
EnAdV CD3 - EnAdV increased TIL infiltration and mediated long-lasting antitumor immunity. (121)
x EpCAM EnAdV- EpCAM BiTE overcome immunosuppressive environment and enhanced activation of
endogenous T cells.
- EnAd-FAP-BiTE mediated T cell activation, their subsequent proliferation, and the induction of
EnAd- cytotoxicity in cancer cells.
D3 x FAP 124
AdV FAP-BiTE Cb3x - EnAd-FAP-BiTE induces repolarization of resident TAMs in ascites samples. (29
- EnAd-FAP-BiTE increased infiltration of T cells.
- Supernatants from ICO15K-FBiTE-infected cells triggers the activation and proliferation of T
ICO15K- lymphocytes.
CD3 x FAP 125
FBIiTE X - ICO15K-FBiTE promoted tumor T-cell retention and accumulation in vivo. (125)
- ICO15K-FBITE is more effective in combatting tumors than the parental virus.
- CD3e x
(CD206 or - Selective elimination of M2-polarized autologous macrophages as opposed to M1-polarized autologous
FRB) macrophages.
- CD3e x - A THTE, possessing bivalent CD3¢ binding, showed enhanced efficacy while maintaining its selectivity
- CD3e x towards target cells. In contrast, a TriTE containing CD28 has induced non-specific activation of T (122)
CD206 cells.
- CD3e x - Enhanced activation of endogenous T cells and IFN-y production upon exposure to both free and
CD28 EnAd-encoded T cell engagers.
x CD206
1CO15K - ICO15K-cBiTE -mediated oncolysis enhances activation and proliferation of CAR-T cells.
CBITE CD3 x EGFR - CAR-T cells in combination with ICO15K-cBiTE enhances antitumor efficacy and T cell activation (126)
in vivo.
CAdTrio CD3e - C.AdTno Enables T C.ells to Kill '.T\:lmor Cells In Vitro. (127
x CD44v6 - CAdTrio Increases the Anti-tumor Activity of HER2.CAR-T Cells.
- Supernatants from OVV-CD19 BiTE -infected cells induces the activation and proliferation of T
ovv- lymphocytes.
CD19 BiTE CD3 x CD19 - Long-term tumor remissions without recurrence noted. (128)
- OVV-CD19 BIiTE triggers T cells proliferation and recruited this lymphocytes to the tumor sites.
- OVV-CD19 BiTE has higher anticancer activity than parental virus and blinatumomab.
- EphA2-TEA-VV infected tumor cells induced T cell activation.
EphA2- D3 2D - EphA2-TEA-VV redirects T lymphocytes to EphA2-positive cancer cells. 1)
x
TEA-VV P - EphA2-TEA-VV induces bystander killing of non-infected tumor cells and enhanced antitumor
v activity in vivo.
—_— - mFAP-TEA-VV replicated within tumor cells and induced oncolysis similarly to the unmodified VV.
TEA-VV CD3 x mFAP - mFAP-TEA-VV demonstrates significant anticancer efficacy in an immunocompetent B16 (118)
melanoma model.
- The secretion of EpPCAM BiTE has been shown to effectively promote activation of T cells.
V- cD3 - The VV-EpCAM BiTE demonstrates enhanced antitumor activity in EpCAM-expressing breast
EpCAM EpCAM cancer. (129)
BiTE x =P - Both VV-EpCAM BiTE and VV-Ctrl exhibit similar anticancer properties in the EpCAM-negative
carcinoma model.
Measles | | oo | CD3x(CEA - Therapeutic efficacy of MV-BiTE in combatting malignancies in immunocompetent mice. 5
viruses or CD20) - An association between the efficacy of anti-tumor agents and the enhanced presence of TIL.
- PD-L1 BiTE does not increases killing of activated T cells.
oHSV-1 - 0HSV-1 PD-L1 BiTE overcome immune-suppressive ascites fluids environment and have toxic effect
PD- CD3 x PD-L1 for tumor cells. (130)
L1 BiTE - 0HSV-1 PD-L1 BiTE polarized M2-like macrophages.
- 0HSV-1 PD-L1 BiTE activate endogenous T cells.
- OV-mOX40L inhibited tumor growth in vivo
Oov- CD3 x OX40L - Loca.l.(reatmen( of OV-mOX40L stimulated fntratumoral immune cells. ) (31
HSV mOX40L - OV-mOX40L activated CD4+ T cells and CD8+ cytotoxic T cells and reduced Treg proportion
leading to switching the TME to a more pro-inflammatory state.
- oHSV2-
BITEsPD- | cp3 xpp- ; : 5 : o
L1 L - OHSV2-BiTEs-PD-L1 mediated T cell activation boosting T cell cytotoxicity. (132)
- OHSV2- - OHSV2-BiTEs-PD-LI strengthens antitumor activity.
% - CD3 x CD19
mBiTEs-
CD19

AdV, Adenovirus; VV, Vacina virus; HSV, Herpes simplex virus; OV, Oncolytic virus; BiTE, Bi-specific T cell engager; MUC-16, Mucin 16; EGFR, Epidermal growth factor receptor; TME,
“Tumor micro environment; TIL, Tumor infiltrated lymphocyte; PBMC, peripheral blood mononuclear cells; EpCAM, Epithelial cellular adhesion molecule; TAM, Tumor associated macrophages
FAP, Fibroblast activation protein; FRB, Folate receptor-f; EphA2, Ephrin type-A receptor 2; CEA, carcinoembryonic antigen; PD-L1, Programmed death-ligand 1; OX40L, OX40 ligand.





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-15-1343378-g003.jpg
o - - - - - - - -,

/7

o ——————— Oncolyticvirus - — === = — - e e -

No or abortive
infection of
Healthy cell

&

Undamaged
healthy cell

v

No activation of immune
system and its components

Anti-viral responses
ER stress
Genotoxic stress

S 286
DAMPs [ *> o™
PAMPs = 4 >4 &4
_TAAs S

3\

O »

Anti-tumor immune
responses

Tumor cell
lysis

APC (DC)

T Perforin

1 ezms

1 TNF-a
IFN-y

T Fas/FasL

CD8* T cell & NK
cell activation

P R S MR e S S S A SR S R N S S P R IR e S





OEBPS/Images/fimmu-15-1343378-g004.jpg
/
' |
I
| =® |
I I
| e |
' | I
I |
| Expressing & |
I releasing I
I Engineered OV BiTEs :
I induce I
| BIiTE expression Infected Tumor cell T cell Tumor cell
| tumor cell lysis ,l
\ RN S e -

S e R e e s S o o o W, o S e e ——— — N

’ ] \
I ’|| _ ‘
: V4 \_- :
| D |
I \\ l/ >} :
| »\‘*E: |
I A I
I I
I Expressing & |
| Engineered OV releasing :
I induce TriTEs I
| TriTE expression Infected Tumor cell T cell Tumor cell |
| tumor cell lysis |
I TriTE I
‘ /
\





OEBPS/Images/table1.jpg
BiTE/ Targeted Condition Phase NEIUH

TriTE Name antigens of study
AMG330 CD33 x CD3 AML 1 NCT02520427; Terminated
AMG673 Anti-CD33 with AML 1 NCT03224819; Terminated with results
Fc domain
JNJ-63709178 CD123 x CD3 AML 1 NCT02715011 Completed
MCLA-117 CLECI12AxCD3 AML 1 NCT03038230; Not applicable

AMG420 (BI836909) BCMA | Multiple Myeloma 1 NCT02514239] Completed with results

Solitomab Anti-EpCAM Several solid tumors 1 NCT00635596] Completed
(AMG110, MT110)

AMG211 (MEDI-565) Anti-CEA Gastrointestinal Adenocarcinomas 1 NCT01284231 Completed
AMG757 DLL3 x CD3 Small Cell Lung Cancer 1 NCT03319940 Recruiting with publication (41)
AMG596 EGFRVIII x CD3 Glioblastoma 1 NCT03296696 Completed with publication (42)

BAY2010112 PSMA x CD3 Prostate Cancer I NCT01723475, Completed
BI 764532 DLL3 x CD3 small-cell lung cancer and 1 NCT04429087 Recruiting with publication (43)
neuroendocrine carcinomas
Tebentafusp HLA-A*02:01 Uveal Melanoma /1 NCT03070392] Active, not recruiting with
x CD3 publication (44, 45)
SAR442257 CD3xCD28xCD38 Multiple Myeloma, Non- 1 NCT04401020] Recruiting

Hodgkin lymphoma





