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Various therapeutic strategies have been developed to treat Pancreatic Cancer (PaCa). Unfortunately, most efforts have proved unfruitful, as the poor prognosis observed in this disease has only attained little improvement in the past 40 years. Recently, deeper understanding of the immune system and its interaction with malignant tumors have allowed significant advances in immunotherapy. Consistent with this, some of the most promising approaches are those that involve T-cell redirection to the tumor site, such as bispecific T-cell engagers (BiTEs). These recombinant antibodies bridge cytotoxic T-cells to tumor cells, inducing target cell-dependent polyclonal T-cell activation/proliferation, which in turn results in elimination of bound tumor cells. Blinatumomab, an anti-CD19 BiTE, received FDA approval in 2014 for Precursor B-cell Acute Lymphoblastic Leukemia. In the past decade, it has demonstrated impressive clinical benefit in patients with B-cell leukemias; and other T-cell engagers have been FDA-approved for hematological malignancies and other diseases, yet limited effect has been observed with other BiTEs against solid cancers, including PaCa. Nevertheless, on May 2024, Tarlatamab, an anti-DLL3 BiTE was approved by the FDA for extensive small cell lung cancer, becoming the first BiTE for solid tumors. In this review, the generation of BiTEs, therapeutic features, manufacturing issues as well as the remaining challenges and novel strategies of BiTE therapy in the context of PaCa, including the lessons we can learn from the use of BiTEs on other types of cancer will be explored.
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1 Introduction

It is now widely accepted that immune escape is a tumor feature that constitutes a hallmark of cancer (1, 2). This relationship between immunity and cancer has been studied for over a century since William Coley reported successful treatment of inoperable sarcoma by mixed bacterial toxins (S. erysipelas and B. prodigious) (3). In 1909, Paul Ehrlich postulated for the first time the concept of ‘tumor surveillance’, which proposed that cancer cells were distinguishable from healthy cells and could therefore be eliminated by the immune system before clinical detection (4). A few decades later, Lewis Thomas and Frank MacFarlane Burnet provided the first experimental evidence that supported the ‘cancer immunosurveillance’ hypothesis using homograft rejection studies (5, 6)

After these encouraging results, almost 30 years of contradicting studies stagnated the field and raised skepticism amongst immunologists and clinicians. This changed since the 1990s, as a greater understanding of cellular immunity and the generation of better animal models were increasingly available. New reports revealed that, apart from immunosurveillance, the immune system promoted the formation of primary tumors with reduced immunogenicity, able to escape immune recognition and destruction (7). This prompted the ‘cancer immunoediting’ hypothesis, a dynamic process composed of 3 phases: elimination, equilibrium and escape. For relevant reviews, please refer to: Dunn et al., 2004 (8) and O’Donnell et al., 2018 (9).

More recently, treatments based on cancer immunology have achieved important clinical outcomes (10). The knowledge that both: i) expression of the cytotoxic T lymphocyte associated antigen 4 (CTLA-4), an inhibitory receptor on regulatory T-cells (Tregs) is a key regulator of T-cell activation (11); and ii) overexpression of the programmed death-ligand 1 (PD-L1), or its receptor on T-cells (PD-1), promotes dysfunction of tumor-infiltrating T-cells (12) has led to the targeting of these molecules using monoclonal antibodies. Certainly, the latter have proved to be an effective therapeutic option against a range of solid tumors, including melanoma, non-small cell lung cancer and renal carcinoma (13–15).

In this context, cancer immunotherapy can be defined as the approach to treating cancer by generating or augmenting an immune response against malignant tumors (16), whereby both the innate and adaptive arms of immunity can target tumor cells. Importantly, this approach has broad potential and offers the possibility of achieving durable and robust responses across a diverse spectrum of malignancies (17–19)

Accordingly, significant advances in the use of therapeutic vaccines, adoptive cellular therapy, monoclonal antibodies and its derivatives have boosted the field (20). Amongst the latter, it was the clinical benefit triggered by immunomodulating antibodies capable of activating endogenous T-cells by blocking immune checkpoints in solid malignancies that led cancer immunotherapy to be named “2013’s Breakthrough of the Year” by Science (21). Similarly, bispecific antibodies are another promising approach to fight cancer cells, particularly those with the ability to redirect effector immune cells such as Bispecific T-cell engagers (BiTEs). This type of molecules can recognize two different antigens simultaneously, which allows T-cells to be in close proximity to malignant cells resulting in their elimination (14).

In the following sections, the context in which BiTEs were generated, their structure, therapeutic features, and manufacturing challenges will be discussed. Next, the current status of BiTE therapy in pancreatic cancer will be explored, including some preclinical data reported in the literature as well as the remaining challenges that need to be approached and the novel strategies that are being developed. In addition, BiTEs used in other types of cancer, currently present in the clinic, will be briefly mentioned. Finally, some concluding remarks on BiTE therapy in pancreatic cancer will also be provided.




2 BiTEs



2.1 Antibodies as bispecific molecules

As reviewed by Strebhardt and Ullrich, Paul Ehrlich first proposed the “magic bullet” hypothesis over a century ago; yet it was the development of the hybridoma technology by Kohler & Milstein (22) that allowed the generation of monoclonal antibodies (MAbs) to become feasible (23).

Antibodies are globular proteins, called immunoglobulins, produced by B cells. They are the most diverse proteins found in nature as they are deployed by the immune system to target foreign molecules overexpressed on the surface of affected cells. Cell targeting is elicited with high affinity and specificity rendering them susceptible to immune destruction (24). Based on their structure, these immune molecules are classified into 5 different isotypes: IgA, IgG, IgM, IgD and IgE. Of these, the IgG isotype outstands due to its potent effector functions (25).

Immunoglobulin G consists of two light and two heavy chains, which in turn are composed of variable and constant regions. Each half of the IgG is connected by disulphide bonds, and together possess a total molecular weight of 146-160kDa. Antigen-binding sites are formed by hypervariable regions of two heavy (VH, 55-70kDa) and two light (VL, 25kDa) chains. Thus, antibodies are normally monospecific and bivalent as they contain two identical antigen-binding sites. Notably, the greatest variability amongst IgG antibodies lies in the amino acid sequence contained within the hypervariable regions, namely the complementarity-determining regions (CDRs). The latter determines therefore the specificity of the antibody to its cognate antigen (See Figure 1).




Figure 1 | Structure of an IgG antibody. IgG, Immunoglobulin G; VH, Variable heavy chain; VL, Variable light chain; CL, Constant light chain; CH, Constant heavy chain; Fab, Fragment antigen-binding; Fc, Fragment crystallizable region. Adapted from Krishnamurthy & Jimeno, 2018 (36).



Monoclonal antibodies are secreted by identical immune cells, clones of a single parent cell, and can bind the exact same epitope. In the past two decades, the use of MAbs has become an established strategy for the treatment of both hematological and solid malignancies (26), either as monotherapy or in combination with chemotherapy, small-molecule inhibitors and other antibodies (27). Certainly, naked antibodies have improved overall response rate, complete remission rates, and progression-free as well as overall survival in multiple cancers including breast cancer, colon cancer, lymphomas, amongst others (28).

Based on their target, antibodies used in cancer treatment can be classified into two categories:

	direct targeting MAbs; comprised of conventional antibodies that target tumor cells by direct binding to either lineage-specific antigens (such as CD20 or CD52), tumor neoantigens (e.g. glycans) or oncogenic biomarkers [e.g. epidermal growth factor receptor, EGFR (29)]; and

	immunomodulatory MAbs; which do not engage tumor cells directly but target receptors on immune cells in an attempt to overcome immunosuppression from the tumor microenvironment (30).



Moreover, researchers in the field of cancer immunotherapy are also focusing on the activation of the immune system, particularly CD8+ T-cells (31, 32).

Bispecific antibodies are based on monoclonal antibodies but with the ability to recognize and bind to two different targets simultaneously. The concept of such antibodies stemmed from the knowledge that there are multiple factors contributing to disease; therefore, the simultaneous blockade of different targets (epitopes) could result in better efficacy (33). Accordingly, in 2014, the journal Nature Reviews Drug Discovery called them “next generation antibodies”. To date, a decade later, 10 bispecific molecules have been approved for therapeutic use (34). See Table 1:


Table 1 | FDA-approved bispecific antibodies.



Furthermore, the number of novel antibody candidates entering clinical trials have gone from 63 during the early 2010s to over 140 by 2020 (35).

Based on format, bispecific antibodies can be subdivided into 2 groups: i) Ig-like, accounting for those that possess an Fc region, and ii) Bispecific fragment molecules, referring to those that lack an Fc portion. Additionally, and as reviewed by Krishnamurthy & Jimeno, there are four areas in which developing bispecific antibodies is pivotal: 1) inhibition of two cell surface receptors, 2) blocking of two ligands, 3) cross-linking of two receptors, and 4) recruitment of immune effector cells such as T-cells (36).

Although MAbs have revolutionized cancer therapy, they are not able to cure most cancers and are usually administered in combination with other agents. It has been proposed that this might be due in part to the fact that T-cells do not take an active role in antibody-mediated tumor destruction. MAbs either prevent the binding of growth factors to the receptors or block the inhibitory signals on immune cells (37).

In this context, the advancement of genetic engineering has allowed for greater flexibility in the design of bispecific fragments able to bind to cancer cells and activate the immune system simultaneously. These molecules can now be found in different formats, such as Tandem antibodies (TandAbas), Immune-cell-mobilizing monoclonal TCRs against cancer (ImmTACS), Diabodies, dual-affinity-retargeting format (DART), Dual-action Fab (DAF), Bispecific T-cell engagers (BiTEs), amongst others (14). Of these, one of the most used formats that has reached FDA approval -in the context of cancer- is the BiTE antibody construct as it has emerged as a particularly promising option in terms of safety, cost and relative ease of production (34, 38).




2.2 Structure

A BiTE antibody is a 55-60kDa recombinant, non-glycosylated protein. It is approximately 11nm in length and it is composed of scFv portions of two different MAbs. Each scFv possesses a unique antigen specificity, covalently connected via a glycine-serine 5-amino acid non-immunogenic linker (SGGGG repeats) (38). The latter sequence allows the linker to be long and flexible enough as to permit both the variable heavy (VH) and variable light (VL) chains to associate in a normal conformation. Of note, the linker that connects both scFvs together also contains a SGGGG amino acid sequence as it will determine the flexibility with which the BiTE will target both cell types (39, 40) (See Figure 2).




Figure 2 | BiTE structure. (A) BiTEs are generated by genetically linking the scFvs of two MAbs; one for CD3 on T-cells and the other for TAAs on cancer cells. (B) The variable heavy and light chains of each scFv are connected by short serine-glycine linkers. Similarly, both scFvs are linked by a serine-glycine sequence, which results in the formation of a single polypeptide that contains both scFvs. (C) Although, in structure, BiTEs are a type of tandem scFv, their conformation allows them to effectively bridge T-cells and cancer cells. BiTE, Bispecific T-cell engager; CD, Cluster of differentiation; Mab, Monoclonal antibody; TAA, Tumor-associated antigen. Adapted from Huehls et al., (43) and Stieglmaier et al., (40).






2.3 Mechanism of action: T-cell activation

In the BiTE format, one arm binds to the CD3ϵ subunit of the T-cell receptor (TCR) complex, whilst the second scFv targets a specific tumor-associated antigen (TAA) expressed primarily on cancer cells. BiTEs can hence redirect and bring endogenous polyclonal T-cells to sites of tumor, leading to the formation of immunological synapses. This results in the activation and proliferation of T-cells. Cytotoxicity is then elicited by the release of perforin and granzymes from granules in the cytotoxic T-cell. This in turn prompts a calcium-dependent proteolytic activation of intracellular caspases which induces lysis of the malignant cell, independent of MHC/TCR interactions or the presence of costimulatory molecules (38) (See Figure 3).




Figure 3 | Mechanism of action of BiTE antibody constructs. Simultaneous binding of BiTEs to both T-cells and cancer cells is required to activate the immune cells. Upon BiTE binding, an immunological synapse is formed, thereby achieving T-cell activation independent of TCR specificity or costimulation. Activation is followed by T-cell proliferation, which amplifies the immune response against cancer cells leading to apoptosis of target cells. Adapted from Stieglmaier et al., (40).



Interestingly, cytotoxic activity in the absence of costimulation seems to be unique to BiTE technology, as other types of bispecific antibodies have reportedly required costimulation in order to exert their cytotoxic effect (41, 42). Up to date, there is no clear explanation of this phenomenon. Yet, it has been hypothesized that many TCR molecules group together within the BiTE-induced immunological synapse, which might be enough to trigger signaling (43). Alternatively, Dreier et al. have shown that BiTEs preferentially recruit cytotoxic memory T-cells, which require less stimulation to be fully activated (44). Also, a recent study by Gonnermann et al., showed that bispecific antibodies targeting γδ T-cells enhanced their cytotoxic effect against pancreatic cancer cells and overcame the immunosuppressive function of galectin-3 (45). Further investigation is needed to understand the complexity of the BiTE-induced immunological synapse and determine the precise phenotype of the effector cells BiTE molecules recruit.

Importantly, it has been demonstrated that the simultaneous binding to both CD3 and TAA is required to elicit cell death (46), as single-sided binding to T-cells does not induce T-cell activation, anergy or cytokine release (47). Although this feature contributes to the safety profile of BiTEs, it also emphasizes the importance of having T-cells around the bispecific antibody molecules. Hence, it might explain in part why BiTEs are not as effective in solid tumors compared with liquid cancers, as the availability of T-cells is significantly reduced within the tumor microenvironment (TME) of solid cancers than in leukemias.

BiTE binding to both TAA and CD3 results in the activation and polyclonal expansion of CD3+ immune cells, including the upregulation of activation markers CD25 and CD69. Furthermore, video microscopy experiments have shown that T-cells exposed to Blinatumomab, the first-in-class clinically approved CD19xCD3 BiTE, remain activated and continue to produce and store perforin and granzymes in order to serially attack additional CD19+ cells (48, 49). Of note, inflammatory cytokines are also released, and T-cell proliferation is further promoted after administration of Blinatumomab (40, 50).




2.4 Pharmacological features

Unlike MAbs or bispecific antibodies in full IgG formats, BiTEs may have a better chance to penetrate deep into solid tumors due to their small size (55-60kDa). At such privileged location, they have the potential to re-activate local tumor-infiltrating lymphocytes (TILs) or even co-opt Tregs (51). Furthermore, the short half-life of these bispecific binders offers a reduced clinical risk in the scenario of adverse events caused by BiTE therapy.

Compared to T-cell immunotherapies, such as chimeric antigen receptor (CAR) immune cells, BiTEs can exploit the resident polyclonal T-cell population and do not rely on a particular subset. Data from several studies indicate that, in addition to CD8+ cytotoxic T-cells, CD4+ helper T-cells are also able to upregulate production of perforin and granzyme B upon BiTE-mediated binding to target cells (38, 52, 53). Furthermore, this type of therapy does not require ex vivo manipulation.

In terms of clinical benefit, a long-term survival analysis of patients with minimal residual disease after chemotherapy showed 61% hematologic relapse-free survival at a median of 33 months after Blinatumomab (50). Despite these encouraging results, better strategies for managing concomitant major adverse events such as cytokine release syndrome (CRS), seen in both CD19 BiTE therapy and CD19 CARs, are required.

As reviewed by Sedykh et al., some of the most common side effects during treatment with Blinatumomab are: lymphopenia, leukopenia, thrombocytopenia, hepatotoxicity, chills, fever, pyrexia, nausea and vomiting (37). Nevertheless, major neurological and psychiatric side effects are completely reversible once the treatment is completed (54).

In terms of the mechanisms of resistance in BiTE therapy, loss of TAA expression has been observed. Acute lymphoblastic leukemia (ALL) patients treated with Blinatumomab in a Phase II trial, relapsed with CD19-negative B-cell ALL disease (55, 56). More recently, adaptive resistance to BiTEs was described when Kohnke et al. reported for the first-time increased PD-L1 positivity in a 32-year-old male patient with refractory B-precursor ALL resistant to Blinatumomab (57). Also, high frequency of Tregs (defined with a cutoff of 8.525%) in B-precursor ALL patients had a 100% failure rate to Blinatumomab (58). Nevertheless, researchers suggested that therapeutic removal of Tregs by the use of Cyclophosphamide and Fludarabine (as per CAR therapy) could convert Blinatumomab non-responders to responders.

Due to the lack of an Fc region, BiTE antibodies exhibit a short half-life in serum, which presents both benefits and challenges to their use in the clinic. BiTE clearance from human serum has been estimated to last approximately 1.25h (59). This calculation may not account for the BiTE molecules already bound to target cells, underestimating the extended effect they might have in the immune system. Yet, the short half-life of these bispecific antibodies is problematic, as rapid disappearance from the serum has to be counteracted by intermittent infusion of the therapy. Infusion pumps are therefore employed for BiTE administration (60); however, their use can be restricted by the severity of the patient’s clinical situation.

Nonetheless, a short serum half-life can also be beneficial as it allows for controlled dose-escalation, rapid readjustment or withdrawal of BiTEs in case of adverse events, thereby enhancing the safety profile of BiTEs in the clinic. Consistently, major adverse events such as cerebellar effect and seizures reported in Phase I and II clinical studies after Blinatumomab treatment were completely reversible (43, 60).

In Table 2, a brief summary of the benefits and disadvantages of the use of BiTEs in the clinic is provided.


Table 2 | Summary table of the benefits and disadvantages of BiTE therapy.






2.5 Manufacturing

The first attempts to produce bispecific antibodies pertained those in full IgG formats. To achieve this in the lab, technical procedures encompassed chemical conjugation of two different purified monoclonal antibodies by oxidative recombination (61). Alternatively, quadroma technology, which is based on the somatic fusion of two hybridoma cell lines, was also used. Unfortunately, the high heterogeneity of the products made purification significantly challenging (62).

Advances in genetic engineering have permitted the development of IgG-deprived antibody derivatives, such as bispecific T-cell engagers; for which production and purification have proved less convoluted (38). Although some of them were first produced using Escherichia coli systems, bispecific antibodies such as BiTEs are mainly produced using mammalian cell lines, specifically Chinese Hamster Ovary (CHO) cells. The latter secrete the bispecific binders into the cell culture medium in a non-glycosylated form for subsequent purification (38). Certainly, a major advantage of using eukaryotic systems is that proteins are generated with fewer folding errors and greater efficiency, which permits posterior scaling up for clinical translation.

Nevertheless, due to their smaller size and lack of Fc region, BiTEs tend to be unstable molecules with a certain predisposition to form aggregates. Notably, most BiTEs including Blinatumomab contain a hexahistidine tag at the C-terminus to allow efficient capture and purification using metal affinity chromatography on a nickel-nitrilotriacetic acid (Ni-NTA) column (63).

Importantly, and according to Zhang et al., bispecific antibodies need to meet some ‘developability’ standards for clinical translation. Such criteria consist of stability, low tendency to form aggregates or to accumulate chemical deviations, and the ability to be formulated at high concentrations without viscosity issues (64). In line with this, Blinatumomab production was further optimized by introducing downstream processes such as gel filtration, by which unwanted multimers are removed (44).





3 BiTEs in pancreatic cancer



3.1 Overview of pancreatic cancer

According to Siegel et al., PaCa is projected to be the third leading cause of cancer-related death in the US up to 2020 and the 7th worldwide (65, 66). In terms of incidence, Western countries show the highest rates with approximately 6 new cases per 100 000 habitants, followed closely by Asia and Latin America; whilst the African continent reports an average of less than 3 new cases per 100 000 habitants (67, 68) (Figure 4).




Figure 4 | Pancreatic cancer incidence. Estimated age-standardized incidence rates (World) in 2022, both sexes, all ages (GLOBOCAN 2022).



In the past 40 years, only little improvement has been achieved regarding the extremely poor prognosis observed in this malignancy (69). Even with currently available therapies, a median survival of less than 6 months and overall 5-year survival rates of 1-5% are obtained (70). For a more detailed yet concise description of PaCa biology, tumor microenvironment (TME) and current therapies, including BiTEs, please refer to (19, 71).

A major hurdle impeding early detection of this disease is the absence of symptoms and lack of specific diagnostic markers (72). The majority of patients (80-90%) is therefore diagnosed when local metastasis has already occurred. Once detected, the standard therapy for patients with metastatic disease is Gemcitabine-based chemotherapy. However, the long-term efficacy and prognosis of this approach varies widely and is usually unsatisfactory for most PaCa patients (73, 74). Notably, patients eligible to benefit from surgical resection -currently the only curative option- are those diagnosed at early stages of the disease. Said patients however do still have poor prognosis and more than 80% of them relapse within 2 years after surgery (75).

As proposed by Warshaw and Fernandez-del Castillo, pancreatic cancer can be classified into two categories depending on the cell type the tumor originates from: exocrine and endocrine tumors (76). Of these, Pancreatic Ductal Adenocarcinoma (PDAC) -an exocrine tumor- is a major histological subtype and represents more than 90% of all PaCas (68, 77, 78). PDACs are solid and firm tumors with a highly metastatic behavior, which results in rapid tumor spreading to lymph nodes and liver.

The high mortality seen in pancreatic cancer is often associated to the highly dense fibrotic tissue as it effectively acts as a physical barrier to drug delivery. This is further accentuated by the fact that said dense fibrotic tissue constitutes 90% of the tumor volume. Moreover, PDAC shows minimal response to chemotherapy, probably due to the presence of cancer stem cell-like cells (CSCs) within the tumor (70, 77). Consistently, CSCs have been associated to tumorigenesis, metastasis, chemotherapy resistance and poor clinical outcome. Furthermore, accumulating evidence suggest that these cells are highly resistant to chemotherapy and their presence may therefore account for the rapid and virtually universal relapse observed in PDAC (77, 79).

As a whole, the complex genetic heterogeneity, highly dense tissue composition of PDAC, invasive nature of the tumor and the presence of CSCs make PaCa, in general, and PDAC in particular a challenging disease to treat. Strategies that combine bypassing the immunosuppressive TME and CSC targeting will prove instrumental to PDAC therapy.




3.2 BiTE therapy in pancreatic cancer: reported examples

As briefly mentioned earlier, Blinatumomab is the first BiTE that received accelerated FDA approval in 2014 for the treatment of ALL. It targets CD19, an antigen expressed on the cell surface of both malignant and healthy B cells (80). Due to its modular design, BiTE technology can be easily engineered to allow targeting of a variety of antigens expressed on different cell types, including PaCa cells.

MT-110 is an anti-EpCAM x anti-CD3 BiTE. Epithelial cell adhesion molecule (EpCAM) is commonly upregulated and functionally altered in pancreatic cancer cells, including CSCs (81, 82). Whilst certain healthy epithelial tissue express EpCAM, it is mostly sequestered within intercellular boundaries but becomes accessible on the surface of disintegrated cancer cells. Therefore, when EpCAM-targeting BiTEs (also known as Solitomab) were tested on primary human PaCa CSCs in vitro and in vivo, elimination of these cells was achieved in a time- and dose-dependent manner without significant toxicity (83). Solitomab has since been tested in a Phase I clinical trial in patients with different types of solid tumors; unfortunately, pancreatic cancer was not investigated (84).

More recently, the effect of BiTEs targeting carcinoembryonic antigen (CEA) was studied in a Phase I clinical trial on patients with gastrointestinal adenocarcinomas, including pancreatic cancer (71, 85). Unfortunately, no objective responses were observed, and 48.7% of all patients developed antidrug antibodies. Only 28% of patients had stable disease as best response. This is in contrast with the recent publication of results from a Phase I clinical trial of hypoxia-responsive CEA CAR-T cell therapy in patients with heavily pretreated solid tumor via intraperitoneal or intravenous transfusion. Stable disease was observed in 62.5% of i.p-infused patients vs 58.3% of i.v.-infused participants. Although all patients experienced grade 3-4 hematologic toxicity and 32.5% presented immune-mediated diarrhea and colitis of all grades, promising anti-tumor potential was observed in the i.p. group (86). These results warrant further studies for CEA BiTE and CAR therapy, including the revision of patient recruitment criteria.

At the preclinical level, Gohil et al. developed a BiTE antibody against receptor tyrosine kinase/like orphan receptor 1 (ROR1), a transmembrane antigen overexpressed on malignant cells and CSCs but not on healthy critical tissue. The researchers showed that co-culture of a range of ROR1-expressing pancreatic cancer cell lines with unstimulated T-cells and ROR1 BiTE resulted in specific in vitro cytotoxicity even at very low concentrations (0.1ng/ml). When tested in vivo, ROR1 BiTE prevented engraftment of pancreatic tumor xenografts in mice and reduced the size of established subcutaneous tumors by at least 3-fold (87).

More recently, the cytotoxic effect that the ROR1 BiTE had on a PDAC cell line-derived CSC model was assessed. Immunocytochemistry data on such tumorsphere model suggested that ROR1 BiTE elicited specific in vitro elimination of cells expressing both CSC biomarkers and ROR1 (19). Further preclinical and clinical studies are needed in order to establish the therapeutic potential that ROR1 BiTE could have on pancreatic cancer either alone or in combination with other treatments. Interestingly, this BiTE is currently known as NVG-111 (Novalgen) (88) and is now being tested in Phase I clinical trials for CLL and Mantle Cell Lymphoma (MCL). Up to November 2023, NVG-111 had been tested in 12 patients who completed a maximum of 6 cycles of treatment. Despite time limited exposure to this anti-ROR1 BiTE, the restricted mean survival time for duration of response (DoR) was 13.6 months (SEM 3.07). The median was not yet calculable as response was still ongoing in four subjects. The median progression-free survival was 18.7 months (95% CI 2.6 - not calculable) (89). These results provide evidence for targeting ROR1 in the context of hematological malignancies and encourage further studies on solid tumors, such as PDAC.




3.3 Remaining challenges: TME, T-cell surveillance, etc.

Malignant tumors are supported and surrounded by a highly complex and heterogeneous ecosystem called the tumor microenvironment (TME). The latter is composed of cancer cells, stromal fibroblasts, endothelial cells and various types of immune cells that regulate tumor growth and invasion. For a broad and valuable review on the clinical role of the TME in various types of solid cancers, please refer to Giraldo et al., 2019 (90).

Histology studies in the pancreas have shown strong epithelial wound healing in chronic disease (91). Such stromal response includes fibroblast activation, immune suppression, remodeling of the extracellular matrix as well as trophic signals to promote re-epithelialization (92). Remarkably, it has been hypothesized that the features observed during the wound healing process are the same as those exploited by the TME during PDAC (93).

Furthermore, previous reports indicate that pancreatic stellate cells (PSCs) and other mesenchymal cells are constantly activated by the epithelium through secretion of TGFβ, sonic hedgehog (SHH) and platelet-derived growth factor (PDGF). In line with this, Sherman et al. reported that in vivo pharmacological inhibition of PSC activation using PDAC murine models resulted in stromal collapse, smaller tumors, and improved chemotherapeutic delivery (94); thereby suggesting that PSC activation is an immunoediting characteristic of the TME in this malignancy. Importantly, as reviewed by Yao et al., the mesenchymal-epithelial transition (MET) could represent a relevant antibody-based therapeutic target (95). Rybrevant is an FDA-approved bispecific antibody targeting EGFR and MET receptor. Although it is indicated for treating locally advanced or metastatic non-small cell lung cancer with certain mutations, its therapeutic effect on different solid tumors, including PDAC, is currently being investigated in clinical trials (96)

Another important aspect of the tumor microenvironment in PaCa is its abundant extracellular matrix. The hyaluronic acid contained within is negatively charged, which allows its binding to large amounts of water. The latter results in high hydrostatic pressure and intersticial fluid pressure (97). As a result, therapy delivery is particularly problematic (98); furthermore, such TME behavior can also lead to hypoxia, a pervasive feature of cancer (99).

In terms of immune response in the PDAC context, a large amount of data indicates that PaCa TME is immunosuppressed at various levels (100). In keeping with this, Ene-Obong et al. showed for the first time that activated PSCs seemed to reduce migration of CD8+ T-cells to tumor-proximal stromal compartments (101). More recently, it has been suggested that T-cell suppression in PDAC may be promoted by several mechanisms: i) Treg accumulation, ii) M2 tumor-associated macrophages (TAMs), iii) myeloid-derived suppressor cell (MDSCs) and iv) fibroblast activation protein (FAP)+ fibroblasts, a type of stromal cell (93). Remarkably, Feig et al. reported latent immune responses and intratumoral accumulation of T-cells when FAP+ carcinoma-associated fibroblasts (CAFs) were removed and/or CXCR4 inhibitors were added to an in vivo model of human PDAC, suggesting that endogenous cytotoxic T-cells are not dysfunctional in this malignancy (19, 102).

Based on data from genetically engineered mouse models, it has been long thought that the dense desmoplastic nature of the TME in PDAC impaired T-cell infiltration. This led to consider PDAC tumors as ‘cold’ in terms of their immunogenicity. Recent studies on human PDAC tumors challenged this conviction by showing that T-cells are the dominant cell type found in the stroma of primary samples (103, 104). Carstens et al. demonstrated the presence of heterogenous populations of T-cells in PDAC with specific spatial distributions. They also showed that fibroblasts and type I collagen are not absolute inhibitors of T-cell infiltration (103).

The function of infiltrated T-cells is attenuated however by the coinfiltration of Treg cells, myeloid-derived suppressor cells and M2 macrophages; amongst other immunosuppressive mechanisms triggered by tumor cells and the TME. Therefore, the use of immunomodulating agents capable to address multiple and non-overlapping immune vulnerabilities is sorely needed. It is anticipated that the combination of checkpoint inhibitors -such as antibodies against PD1, PDL1, CTLA4, etc.- and therapeutic drugs able to prompt immune activation -such as chemotherapy, anti-CD40 antibodies, vaccines, adoptive T-cell therapy and BiTEs- will lead to better outcomes for PDAC patients (105–107).





4 Novel strategies for BiTE design

A recent study reported the use of oncolytic reovirus as a strategy to sensitize non-inflamed solid tumors in combination with CD3 bispecific antibodies (108). The researchers observed that reovirus and CD3-bsAbs led to the regression of large melanoma, pancreatic and breast cancer tumors in vitro by promoting local interferon response and strong T-cell influx. Notably, this combination therapy also induced regressions of distant tumors that were not injected with the virus. More recently, different combinations of oncolytic viruses (OVs) and BiTEs have been tested, including the injection of OVs harnessing BiTE encoding vectors (109). Notably, these BiTE encoding OVs have been associated with enhanced antigen presentation, T-cell proliferation, activation, and specific cytotoxicity against cancer cells. Furthermore, this combined approach addresses tumor heterogeneity, drug delivery, and T-cell infiltration, offering a comprehensive and effective solution. For a more detailed review on this subject, please refer to (109).

With regards to BiTE technology, efforts to overcome the limitation of their short serum half-life are being directed to conjugating the water-soluble polymer, poly(ethylene glycol) (PEG) to the antibody fragment (110). Alternatively, Amgen is developing half-life extended (HLE) BiTE molecules, which contain Fragment crystallizable (Fc) domains (111). The addition of Fc portions allows weekly administration of BiTEs instead of continuous infusion using pumps, which would make this therapeutic approach more convenient for the patients and their families.

The short half-life of BiTEs allows for a favorable safety profile when compared to other T-cell immunotherapies, such as CAR T-cells. Nevertheless, the potent effect of BiTEs could result in grade 3+ treatment related adverse events (TRAEs). While often manageable, there is a pressing need for safer T-cell engagers with improved tolerability and consistent efficacy. Recently, Granger et al., reported the addition of Autoregulation (AR) peptides -sensitive to granzyme B- to the linker sequence of NVG-222, a ROR1xCD3 HLE BiTE. Granzyme B is normally liberated by T-cells in order to eliminate their target. In this innovative, threshold-based approach, if granzyme B is encountered in high concentrations, AR peptides undergo proteolysis, resulting in destruction of the linker and, therefore, of the BiTE. NVG-222 has been pre-clinically tested, both in vitro and in vivo, resulting in no symptoms of toxicity observed in mice and the same level of tumor growth inhibition as their BiTE counterpart with no AR peptides (112). The authors intend to start clinical development of this construct for hematological and solid malignancies later this year.

As mentioned above, an important challenge in BiTE therapy against PDAC is the density and types of T-cells in the tumor, as their phenotype is difficult to predict. T-cell exhaustion and an immunosuppressive TME warrant further investigation on combinational approaches to boost the efficacy of BiTEs against pancreatic cancer (113).




5 Lessons from BiTEs on other types of cancer

In the next few paragraphs, a brief overview of BiTE antibodies in both hematologic and solid cancers is provided. For a more in-depth review, please refer to (114).

Blinatumomab: Also called MT103 and commercially known as Blincyto (Amgen); this binder is a CD19xCD3 non-IgG-like bispecific antibody. It targets both healthy and malignant B cells (CD19 antigen) and it was the first clinically tested and FDA-approved BiTE in 2014 for the treatment of CD19+ Philadelphia chromosome-negative (Ph-) relapsed and refractory B-ALL (36).

Preclinical studies showed evidence of cytotoxic activity against CD19+ B cells both in vitro and in vivo. Clinical trials in patients with relapsed or refractory B-cell precursor ALL showed significantly improved median overall survival (OS), which led to FDA approval for this indication as well. As reported by Martinelli et al., Blinatumomab was administered as a continuous intravenous (iv.) infusion of 9µg/day for the first 7 days followed by 28µg/day over a period of 4 weeks every 6 weeks for up to 5 cycles in the adult population (115). Some of the most common adverse events were pyrexia, headache, febrile neutropenia, and peripheral edema (116).

Solitomab: Also known as MT110, it is an EpCAMxCD3 BiTE antibody also developed by Amgen. EpCAM is a known biomarker for poor prognosis across a range of carcinomas and carcinosarcomas (117). It is highly expressed on the cell surface of various human carcinomas but at low levels on healthy epithelial tissue. In addition, EpCAM is involved in multiple cell functions such as cell migration, differentiation, signaling and proliferation, which makes EpCAM an attractive target for immunotherapy.

In preclinical studies, Solitomab demonstrated impressive antitumor activity against carcinosarcoma cell lines and primary tumor cells from patients with gynecologic carcinosarcomas (118). Lately, Kebenko et al. reported clinical data obtained from a multicenter Phase I study of Solitomab in patients with refractory solid tumors (colorectal, ovarian, gastric, non-small cell lung, small cell lung and hormone-refractory prostate cancers). BiTE therapy was administered by continuous intravenous infusion over at least 4 weeks. Unfortunately, treatment with Solitomab was associated with dose-limiting toxicities, including severe diarrhea and increased liver enzymes in 95% of patients treated with this BiTE. The latter treatment-related adverse events (grade ≥3) impeded dose escalation to potentially therapeutic levels (84).

Although BiTE technology has shown promising results in hematologic cancers, further investigation is needed in order to reach similar clinical benefit in solid malignancies. To date, two new BiTE conventional constructs have been tested on solid tumors in Phase I open label clinical trials: i) AMG 211, a carcinoembryonic antigen (CEA) in patients with relapse/refractory gastrointestinal adenocarcinoma (NCT02291614), and ii) Pasotuxizumab, a prostate-specific membrane antigen (PSMA) in patients with castration-resistant prostate cancer (NCT01723475). Additionally, other new conventional and HLE BiTE constructs are being evaluated in the clinic. For a list of clinical trials investigating BiTEs in pancreatic and other types of cancer, please see Table 3.


Table 3 | Clinical trials investigating the therapeutic effect of BiTEs in haematologic and solid malignancies.



In the case of AMG 211, 44 patients with either colorectal carcinoma, pancreatic cancer, cholangiocarcinoma, esophageal or appendix adenocarcinoma were treated with continuous iv. administration for 7, 14 or 28 days in repeated cycles until either of the following events were reported: i) confirmed disease progression, ii) occurrence of a dose-limiting toxicity (DLT) or iii) discontinuation for other reasons. Treatment with AMG 211 was stopped due to disease progression in 73% of participants (33 patients), adverse events in 16% (7 patients), patient’s request and other reasons in 4% (2 patients). In general, although initial changes in inflammatory and tumor markers were detected accompanied by an acceptable safety profile, the study was discontinued after observation of anti-AMG 211 antibodies in all patients treated at high doses of >3.2mg (119).

With regards to Pasotuxizumab, results of a first-in-human, multicenter, dose-escalation study in patients with metastatic castration-resistant prostate cancer (mCRPC) refractory to standard therapy showed that patients treated with subcutaneous Pasotuxizumab once a day developed antidrug antibodies. Continuous iv. infusion was then assessed, although the maximum tolerated dose (MTD) could not be determined due to early termination. The subcutaneous MTD was 172μg/d. Prostate-Specific Antigen (PSA) responders were observed (>50% PSA decline n=12), including two long-term responders. Overall, Pasotuxizumab treatment showed clinical safety in advanced castration-resistant prostate cancer patients. Importantly, data provides evidence of BiTE monotherapy efficacy in solid tumors (120).

As mentioned above, a recent innovation to the BiTE format has been introduced with the HLE design, which consists of fusing an Fc portion to a conventional BiTE molecule. Due to their increased half-life, HLE-BiTEs specific for different targets in both hematological and solid cancers are now being tested in clinical trials. Unfortunately, most of these clinical studies had to be terminated due to safety reasons or because of a business decision. Nonetheless, Tarlatamab (AMG 757), a HLE BiTE targeting the protein delta-like ligand 3 (DLL3) and CD3, has recently been granted Breakthrough Therapy Designation by the FDA (111) and FDA priority review (121, 122). DLL3 is a part of the Delta/Serrate/Lag2 (DSL) Notch receptor ligand family and plays a key role in Notch signaling, which influences various cellular processes including differentiation, proliferation, survival, and apoptosis. Moreover, it has been found that DLL3 is associated with various solid malignancies, including lung, liver, and pancreatic cancer (123). Tarlatamab, a DLL3xCD3 HLE BiTE, is currently in Phase III clinical trials for treating small-cell lung cancer (NCT06117774). On May 2024, Tarlatamab was granted FDA-accelerated approval for extensive stage small cell lung cancer, becoming the first and so far, the only BiTE therapy for a major solid tumor (124).

Another BiTE to watch is NVG-222, a next-generation HLE ROR1xCD3 BiTE (112). Not yet in the clinic, this BiTE builds on the technology used on NovalGen’s first T-cell engager, NVG-111, a ROR1xCD3 BiTE, currently in Phase I clinical trials for hematological malignancies. The novelty of NVG-222 lies in its half-life extended format and its capability for self-destruction in the presence of high levels of granzyme B. Granger et al. reported no toxicity symptoms on tumor-bearing mice treated with this drug in pre-clinical studies. Although the authors did not disclose what kind of cancer was tested, ROR1 overexpression is found on both hematological and solid cancers, including PaCa (19), a tantalizing prospect.




6 Discussion

Better understanding of the immune system and its interactions with cancer cells and the TME has resulted in the advancement of the immunotherapy field. Certainly, immunotherapy has rapidly emerged as a promising approach for the treatment of cancer patients since remarkable clinical benefit has been observed with checkpoint inhibitors (CTLA-4, PD1 and PDL1 antibodies), adoptive cell therapy (TILs, CAR T-cells), and immunomodulating agents (chemotherapy, small molecules, etc.).

Antibody derivatives such as BiTEs are a major example of T-cell based therapies developed upon increasing knowledge of T-cell activation in the cancer context. These non-IgG-like bispecific molecules are composed of only two scFvs joined by a flexible linker, whereby one binds to CD3 (T-cells) and the other one to TAA (cancer cells).

A key advantage of BiTEs is their ability to redirect T-cells to tumor sites. Moreover, simultaneous binding of BiTEs to T-cells and cancer cells is required to elicit T-cell activation and consequent tumor cell lysis, preventing therefore undesired anergy. Consistent with this, preclinical data both in vitro and in vivo have shown the remarkable cytotoxic potency of BiTEs at subnanomolar concentrations. Similarly, Blinatumomab, the first FDA-approved BiTE, has attained impressive clinical responses in patients with ALL and other B-cell malignancies in Phase I/II clinical trials.

Additionally, BiTEs provide the added benefit of stepwise dose escalation and rapid cessation of treatment should toxicity occur. Some of the most common adverse events observed upon BiTE therapy are: fever, nausea, vomiting, lymphopenia, leukopenia, hepatotoxicity, CRS, amongst others. Nevertheless, these symptoms are reversible once treatment is ended.

For solid cancers, other BiTEs have been developed, including those targeting EpCAM (for carcinomas and carcinosarcomas), PSMA (castrate-resistant prostate cancer) and CEA (gastrointestinal adenocarcinomas). Although the EpCAM BiTE was tested on pancreatic cancer cells and CSCs at a preclinical level with encouraging results, Phase I clinical studies did not include PaCa patients. In contrast, CEA BiTEs were investigated at a preclinical level followed by a Phase I clinical trial that included patients with PaCa; unfortunately, no objective responses were observed.

In an effort to increase the stability and solubility of BiTEs in patients, a new design of Half-Life Extended (HLE) BiTEs have emerged, whereby BiTE molecules are coupled to an Fc portion. HLE-BiTEs targeting several TAA have been recently under study. Unfortunately, most of them have not progressed beyond Phase I clinical trials. It is hypothesized that the increased half-life of the molecule might have an undesired effect on adverse events. Nevertheless, Tarlatamab (AMG 757), a DLL3xCD3 HLE-BiTE, is being tested in patients with small cell lung cancer in Phase III clinical trials. On December 2023 was granted Priority Review by the FDA (122) and earlier this year, it became the first BiTE for solid cancers, indicated for extensive small cell lung cancer (124). Importantly, DLL3 has been found to be overexpressed on PaCa cells compared to human pancreatic epithelial cells. Although the location of DLL3 expression on the pancreatic cancer cell is still unclear, its absence results in growth inhibition (123) This finding warrants further investigation on this molecule as a druggable target in PaCa.

In terms of safety, NVG-222 might represent a balanced combination of increased half-life and enhanced safety profile due to the presence of autoregulating (AR), threshold-based peptides sensitive to high levels of granzyme B (112). Notably, this AR technology could be applied to different types of BiTEs, leading to improved safety and efficacy outcomes of other BiTE constructs. Importantly, NVG-222 is an anti-ROR1 T-cell engager, which could prove useful in a variety of hematological and solid tumors, including PaCa.

Pancreatic cancer is an aggressive and chemoresistant malignancy with a very poor prognosis (65). Genetic instability, local immunosuppressive microenvironment, desmoplastic stromal changes and the presence of highly persistent CSCs are some of the main hurdles that make PaCa a challenging disease to treat. Even with current therapies, a median survival of less than 6 months and overall 5-year survival rates of 1-5% are obtained (70).

Recent advances in immunotherapy have opened new possibilities for the treatment of PaCa. As reviewed by Chen et al., specific immunotherapies such as vaccines with autologous tumor cells, TAA-specific MAbs, and antibodies able to mediate an immune response including BiTEs significantly improved OS and augmented the immune response of PaCa patients (125). Currently, there are two FDA-approved immunotherapy options for a small subset of patients with pancreatic cancer: Dostarlimab (Jemperli) and Pembrolizumab (Keytruda). Both antibodies are immunomodulators targeting the PD-1/PD-L1 pathway; approved for subsets of patients with advanced pancreatic cancer that has DNA mismatch repair deficiency (dMMR), and those with high microsatellite instability (MSI-H), DNA mismatch repair deficiency (dMMR), or high tumor mutational burden (TMB-H) (67). It is envisaged that drug combinations able to evade the immunosuppressive TME, promote T-cell activation and target tumorigenic CSCs will prove instrumental to PDAC therapy. Certainly, the recent approval of Tarlatamab, the first BiTE for solid tumors targeting DLL3, a protein found in small cell lung cancer and in pancreatic cancer, opens the possibility of future studies of this BiTE in PaCa.

In conclusion, BiTEs represent a major advancement in cancer immunotherapy. Nevertheless, further improvement in the management of toxicities coupled with better targets expressed on CSCs and malignant cells but not healthy tissue will enhance the great promise that BiTE technology offers for patients. Combinations of different targeted and immunotherapeutic strategies with currently available drugs warrant further investigation in the clinic, particularly in those patients suffering from cancers where survival rates are dismal, such as pancreatic cancer.
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Benefits Disadvantages

Flexibility: Small fusion linker allows the
BiTE antibody to rotate freely, facilitating
optimal T-cell and target cell interactions.

Short serum half-life: In humans,
BiTEs have an approximate half-life
of less than 2h, which requires
continuous administration of the
drug through a pump.

Versatility: Cytotoxic effect is
independent of MHC interactions and
costimulatory molecules.

Modular design: Due to its format, the
BiTE platform can be easily used with a
variety of TAAs across a range of
cancer types.

Continuous infusion: This form of
administration might be
challenging for some patients,
depending on the severity of their
clinical situation.

Manufacturing issues: Lack of
stability (scFv aggregation),
purification difficulties, low
expression titres and

poor solubility.

Potent effect: Cytotoxicity can be
achieved even at very low concentrations
(Ing/ml in in vitro models).

Low risk of non-specific toxicity:
Simultaneous binding to TAA and CD3
is required for cytotoxicity.

Safety: Due to its short serum half-life,
BiTE administration can be increased in
a stepwise manner, quickly readjusted or
even withdrawn in case of adverse events.

Immunoactivation-cytokines: BiTE-
activated T-cells secrete pro-
inflammatory cytokines: IFNg, TNFa, IL2,
IL4, IL6 and IL10.

Immunoactivation-immune cells: Apart
from CD8+, evidence suggests BiTEs can
also bind CD4+ helper T-cells and co-opt
Tregs, leading to an expanded anti-
tumour T-cell response.

Therapy resistance: Loss of targeted
TAA expression (Relapse), T-
cell exhaustion.

Adverse events: Cytokine release
syndrome and neurotoxicity when
administered in high doses.

Relative ease of production: No ex vivo

production required and much cheaper
than other T-cell immunotherapies: “off
the shelf” products.
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