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CD3 bispecific antibodies (bsAbs) are emerging as an important treatment option in the arsenal of oncologists. There are numerous FDA-approved CD3 bsAbs for both hematological and solid tumors. Despite these recent advances, the success of CD3 bsAbs in solid cancer has been hampered by hurdles like limited intratumoral T cell numbers, immunosuppressive tumor microenvironments (TME), and poor memory T-cell induction. Furthermore, tumor surface antigen selection for an optimal therapeutic window and acceptable collateral damage to normal tissues is challenging. In this review, we discuss recent research investigating combination approaches aimed at improving CD3 bsAb efficacy in solid cancer.
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Introduction

CD3 bsAbs bind distinct antigens with each Fab arm, allowing them to simultaneously engage CD3 on a T cell and a tumor-associated antigen (TAA) expressed on tumor cells (1). CD3 bsAb-mediated cross-linking of these two cell types facilitates immunological synapse formation and subsequent T-cell activation, potentiating tumor cell kill via the secretion of cytolytic components and inflammatory cytokines (2, 3). By engaging CD3, bsAbs can recruit all available T cells to mediate tumor kill, regardless of their cognate specificity. As of December 2024, there are seven CD3 bsAbs with US Food and Drug Administration (FDA) approval for treatment of hematological cancers (Table 1) (4–7, 9–11). To date, the success in solid tumors remains limited, with two FDA approvals for Tebentafusp® (advanced uveal melanoma) (12) and Tarlatamab® (extensive-stage small cell lung cancer) (13). Despite these advances, there are still several hurdles for CD3 bsAb therapy in solid tumors (14) (Figure 1). Choosing a suitable tumor surface antigen is critical for clinical success, with consequences for an optimal therapeutic window and acceptable collateral damage to normal tissues. Additional hurdles include limited numbers of intratumoral T cells, an immunosuppressive tumor microenvironment (TME), and poor memory T-cell induction. We recently investigated several combination approaches to address these hurdles (15, 16), which are highlighted here within.


Table 1 | FDA-approved CD3 bispecific therapies.






Figure 1 | Complementing CD3 bsAb therapy with cancer vaccines in solid tumors. Addressing multiple hurdles of CD3 bsAb therapies, including promoting T-cell infiltration, increasing the quality of intratumoral T cells, engaging innate immune cells in the TME, and induction of tumor-specific T-cell responses. TAA, tumor-associated antigen; SLP, synthetic long peptide; DC, dendritic cell; OV, oncolytic virus.







Improving T-cell infiltration in solid tumors

In contrast to hematological malignancies that are surrounded by T cells, solid cancers often harbor TMEs that contain limited T-cell numbers. This feature might be associated with impaired CD3 bsAb therapeutic efficacy in preclinical models (17), which is most prominent in immunologically “cold” tumors exhibiting poor T-cell infiltration (18). We recently showed in CXCR3 knock-out mice that CD3 bsAb antitumor activity in an immunologically “cold” tumor model was dependent on the influx of T cells (15, 19–22), supporting comparable preclinical findings that higher intratumoral T-cell numbers, either present at baseline or through therapy-induced influx, improve CD3 bsAb outcomes (20, 23).

We thus examined strategies that would boost intratumoral T-cell frequencies aiming to improve CD3 bsAb efficacy in immunology “cold” tumors. We reached significantly enhanced tumor eradication when T-cell responses were mounted via tumor nonspecific vaccines prior to CD3 bsAb (15). Vaccine adjuvants IL-2 and TLR7 agonist imiquimod, or TLR9 agonist CpG, were used to ensure sufficient co-stimulation in the lymphatics, enhancing T-cell priming and functionality. We observed that vaccination induced homing of activated CD8+ T cells towards the tumor rim and that subsequent CD3 bsAb administration further transformed T cells into potent effectors and enabled their deep infiltration into the tumor core (15). This process shares similarities with the proposed two-stage tumor-specific CD8+ T-cell activation previously reported (24), whereby initial activation in tumor-draining lymph nodes is followed by subsequent cytotoxic effector program acquisition after target recognition in the TME. We showed that tumor-specific or -nonspecific vaccination in combination with CD3 bsAb promoted a broadly inflamed TME, delayed tumor outgrowth and improved survival in mice (15). The irrelevance of vaccine antigen specificity to primary survival benefit is likely explained by unbiased trafficking of vaccine-activated T cells to non-lymphoid tissues, including the tumor, where engagement by the CD3 bsAb occurs regardless of the cognate specificity. Importantly, CD3 bsAb therapy with adjuvants alone did not improve tumor control in “cold” tumors, highlighting the necessity of an immunogenic antigen to generate substantial CD8 T-cell expansion and influx, resulting in significant survival benefits. Interestingly, combining chimeric antigen receptor (CAR) T-cell therapies with cognate antigen vaccination have shown superior engraftment, polyfunctionality and antitumor activity compared to non-vaccinated controls (25–27). Thus, vaccination could offer a relatively cheap “off-the-shelf” approach to systemically boost T cells during T-cell targeting therapies.

An alternative approach based on the same principle utilized oncolytic viruses (OV) to enhance CD3 bsAb therapy. Selective viral replication in tumor cells was shown to initiate a localized anti-viral immune response and strong influx of OV-specific T cells that could be subsequently engaged by CD3 bsAb (28). Others have reported similar survival benefits using intratumorally-injected OV constructs encoding for CD3 bsAbs (29), which limits antibody production to the tumor and potentially reduces systemic exposure and toxicities. However, this could result in CD3 bsAb not reaching distal tumors, whereas induction of an anti-viral response against the OV may either terminate bsAb production or, conversely, result in antigen and DAMP release. If both strategies demonstrate comparable clinical efficacy, the vaccination approach may be preferred to OVs, as it would not be limited to easily accessible tumors or by an anti-viral immune response, thereby allowing subsequent booster vaccinations to maintain T-cell influx.





Improving T-cell functionality in solid tumors

Solid cancers typically feature hostile and immunosuppressive TME, due to factors such as low pH, hypoxia, nutrient deprivation and high concentration of oxygen radicals, which can hamper cytotoxic T-cell effector functions (14). In addition, chronic exposure to antigens leads to exhaustion of T cells and expression of a plethora of inhibitory immune receptors. In the clinic, T-cell functionality also declines with prior rounds of systemic chemotherapy and disease progression, which may pose a challenge for CD3 bsAbs in heavily pre-treated patient populations (30, 31). There is some clinical data that correlate good T-cell functionality with clinical response to CD3 bsAb therapy in solid tumors, suggesting this is a likely contributing factor (32).

As immune checkpoint expression can be induced following CD3 bsAb therapy (33, 34), immune checkpoint inhibitors (ICIs) are frequently tested in combination with CD3 bsAbs, with many ongoing clinical trials for solid tumors (35), aimed at lifting the checkpoint-mediated brake on T-cell activation (Figure 1). Multiple preclinical studies show augmented T-cell functionality and therapeutic benefit when combing ICIs and CD3 bsAbs compared to CD3 bsAb monotherapy (36–38). Similarly, there are also indications that combining CAR T-cell therapy with ICIs could improve therapeutic outcomes (39). As we observed enhanced PD-1, NKG2A, CTLA-4, Tim-3 and TIGIT expression on T cells in mice treated with CD3 bsAb and vaccine combinations, suggesting that peripherally-derived T cells are more fit than TME-localized T cells (15), it would be interesting to test if the addition of ICIs could further enhance therapeutic efficacy.

Another strategy for improving T-cell functionality involves combining CD3 bsAbs with agonistic antibodies that trigger costimulatory signals. The concept is supported by second-generation CAR T-cell therapies which feature a costimulatory signaling domain, to provide a “signal 2” to T cells in addition to CD3 signaling (signal 1), resulting in superior T-cell persistence and functionality (40, 41). Preclinical studies have reported therapeutic benefit when combining CD3 bsAbs with agonistic antibodies providing costimulation via either 4-1BB or CD28 (42–44). Likewise, we observed improved tumor control when combining tumor-localized 4-1BB costimulation with CD3 bsAb therapy in mice inoculated with immunologically “cold” tumors (45). Given the boost in T-cell function and upregulation of immune checkpoints after T-cell activation, strategies combining CD3 bsAb with costimulatory signals seem promising for improving therapeutic benefit. However, further research is needed to compare the safety and efficacy of such combinations.





Tumor-specific responses are crucial for protective memory following CD3 bsAb therapy

CD3 bsAb therapy has displayed impressive response rates in hematological malignancies in the clinic, but relapses are frequently reported (46–48). Tumor heterogeneity or downmodulation of surface expression of the targeted antigen is responsible for a large proportion of relapses, both for CD3 bsAbs and CAR T cells (46–50). While this phenomenon has not yet been described in the clinic for solid tumors, there are similar indications in preclinical studies (28), including ours, where escape of TRP1- cells was observed in end-stage tumors from CD3 bsAb-treated mice (45). To overcome this and decrease immune escape, combinations of multiple CD3 bsAbs or CAR T-cell specificities targeting different tumor antigens are being evaluated (51, 52).

An alternative approach to prevent escape through antigen loss is the induction of endogenous responses against antigen-negative tumor cells (i.e. antigen spread), which may arise after tumor antigen release upon tumor lysis and subsequent presentation by antigen presenting cells (APCs) (53). We previously reported that although CD3 bsAb monotherapy induced tumor-specific T-cell responses, these responses were short-lived and did not install protective memory in the immunologically “cold” B16F10 model (54). We also observed improved primary responses but no protection from secondary B16F10 tumor challenge when combining CD3 bsAb with 4-1BB costimulation, Fc-active tumor-opsonizing antibodies, or tumor-nonspecific vaccines (45).

Combining CD3 bsAb and tumor-specific vaccination enhanced survival against primary tumors and delayed tumor outgrowth upon secondary tumor challenge (45). However, complete protection against tumor rechallenge was not reached, implying there was insufficient antigen spread in the immunologically “cold” tumor model. Therefore, we hypothesized that the expression of a highly immunogenic antigen may be required for functional memory. In the immunologically “hot” MC38 tumor model, tumor antigen spreading occurred independent of the administered treatment. Tumor-specific T cells were detected in all mice, and most mice that had completely eradicated the first tumor were protected from MC38 tumor rechallenge (45). Protection against rechallenge was completely ablated upon CD8+ T-cell depletion, highlighting the necessity of tumor-specific endogenous CD8+ T-cell responses for long-term memory. There was substantial outgrowth of antigen-negative tumor cells in mice treated with CD3 bsAb monotherapy, but not when CD3 bsAb was combined with vaccination, highlighting the need to strike hard during primary tumor treatment to prevent early immune escape (45).

Our results suggest that “off-the-shelf” T-cell stimulating vaccines can be utilized to enhance CD3 bsAb anti-tumor activity against primary solid tumors. However, preventing relapse requires a level of intrinsic tumor immunogenicity and can be further bolstered by tumor-specific immunization (Figure 1). Such combinations could shortly become a reality given the recent success of personalized mRNA cancer vaccines in the clinic (55). Given the local and potent immune activation and concomitant enhanced T-cell infiltration with OVs, these could also serve as an alternative CD3 bsAb combination partner to drive endogenous anti-tumor T-cell responses (56).

In summary, CD3 bsAbs and vaccine combinations improved survival against primary tumors and tumor rechallenge in mice. The immune status of tumors impacted survival benefit, where CD3 bsAb anti-tumor activity in tested immunologically “hot” tumor models benefited from innate activators, whereas “cold” tumor models required provision of an immunogenic tumor antigen. It remains to be determined if combinations with novel therapies such as personalized mRNA vaccines can benefit CD3 bsAb therapy in the clinic.





Improving CD3 bsAb therapy through engagement of other immune cells

Emerging evidence suggests that a combination of both innate and adaptive immunity is pivotal for complete and durable tumor eradication following immunotherapy (57–60) and understanding immune cell interplay in the TME can thus further improve therapeutic efficacy. Recently, we reported that the CD3 bsAb and vaccine combination increased frequencies of intratumoral CD8+ T cells, NK cells, inflammatory macrophages and neutrophils in the B16F10 model (16), supporting previous findings that CD3 bsAb therapy enhances NK-cell and macrophage activation (61). We revealed that CD3 bsAb-activated T cells attracted macrophages into the tumor and skewed them towards a late-stage, pro-inflammatory phenotype (16). These macrophages were crucial for the anti-tumor activity of the CD3 bsAb and vaccination combination, highlighting the importance of a coordinated innate and adaptive immune response for effective tumor control (16). Furthermore, comparable late-stage pro-inflammatory macrophage subsets were identified in human cancers by gene expression analysis (62), which were found to correlate with ICI treatment response in a breast cancer cohort (16, 63). Our findings align with studies demonstrating crucial roles for innate effector cells in immunotherapy (16, 60, 64), supporting the rationale for the so far unexplored combination of innate cell-stimulating therapeutics with CD3 bsAbs. There is a number of novel therapeutic strategies seeking to empower innate responses against cancer, including stimulation of pattern recognition receptors like stimulator of interferon genes (GAS-STING), TLR, and RIG-I-like receptors (RLR), as well as modulation of macrophages and natural killer cells (65). Immune-stimulating antibody conjugates (ISAC) combine therapeutic antibodies and innate-stimulating payloads, such as TLR or STING agonists, to promote inflammatory TMEs (66). Several ISACs have been clinically evaluated, including Bolt Biotherapeutic’s anti-HER2-TLR7/8 (BDC-1001) for HER2-positive solid tumors (NCT04278144) and Takeda’s anti-CCR2-STING (TAK-500) for various solid tumors (NCT05070247). Another way to potentially improve intratumoral T-cell functionality and boost innate effectors during CD3 bsAb therapy is to co-administer sustaining cytokines, similar to strategies using genetically engineered CAR T cells that express cytokines upon activation for improved therapeutic outcomes (67). There are reports showing positive contributions of cytokines to CD3 bsAb therapy preclinically, including combinations with immunomodulating drugs that induce IL-2 (68), Fc-fused IL-15 compounds (69), and bsAb-IL-15 fusions (70). Although the clinical efficacy of innate activators remains to be elucidated, especially in relation to combinations with CD3 bsAb, the recent FDA approval of ImmunityBio’s IL-15 receptor agonist with Bacillus Calmette-Guérin (BCG) vaccination for bladder cancer highlights the potential of next-generation innate stimulators for cancer immunotherapy (71).

Harnessing innate immune cells could greatly potentiate CD3 bsAb efficacy. As one of the safety risks of CD3 bsAb therapy is cytokine release syndrome, it remains to be determined if this is exacerbated by combinations with vaccination and/or innate stimulators. Furthermore, it will be important to consider that innate immune cell engagement could be context-dependent, as engagement of predominantly immunosuppressive immune cells might even lower therapeutic outcomes.





Remaining questions and path to clinical application

To ensure clinical success of CD3 bsAb and T-cell stimulating vaccine combination therapies, numerous unanswered questions and knowledge gaps must be addressed. For example, deeper understanding on vaccine prerequisites for sufficient T-cell priming prior to CD3 bsAb therapy is needed. Ideally, vaccines should elicit a Th1 response in CD8+ T cells. Most marketed childhood and travelers’ vaccines are prophylactic in nature, designed to induce neutralizing Abs, requiring (pre)clinical studies to determine their suitability for inducing Th1 responses supporting CD8+ cytolytic T cells. In addition to their wide availability, a key advantage of approved prophylactic vaccines is their well-established safety profiles, facilitating clinical evaluation with an experimental CD3 bsAb agent. T-cell recall responses from previous immunizations could be utilized (Supplementary Table), as retrospective analyses suggest beneficial associations between ICI outcomes and earlier Covid-19 or influenza vaccination (72–74). However, prospective randomized clinical trials are required to fully understand if prophylactic tumor non-specific vaccinations can improve immunotherapy efficacy in human cancers. Our murine studies suggest that tumor-specific vaccination may be a more suitable choice, owing to its ability to improve both survival against primary tumor and protection against tumor recurrence (45). Cancer vaccine development has historically faced challenges with limited success (75–77). Recent advances in the field of precision medicine and mRNA-technologies may help overcome the shortcomings of traditional cancer vaccines and potentially revolutionize cancer immunotherapy. Many next-generation cancer vaccines are in clinical trials in combination with ICI (55, 78, 79), and given our preclinical results, it would be of interest to explore their efficacy in combination with CD3 bsAbs.

Further understanding of the role of adjuvants is warranted, as this may affect clinical applicability of the approach. Since we depicted a pivotal role for T-cell and macrophage cooperation in therapeutic response (16), it may be interesting to evaluate which vaccine adjuvants or innate activators are optimal to prime innate cells for contributing to CD3 bsAb efficacy. Recent phase II trial data for patients with HPV-induced abnormal cervical cells showed localized treatment with imiquimod promoted regression of high-grade lesions and significantly increased T-cell infiltration in the cervix (80). The addition of an HPV vaccine had no impact on therapeutic outcome (80), similar to our preclinical observations that tumor-specific vaccination with adjuvants imiquimod and IL-2 was insufficient for tumor control (15). Since CD3 bsAb and tumor-specific vaccine combinations enhanced tumor control in our study (15), combining CD3 bsAb with imiquimod could further improve treatment outcomes for cervical indications.

Another important area of research is the impact of baseline T-cell fitness on treatment outcome. The phenotype and functional status of endogenous circulating T cells at baseline are emerging as important parameters for the clinical activity for T-cell engagers (17, 32, 81, 82). The requirement of baseline T-cell infiltration in tumor nests for therapeutic efficacy is unclear, as shown recently for CD3xCEA in MSS-CRC patients (83). In addition, the two FDA-approved CD3 bsAbs for solid tumors show efficacy in indications that are notorious for being immunologically “cold” and for which ICI therapy is largely ineffective (12, 13). These findings suggest the initial T-cell activation signal may come from a limited number of T cells interacting with tumor cells at the edge of the tumor nests, resulting in a gradient of chemokines summoning circulating T cells to tumor sites, thus promoting T-cell infiltration (83). Since we showed that combining CD3 bsAb with vaccination helped recruit fresh peripheral T cells to the tumor via the CXCR3 axis in mouse models, clinical studies are warranted to evaluate if influx of peripheral cells into the tumor also occurs in humans and how priming may impact T-cell fitness pre- and post-CD3 bsAb administration.

Finally, successful clinical translation will need to enhance CD3 bsAb efficacy whilst maintaining an acceptable safety window. Activation of T cells by vaccination followed by CD3 bsAb, with or without additional innate activators, could drive immune-related adverse events. Furthermore, we need to understand vaccine response kinetics in relation to CD3 bsAb administration and whether there is a preference for either recall or de novo response. Rational bsAb design, careful selection of the target antigen, and dose-optimization strategies could mitigate potential dose-limiting toxicities, as well as potentially reinforcing clinical activity of CD3 bsAbs in solid tumors (83–86) (Figure 1).

To conclude, we advocate for the clinical translation of T-cell stimulating vaccines during CD3 bsAb therapy for superior efficacy against primary tumors and to potentially drive immunological memory. The combination could offer a versatile and effective means to improve cancer immunotherapy outcomes, which may be applicable to various tumor types, immunotherapies, and vaccine modalities.
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