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Editorial on the Research Topic 


Achilles heel of CAR T-cell therapy


Chimeric antigen receptor (CAR-T) cell therapy has emerged as a revolutionary treatment modality in clinical oncology and particularly in the management of haematological malignancies such as B cell acute lymphoblastic leukaemia, large B cell lymphoma and multiple myeloma, with unprecedented response rates and even some cures in patients with relapsed and/or refractory disease (1). The concept of a chimeric T cell receptor, which combines antibody-derived variable regions (VH/VL) with T cell receptor (TCR)-derived constant regions, was first reported in 1987 by Japanese immunologist, Dr. Yoshikazu Kurosawa, and his team at the Institute for Comprehensive Medical Science in Aichi, Japan (2). In 1989, Dr. Zelig Eshhar and his team at the Weizmann Institute developed a chimeric T-cell receptor (cTCR) that enabled T cells to recognize antigens in an MHC-independent manner by fusing antibody-derived variable regions with T-cell receptor constant regions. Although the cTCRs were functional and capable of activating T cells, their double-chain structure required dual viral transduction, resulting in low efficiency. To overcome this, Eshhar’s group engineered a single-chain chimeric receptor, later termed the first-generation CAR, that combined an antibody’s single-chain variable fragment (scFv) with intracellular signaling domains, simplifying expression and enhancing antigen-specific, MHC-independent T-cell activation. The first-generation CARs consisted of a single-chain variable fragment (scFv) fused to CD3ζ or FcϵRIγ, and these engineered T cells demonstrated anti-cancer activity in murine models. Encouraged by promising preclinical findings, the first human CAR T-cell trials targeted ovarian and metastatic renal cell carcinomas using autologous T cells engineered to express MOv-γ and scFv(G250) chimeric receptors, respectively. Although these treatments were well tolerated, they did not reduce tumor burden, likely due to the limited in vivo persistence of the infused CAR-T cells. T-cell activation requires two signals: antigen recognition through the TCR–peptide–MHC (pMHC) interaction and co-stimulation via receptors such as CD28. To address this limitation, Dr. Michel Sadelain’s group at MSKCC developed a chimeric receptor incorporating both CD3ζ and CD28 signaling domains, thereby providing dual activation signals that enhanced antigen-dependent proliferation, IL-2 secretion, and cytotoxic activity in vitro (3). Second-generation CD19 CAR-T cell therapy has since revolutionized the treatment of B-cell malignancies. However, in chronic lymphocytic leukemia (CLL), response rates and durability remain inferior to those observed in other indolent B-cell lymphomas. In 2024, Derigs et al. reported early clinical results from the HD-CAR-1 trial, evaluating academically manufactured third-generation CAR-Ts in patients with relapsed/refractory CLL (4). Third-generation anti-GD2 CAR-T cells (GD2-CART01) showed promising efficacy in children with high-risk metastatic, relapsed, or refractory neuroblastomas in a phase 1/2 trial. The Locatelli et al. (5) final report results from 54 children, confirming that GD2-CART01 can induce durable remissions in this population.

This Research Topic aimed to tackle the key challenges in developing sustainable and cost-effective CAR-T cell therapies. Its main objectives were to identify promising strategies for reducing manufacturing costs, automate production processes to minimize human error, and enhance the therapeutic efficacy of CAR-T cells. The research also sought to explore how to lower CAR immunogenicity, improve infiltration into the tumor microenvironment, and prevent antigen escape. By addressing these critical areas, the work aimed to advance the field toward more effective, accessible, and safer cancer treatments.

In their manuscript, Harer et al. discussed upcoming strategies and current challenges in designing CARs for recognition of antigen low cancer cells, aiming at augmenting sensitivity and finally therapeutic efficacy while reducing the risk of tumor relapse. Specifically, CAR-T cells are engineered “living drugs” designed to recognize specific tumor antigens and eliminate malignant cells through targeted immune activation. Despite their success in treating B cell malignancies, many patients experience relapse due to antigen loss or T cell exhaustion, which limits long-term efficacy. To overcome these challenges, current research focuses on developing next-generation CARs with enhanced antigen sensitivity, enabling the detection and elimination of cancer cells expressing low levels of target antigens. Cancer cells can evade CAR-T cell therapy by reducing the expression of target antigens, rendering them invisible to immune attack and leading to tumor relapse. Although enhancing CAR-T cell sensitivity to low antigen levels could address this issue, it also raises significant safety concerns, as many tumor-associated antigens are shared with healthy tissues, increasing the risk of on-target off-tumor toxicity. Consequently, ongoing research focuses on balancing efficacy and safety through strategies such as logic-gated CAR designs, cooperative targeting approaches, and the careful selection of tumor-selective antigens to minimize adverse effects while maximizing therapeutic benefits. CAR-T cell therapy has made remarkable strides in treating hematological malignancies. However, the widespread adoption of CAR-T cell therapy is hindered by several challenges. Li et al. comprehensively examined the clinical challenges of CAR-T cell therapy and outlined strategies to overcome them, aiming to chart pathways beyond its current Achilles’ heel. CAR T cell therapies have achieved remarkable success in treating hematologic cancers, yet their broader use remains limited by high costs, long manufacturing times, safety issues, and variable efficacy. Advancements in gene editing technologies and delivery systems are essential to overcome these barriers and redefine the development of next-generation CAR-T cells. As these tools continue to evolve, they hold the promise of creating safer, more potent, and more accessible CAR-T cell therapies, transforming them into routine and affordable treatment options for a wider range of patients. Although CAR-T cell therapy remains one of the most innovative immunotherapeutic approaches with remarkable clinical success, its broader application is limited by lengthy manufacturing times, high costs, and patient-to-patient variability (6). Despite notable advances in the development of universal CAR T (U-CAR T) cells, a stable and standardized cell bank has yet to be achieved. Mohammad et al. systematically reviewed and evaluated the efficacy of modular (universal) CAR T-cell platforms in xenograft mouse models. Across 33 studies encompassing 15 distinct platform designs, modular CAR-T cells were shown to significantly reduce tumor burden and improve survival compared to negative controls, achieving outcomes comparable to conventional CAR-T cell therapies. Overall, these findings suggest that modular CAR T-cell platforms are effective and represent a promising, flexible, and controllable approach for next-generation cancer immunotherapy. Select patients with relapsed/refractory aggressive B cell lymphoma may benefit from bridging radiation (bRT) prior to anti-CD19-directed CAR-T. Manzar et al. evaluated 51 adults with relapsed or refractory diffuse large B-cell lymphoma (DLBCL) who received bridging radiation therapy (bRT) prior to anti-CD19 CAR-T cell therapy. Just over half (51%) received comprehensive bRT to all disease sites, and 29% also received systemic therapy. The overall response rate at 30 days post–CAR-T was 82.4%. Median overall survival (OS) was 22.1 months, and median progression-free survival (PFS) was 7.4 months. One-year OS and PFS rates were 80% and 78%, respectively, while two-year rates were 59% and 54%. Comprehensive bRT was associated with improved OS and PFS (p ≤ 0.04). Poor outcomes were linked to ECOG performance status ≥2, advanced stage (III/IV), high IPI score (≥3), non-GCB histology, and radiation doses ≤30 Gy. Relapse occurred in 51% of patients, with 46% of relapses within the radiation field, especially among those with bulky disease or poor early CAR-T response. Overall, the study concludes that bRT before CAR-T is an effective and feasible strategy for selected patients with aggressive B-cell lymphomas, and that comprehensive radiation to all disease sites improves survival outcomes. CAR-T cell therapy has transformed cancer treatment, but key challenges remain, including antigen loss and optimizing CAR design as discussed by (Gomez-Melero et al.). To address these issues, multi-targeted approaches, such as tandem CAR-T (TanCAR-T) cells, have been developed. These engineered cells can recognize multiple tumor antigens simultaneously, reducing relapse risk and improving treatment efficacy. Preclinical and clinical studies in both hematologic cancers and solid tumors have shown that TanCAR-T therapies are effective, safe, and associated with relatively low relapse rates. Despite these promising results, several challenges persist, such as determining the optimal CAR construct, selecting the best antigen targets, and improving transduction efficiency. Overall, tandem CAR-T cells represent a promising advancement in immunotherapy, with ongoing research needed to refine their design and maximize their clinical benefits.

Li et al. outlined the limitations of CD28-based CAR T-cell therapies, evaluated current strategies designed to optimize CD28-based CAR constructs, and discussed future directions and clinical prospects for enhancing their therapeutic potential. CAR-T cell therapy, which engineers T cells to specifically target cancer cells, has achieved major advances in recent years. Current approved CAR-T products are second-generation designs that include co-stimulatory domains, essential for T-cell activation and function. Among these, CD28-based co-stimulatory molecules provide strong cytotoxic effects but are limited by high relapse rates, short-lived efficacy, and severe side effects. Recent research has focused on improving CD28 function by mutating its signaling motifs, combining co-stimulatory domains, and optimizing other CAR components to enhance anti-tumor activity and minimize toxicity. Yin et al. have explored the use of sodium citrate to reduce exhaustion and enhance the function of CAR-T cells. While CAR-T therapy is effective against blood cancers, its success in solid tumors is limited by T cell exhaustion, often driven by tonic signaling and calcium activity during cell expansion. They generated anti-CD70 and anti-mesothelin (MSLN) CAR-T cells and cultured them with sodium citrate. Results showed that citrate-treated CAR-T cells had reduced exhaustion, higher memory T cell levels, and improved anti-tumor efficacy, both in vitro and in vivo. Treated CAR-T cells also demonstrated better persistence and lower tumor recurrence. This study highlights the potential of sodium citrate to overcome a major limitation of CAR-T cell therapy in solid tumors. Sodium citrate-pretreated CAR-T cells (CITR CAR-T) showed stronger persistence, greater anti-tumor efficacy, and prevention of tumor recurrence in vivo compared to untreated cells. Mechanistic studies revealed that sodium citrate suppresses CamkII phosphorylation, thereby inhibiting mTORC1 signaling and glycolysis, pathways linked to T cell exhaustion. These effects collectively promote the formation of memory T cells and sustain CAR-T activity. Although the experiments were performed in a cell-derived xenograft (CDX) model, which may not fully mimic human tumors, these findings suggest that sodium citrate could be a simple, safe, and cost-effective strategy to improve CAR-T therapy for solid tumors. The study concludes that sodium citrate enhances CAR-T persistence and function by modulating calcium, mTOR, and metabolic signaling, offering a promising avenue for future clinical applications.

De Angelis et al. presented results from a European survey conducted by the T2Evolve Consortium under the EU’s Innovative Medicines Initiative (IMI), which examined current analytical methods employed in CAR T-cell therapy across Europe. Between February and June 2022, a total of 53 respondents from 13 countries, including researchers, manufacturers, and clinicians, completed a 36-item questionnaire addressing quality control of apheresis materials, CAR T-cell drug products, and post-infusion immune monitoring. The results revealed considerable variability in analytical practices among institutions. While most respondents used standard assays for safety and efficacy testing per Pharmacopeia requirements, only a minority performed detailed phenotypic analysis of T-cell subsets or assessed activation and exhaustion markers in final products. This study highlights an urgent need to standardize CAR-T cell functional potency assays and to identify predictive biomarkers for treatment response, relapse, and toxicity. It also found inconsistent CAR-T cell monitoring during patient follow-up. This first pan-European survey provides a snapshot of current CAR-T cell analytical practices and emphasizes the importance of harmonization across centers to improve the safety, efficacy, and accessibility of CAR-T cell therapies in Europe. The survey revealed widespread heterogeneity and lack of standardization across all phases of CAR-T cell therapy in Europe, from apheresis collection to patient monitoring. T2Evolve highlights the need to harmonize analytical methods, quality control assays, lymphodepletion protocols, and immune-monitoring standards to ensure consistent product quality, patient safety, and equitable access to CAR-T cell therapies across Europe. Currently, no standardized protocols exist for leukapheresis collection, quality assessment, or cryopreservation, and only a few centers routinely characterize leukapheresis products. About 66% of respondents emphasized standardization of apheresis and cryopreservation, while identifying biomarkers predicting manufacturing success as a research priority. All centers use viral transduction, but over half (52%) called for standardized assays, including vector copy number, sterility, and flow cytometry tests. Rapid quality testing was also seen as essential to shorten manufacturing time. Most centers use fludarabine and cyclophosphamide (Flu/Cy), though alternatives like Bendamustine are being explored. Lymphodepletion regimens and monitoring practices vary widely, with fewer than half performing additional tests during toxicities, underscoring the lack of consensus on predictive biomarkers such as IL-6, IFN-γ, and IL-1.

Bolsée et al. have investigated a dual-targeting CAR-T cell strategy to address antigen escape, a major cause of relapse in B-cell malignancies such as acute lymphoblastic leukemia (B-ALL). The authors designed tandem CAR-T cells that simultaneously recognize CD19 and NKG2D ligands (NKG2DL), stress-induced molecules commonly expressed on cancer cells but not on healthy tissues. Three tandem CAR constructs were developed, and two demonstrated strong anti-tumor activity against both CD19+ and CD19- cancer cells. Compared to conventional CD19 CAR-T cells, these tandem CARs maintained similar cytokine production, cytotoxicity, and proliferation when engaging CD19+ targets, while retaining effectiveness against CD19- cells. In experiments with primary B-ALL samples and xenograft models mimicking CD19– relapse, the selected CD19/NKG2DL tandem CAR-T cells successfully controlled tumor growth and prevented relapse. This study provides proof-of-concept that NKG2D-based tandem CAR T-cells can overcome CD19 antigen loss and enhance long-term therapeutic efficacy in B-cell malignancies. The Authors conclude that CD19/NKG2DL tandem CAR-T cells provide a promising strategy to prevent antigen escape, extend therapeutic reach, and maintain anti-tumor efficacy in B-cell malignancies. Furthermore, the broad expression of NKG2DL suggests potential applicability in solid tumors and tumor-associated microenvironments, offering a versatile platform for multispecific CAR T-cell therapies. Muthuvel et al. describes a safer and efficient method for generating anti-CD19 CAR-T cells using self-inactivating (SIN) lentiviral vectors for adoptive immunotherapy. The CAR construct included a CD8α hinge, CD28 transmembrane and co-stimulatory domains, and CD3ζ signaling, and T-cells were pre-activated via CD3/CD28 beads before transduction. The resulting CAR-T cells achieved a transduction efficiency of approximately 28% at an MOI of 10 using high-titer lentiviral vectors (~9.85×107 TU/ml). The T-cells expanded about 148-fold over 12 days in serum-free media, maintaining high viability (>87%) and exhibiting a predominantly CD8+ effector memory phenotype by days 7–12. Functionally, the CAR-T cells demonstrated specific antitumor activity, lysing CD19+ NALM6 cells (~28% at a 1:1 ratio) and producing robust antigen-specific responses, including IFN-γ secretion and CD107a degranulation. Safety modifications included removal of WPRE, GFP, and P2A sequences from the CAR construct. Overall, this study establishes a reproducible workflow for generating functional, safe, and scalable anti-CD19 CAR-T cells, suitable for applications in cancer and autoimmune diseases involving CD19+ B-lineage cells. 

CAR-based cell therapies have revolutionized cancer treatment by enabling precise, antigen-specific immune activation against malignant cells (Figure 1). Since the first FDA approvals of CD19-directed CAR-T cell therapies in 2017, adoptive cell therapy has progressed from a conceptual innovation to a transformative clinical modality. CAR-T cell therapy utilizes patient-derived T cells genetically engineered to express synthetic receptors that redirect specificity toward tumor-associated antigens (7, 8). This approach has shown curative potential in hematologic malignancies; however, its efficacy in solid tumors remains limited by antigen heterogeneity, immunosuppressive tumor microenvironments, and manufacturing complexity. Globally, over 1,000 clinical trials are investigating strategies to broaden CAR therapy’s reach, including the development of “off-the-shelf” universal platforms. Recent advances in CAR–natural killer (CAR-NK) cells and induced pluripotent stem cell (iPSC)-derived CAR immune cells offer promising avenues to overcome current challenges in scalability, safety, and cost (9–13). CAR-NK cells enable allogeneic use with lower toxicity risk, while iPSC-derived immune cells facilitate the production of homogeneous, programmable effector populations at an industrial scale. Together, these innovations signal a paradigm shift toward universal, programmable, and ethically scalable CAR-based immunotherapies. Supported by CRISPR-mediated gene editing and refined antigen-targeting strategies, next-generation CAR platforms are poised to expand the therapeutic frontier to both hematologic and solid malignancies.
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Figure 1 | Overview of the evolution of CAR therapies from autologous CAR-T to allogeneic CAR-NK and iPSC-derived platforms. Autologous CAR-T uses the patient’s own T-cells, reducing rejection and “Graft-versus-host” disease risk but face high cost, variable quality, and manufacturing delays. Allogeneic CARs from donors or cell lines offer scalable, standardized production but must overcome alloreactivity and immune rejection, often via CRISPR-mediated TCR/HLA editing. NK cells provide an alternative with innate cytotoxicity, lower CRS risk, and compatibility for allogeneic use, enhanced by NK-specific signaling domains. Induced pluripotent stem cells (iPSCs) enable clonal expansion, gene editing, and differentiation into NK cells with consistent phenotypes, though challenges like differentiation heterogeneity and transgene silencing remain, addressable via safe-harbor knock-ins and transcriptional programming.
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Chimeric antigen receptor (CAR) T cells are “living drugs” that specifically recognize their target antigen through an antibody-derived binding domain resulting in T cell activation, expansion, and destruction of cognate target cells. The FDA/EMA approval of CAR T cells for the treatment of B cell malignancies established CAR T cell therapy as an emerging pillar of modern immunotherapy. However, nearly every second patient undergoing CAR T cell therapy is suffering from disease relapse within the first two years which is thought to be due to downregulation or loss of the CAR target antigen on cancer cells, along with decreased functional capacities known as T cell exhaustion. Antigen downregulation below CAR activation threshold leaves the T cell silent, rendering CAR T cell therapy ineffective. With the application of CAR T cells for the treatment of a growing number of malignant diseases, particularly solid tumors, there is a need for augmenting CAR sensitivity to target antigen present at low densities on cancer cells. Here, we discuss upcoming strategies and current challenges in designing CARs for recognition of antigen low cancer cells, aiming at augmenting sensitivity and finally therapeutic efficacy while reducing the risk of tumor relapse.
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1 Introduction

Cellular therapy using chimeric antigen receptor (CAR) engineered T cells (CAR T cells) can induce long-lasting complete remissions in patients with advanced chemo-refractory hematological malignancies (1). The success of CAR T cell therapy was initially sparked by CAR T cell targeting CD19 expressed by B cell leukemia/lymphoma cells (2). CD19 constitutes a nearly ideal antigen as CD19 is expressed on high levels and its expression is restricted to the B cell lineage (3); CD19 CAR T cells mediated depletion of the B cell compartment can be clinically dealt by immunoglobulin substitution (4). Despite high efficacy of CAR T cells in reducing tumor load, nearly every second patient suffers from disease relapse (5) which is in most cases due to leukemic cells with downregulated or loss of CD19 resulting to antigen levels below the CAR T cell activation threshold, commonly termed as antigen escape (6). In addition, loss of CAR T cell functionality termed CAR T cell exhaustion, insufficient CAR T cell expansion, and limited CAR T cell persistence pose significant T cell intrinsic obstacles to the long-term success of CAR T cell therapy (7).

In case of CD19, a decrease in CAR cognate antigen load can be caused by various mechanisms: i) downregulated RNA expression results in reduced protein load on the cell surface which has no impact leukemic cell survival or amplification since CD19 is not vital for malignant B cells; ii) expression of CD19 splice variants affecting one of the exons 2, 4, 5, or 6, which creates loss of the targeted epitope and renders malignant cells invisible to the canonical CD19 CAR (8–10); iii) mutations in the CD19 gene which results in truncation of the extracellular CD19 domain (11, 12); iv) lineage switch from the B cell to the myeloid lineage which abrogates the expression of CD19 and other B cell associated antigens (13, 14); v) transfer of CD19 from cancer cells to T cells, called trogocytosis, which reversibly reduces the antigen load on tumor cells below CAR activation threshold (15).

The consequence of reducing the CD19 level on malignant B cells likely decides whether CAR T cell treatment will be successful since the CD19 level before treatment is crucial for durable anti-tumor response and the risk of relapse. By quantitative flow cytometry of CD19 levels in large B cell lymphoma (LBCL) cells of patients after axicabtagene ciloleucel therapy, researchers revealed that 3,000 CD19 molecules per cell at baseline is the threshold level; lower CD19 levels on tumor cells stratifies patients with high risk of relapse (5). Semiquantitative immunohistochemistry (IHC) H-score monitoring, however, was not sensitive enough to detect the threshold level.

In case of CD19 downregulation, that occurs more often than complete CD19 loss, augmenting CAR T cell sensitivity for antigen may restore recognition of target cells. In general, the term antigen sensitivity delineates the threshold of antigen required for redirected T cell activation. Two major factors govern the antigen sensitivity of CAR T cells. Firstly, the CAR components themselves determine the activation threshold through the affinity of the binding domain and through the hinge and intracellular domain facilitating downstream signaling. Secondly, the cellular signaling machinery distal the CAR itself impacts the activation threshold, such as co-stimulatory receptors, signal mediators, and transcription factors. In recent years, efforts were undertaken in this direction aiming at enhancing the sensitivity of CAR T cells for the battle against tumor cells with low antigen density.

In this review, we review how the CAR molecule and downstream signaling checkpoints can be modified to augment the recognition of tumor cells with low antigen density, and discuss the current challenges in reducing the risk of relapse after therapy.




2 Modifying the CAR

The canonical “second generation” CAR recognizes target antigen by an extracellular single chain fragment of variable region (scFv) antibody that is composed of the variable domains of the antibody heavy (VH) and light (VL) chains tethered together by a short flexible linker in the order VH-VL or VL-VH (16, 17). A hinge region physically connects the scFv to the transmembrane domain and is usually derived from the IgG1 CH2-CH3 region, the extracellular part of CD28 or from the hinge domain of the CD8α molecule (18). Generally, the intracellular signaling part of a CAR comprises the CD3ζ chain to provide the primary signal and a costimulatory domain to augment and prolong activation, frequently derived of the intracellular part of CD28 or 4-1BB (18). To enhance the antigen sensitivity, each CAR component can accordingly modified (Figure 1).
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Figure 1 | CAR domains that impact the antigen sensitivity of engineered T cells. CARs are synthetic antigen receptors consisting of an extracellular antibody-derived scFv linked via a hinge and transmembrane domain to intracellular signaling domains. For each CAR component, modifications were reported that resulted in enhanced antigen sensitivity.



2.1 Enhancing the binding affinity

The binding affinity of the antigen recognition domain substantially affects antigen sensitivity of CAR T cells (19). Accordingly, enhancing scFv affinity was investigated by various means to augment the antigen sensitivity of CAR T cells. A pioneering study nearly two decades ago using a panel of ErbB2 specific CARs that target the same epitope with different binding affinities (KD 3.2 x 10-7 to 1.5 x 10-11M) revealed that the threshold for CAR T cell activation is inversely correlated with the scFv affinity (20). Correspondingly, T cells with high affinity CARs recognized targets with low ErbB2 levels, whereas CAR T cells equipped with low affinity CARs were only activated by tumor cells with high ErbB2 levels. However, the magnitude of CAR redirected T cell activation through high affinity CARs was like that of low affinity CARs when engaging ErbB2high target cells. The observation was confirmed by a second study; CAR T cells with a low affinity scFv displayed equipotent anti-tumor activities against ErbB2high tumors but showed reduced activation against ErbB2low tumors as compared to high affinity CAR T cells (21). The concept of scFv affinity tuning for increasing antigen sensitivity was also successfully applied to CARs of other specificities, for instance GD2, EGFR, and ROR1 (22–24). In conclusion, enhancing the affinity of the scFv can basically augment antigen sensitivity of CAR T cells that, however, does not necessarily increase the strength of T cell activation.

The example of GD2-specific CAR T cells revealed the two-sided sword of affinity tuning. While CAR T cells with a 14G2a antibody derived scFv showed favorable functionality in vitro, no tangible anti-tumor activity was detected in murine models of neuroblastoma, which led to efforts to increase the 14G2a affinity by point mutations (22). Mutated GD2 CAR T cells showed robust activity against neuroblastoma in vivo but also produced severe on-target off-tumor toxicities towards the central nervous system with low GD2 levels.

To improve antigen sensitivity of ROR1 specific CAR T cells, Hudecek et al. replaced the 2A2 scFv by a high affinity scFv derived from the R12 antibody (24). High-affinity ROR1 CAR T cells evinced superior proliferation and cytokine production in response to tumor cells with low ROR1 expression as compared to 2A2 scFv based CAR T cells. In several preclinical models, no difference in CAR T cell survival was recorded for the low versus high affinity CAR T cells (24) whereas other reports suggest that low-affinity CARs are superior in boosting T cell expansion and persistence (25, 26). It is still a matter of debate whether increase of CAR affinity results in extended CAR T cell activation or in premature activation induced cell death. The consequences of increasing binding affinity on the functional T cells capacities likely need thorough exploration for each individual CAR.

To follow a more rational design, high-resolution electron microscopy images of CD19 protein interacting with the CD19 specific scFvs FMC63 and SJ25C1 guided the design of CARs with graduated antigen sensitivity (27). Those CAR T cells with increased antigen sensitivity showed improved cytotoxicity towards tumor cells with low target antigen levels. Interestingly, the different antigen sensitivities also impacted the CAR T cell susceptibility to trogocytosis upon tumor cell engagement, finally resulting in reduced antigen load on targeted cancer cells. This exemplarily demonstrates that in silico modelling of protein structures combined with synthetic biology can tailor the antigen sensitivity of CAR T cells to the specific requirements for detecting antigen densities found on the cancer cells.




2.2 Engrafting the scFv to the TCR

There are several fundamental differences between CARs and TCRs with respect to their sensitivity to antigen. While the binding affinities of most scFvs used for CAR binding are in the nanomolar range, the antigen binding domains of physiological T cell receptors (TCRs) are in the micromolar range. However, the TCRs sense antigen in at least 100-fold lower concentration than CARs (28). Consequently, CAR T cells require 100fold higher levels of antigen on target cells than a TCR to redirect T cell activation. To merge the high antigen sensitivity of a TCR with the MHC-independent targeting of a CAR, investigators linked the scFv to the α/β chains of the TCR (Figure 2). By CRISPR-Cas9 mediated genome editing and AAV6 vector transfer for targeted integration, both the VH and the VL chains of a CD19 specific scFv were connected to the TCR Cβ and the Cα domain, respectively, giving rise to a synthetic receptor, termed HLA-independent T cell (HIT) receptor (29). Whereas HIT receptors and CARs proved to be equally effective in killing target cells with a high antigen density, HIT receptors showed superior elimination of target cells with low antigen load being about 10-times more sensitive to antigen than conventional CARs (29). Moreover, HIT receptors exhibit a more dynamic degranulation process against targets with low antigen densities than conventional CARs. Mechanistically, the TCR derived HIT triggers a faster remodeling of the actin cytoskeleton and a more effective deployment of lysosomes than the CAR as suggested by phosphoproteomic and morphological analyses (29). Moreover, HIT receptors are superior in displaying a more effective signal amplification after binding to antigen than CARs, which becomes obvious by the superior recruitment and activation of the linker for activation of T cells (LAT) acting as a signaling hub. The augmented antigen sensitivity of HIT receptors was further corroborated by two xenograft mouse models of leukemia using HIT T cells targeting CD19 and CD70, respectively (29). Taken together, HIT receptors display higher antigen sensitivity than conventional CARs and provide valuable tools for MHC-independent targeting of tumor cells with low antigen densities.
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Figure 2 | Engrafting the scFv on TCR chains. To take advantage of the superior T cell activation machinery, several strategies were reported for engrafting the scFv as binding domain to the TCR chains. By CRISPR-Cas9 genome editing the endogenous TCR chains were deleted and by AAV6 vector transfer a HLA-independent T cell (HIT) receptor was expressed that harbors the antibody VH and the VL chains linked to the TCR Cβ and Cα domain, respectively, giving rise to TCR chains with antibody derived VL and VH binding domains. Synthetic T cell and antigen receptor (STAR) is also a TCR chain-based receptor with the VH and VL chains fused to the constant regions of the TCR while the physiological TCR is still expressed. By attaching a scFv to the extracellular N-termini of the CD3ϵ chain, a synthetic TCR fusion construct (TRuC) is obtained which is effectively integrated into the physiological TCR complex. In contrast to HIT receptors, which are constructed by using genome editing to replace the variable domains of the T cell receptor by the scFv chains, STAR receptors and TRuCs are transferred to T cells by viral transduction.

STAR (synthetic T cell receptor and antigen receptor) represents an alternative design of an antibody-TCR hybrid as the variable regions of immunoglobulin heavy and light chains (VH and VL) are fused to the constant regions of the T cell receptor (30). In contrast to HIT receptors, which are engineered by genome editing, the STAR is transferred to T cells by a transgenic sequence through viral transduction resulting in a STAR coexpressed with the physiological TCR on T cells (Figure 2). Contrary to conventional CARs, STAR receptors far less induce tonic signaling and evince little propensity to develop CAR T cell exhaustion. In addition, STAR receptors confer a higher level of antigen sensitivity and mediate T cell activation and cytolysis over a broader range of antigen densities to T cells as compared to conventional CARs. In multiple tumor models, T cells transduced with a STAR outperformed conventional CAR T cells with respect to therapeutic efficacy and functional persistence (30). By the retained endogenous TCR, the STAR is posed with the risk of mispairing with TCR chains leading to unforeseen novel specificities; the likelihood of such mispairing-based novel specificities is not studied in detail so far.

In an alternative approach, the anti-CD19 scFv was tethered to the extracellular N-terminus of a chain of the TCR complex, for instance the TCRα, TCRβ, CD3γ, CD3δ, or CD3ϵ chain, resulting in a T cell receptor fusion construct (TRuC). These fusion molecules have the advantage of being effectively integrated into the endogenous TCR complex on the T cell membrane (Figure 2) (31). T cells expressing a CD19 specific TRuC eliminated tumor cells in an antigen specific fashion and showed superior therapeutic efficacy in mice bearing CD19+ lymphoma cells as compared to canonical second generation CARs with either CD28 or 4-1BB costimulation (31). In comparison to HIT receptors, TRuCs may also be superior to conventional CARs in targeting tumor cells with low antigen density which, however, remains to be addressed.

To uncover the mechanism underlying the enhanced antigen sensitivity of TCR-scFv fusion components, Burton et al. systematically investigated the impact of T cell accessory receptors on antigen sensitivity. The much higher antigen sensitivity of TCRs compared to CARs originated from the insufficiency of CARs to engage accessory receptors, such as CD2 and LFA-1 (32). In line with this conclusion, the enhanced antigen sensitivity of HIT receptors, STARs, and TRuCs coincided with the enhanced capacity of those receptors to engage CD2 (32) pointing to the impact of the accessory molecules in facilitating signaling through the TCR downstream signaling machinery.




2.3 The impact of the hinge and transmembrane domain

Apart from the CAR binding domain, the hinge domain between the scFv and the intracellular domains impacts the antigen sensitivity. Seeking to improve the in vivo efficacy of a CAR in targeting CD70 on myeloid blasts and to obviate cleavage of the CD27 based CAR hinge, Leik et al. applied an in silico approach to identify putative metalloprotease cleavage sites within the hinge region. As a result, the hinge and transmembrane domain was substituted by the respective parts of the CD8α chain (33). As assessed by acoustic force microfluidic microscopy evaluating the cellular binding avidity between the CD70 specific CAR T cells and AML tumor cells, CD70 specific CARs with the CD8α hinge conferred augmented binding avidity on T cells as compared to CD27 hinge CARs. Mechanistically, the novel CAR design entailed a higher resistance to proteolytic cleave. Finally, the improved antigen sensitivity of CD70 specific CAR T cells eventuated in an enhanced therapeutic efficacy in a stress model of acute myeloid leukemia (33).

To define the antigen sensitivity of the FDA approved CD19 CAR constructs, Majzner et al. identified the CD28 derived hinge of axicabtagene ciloleucel being crucial for the superior responsiveness to tumor cells with low antigen density compared with tisagenlecleucel, that has the CD8α as hinge and transmembrane domain (34). The CD28 derived hinge imparted a higher antigen sensitivity, irrespectively of CD28 or 4-1BB costimulation. Accordingly, CAR T cells with a CD28 hinge displayed superior cytotoxicity against CD19low leukemia cells in vitro and in a mouse model compared with CD8α hinge CAR T cells (34). The same observations were made with HER2 specific CAR T cells in a xenograft mouse model of HER2low osteosarcoma, with B7-H3 specific CAR T cells in a model of B7-H3low neuroblastoma, and with glypican-3 specific CAR T cells in a model of glypican-3low neuroblastoma (34). The effect was also seen in first generation CARs without costimulation. Here, the CD28 derived hinge also boosted antigen sensitivity and overall functionality (34). Mechanistically, the downstream mediator ZAP70 is more efficiently recruited by CARs with the CD28 hinge which results in a faster orchestration of the synapse formation as revealed by total internal reflection fluorescence (TIRF) microscopy (34).

In another study, Casucci and colleagues incorporated a novel extracellular spacer based on the low-affinity nerve-growth-factor receptor (NGFR) into the CAR design (35). After screening a panel of four different spacer designs, optimized NGFR-spaced CAR T cells targeting various antigens, such as CD44 isoform variant 6 (CD44v6), CEA, and CD19, were generated. Importantly, those NGFR-spaced CAR T cells could be efficiently positively isolated using clinical-grade immuno-magnetic beads without impairing CAR T cell functionality. As an additional benefit, NGFR-spaced CAR T cells, which proved to be highly functional in animal tumor models, could be tracked with antibodies directed against NGFR (35).

Seeking to improve the antigen sensitivity of ROR1 specific CAR T cells with CD28 costimulation, Hudecek et al. truncated the IgG4 hinge-CH2-CH3 to obtain an intermediate hinge-CH3 and a hinge-only version. Using various ROR1+ tumor cell lines as target cells, the short version of the hinge domain conferred the highest cytotoxicity and the greatest proliferative capacity on CAR T cells (24). This is likely due to optimizing the synaptic gap between CAR T cells und target cells, which is usually around 10-30 nm for TCR/MHC recognition (36). Adjusting the length of the extracellular hinge region to optimize CAR T cell activation was reported for several other targets as well (37), supporting the general rule that membrane distal target epitopes need a short linker, membrane proximal targets a long linker for sensing low antigen levels, and finally efficient T cell activation. On the other hand, the enhanced antigen recognition of ROR1 specific CAR T cells with a short hinge resulted in increased activation induced cell death (AICD) (24) pointing to the observation that strong activation often produces short-lived CAR T cells. Collectively, the hinge between scFv and intracellular domains poses an avenue to enhance the antigen sensitivity of CAR T cells which, as a caveat, may also result in augmented AICD.




2.4 Engineering the signaling domain

The primary signal of most CARs is provided by the intracellular CD3ζ chain encompassing three immunoreceptor tyrosine-based activation motifs (ITAMs) which are phosphorylated upon antigen binding to initiate T cell activation (38). To investigate whether the addition of further ITAMs furthermore enhances the antigen sensitivity of CAR T cells, a 4-1BB costimulatory CAR was engineered with two CD3ζ chains (ζζ), making up six ITAMs in total (34) (Figure 3). Upon antigen stimulation, a CAR with two CD3ζ chains mediated stronger T cell activation at lower antigen concentrations compared with the conventional CAR with one CD3ζ chain (34). Noteworthy, tonic signaling did not increase. In a B cell leukemia model with engineered low CD19 levels, ζζ CAR T cells imposed superior tumor control than conventional CAR T cells. These data corroborate the conclusion that strengthening the primary activation signal by adding additional ITAMs into the CAR signaling backbone increases antigen sensitivity against tumor cells with low antigen load. It is not clear, whether the conclusion also holds for CD28 costimulated CAR T cells as canonical CD28 CAR T cells display higher IL-2 production and tumor control in response to CD19low leukemia compared to 4-1BB-costimulated ζζ CAR T cells (34).
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Figure 3 | Modifying the signaling domains. ζζ CARs harbor an additional CD3ζ domain to enhance the antigen sensitivity of CAR T cells with 4-1BB costimulation. BB/ϵPRS-ITAM/ζ CARs incorporate an ITAM and a CD3ϵ derived proline-rich sequence (PRS) between the 4-1BB and CD3ζ domain. In BB/ζ/GRP2 CARs, the adaptor molecules growth factor receptor bound protein-2 (GRB2) is interposed between 4-1BB and the CD3ζ domain. Both adding CD3ϵ and or GRB2 increase calcium mobilization and LAT recruitment to the signaling moieties as compared to conventional CARs. ϵRKζ CARs feature the LCK binding motif of the CD3ϵ chain, termed receptor kinase (RK) motif, between the 4-1BB domain and the CD3ζ chain improving LCK recruitment to the CAR and finally T cell activation. 28-ΔIL2RB-z (YXXQ) CARs harbor a truncated cytoplasmic IL-2Rβ domain between CD28 and CD3ζ and a STAT3-binding YXXQ motif within the CD3ζ chain, both resulting in activation of the JAK-STAT3/5 pathway.

While adding additional ITAMs for primary activation improves the CAR T cell response, CARs with only the proximal ITAM experience less exhaustion, exhibit longer persistence, and impose greater control against tumor cells with a high antigen load (39). In contrast, CAR T cells with only one ITAM displayed a lower antigen sensitivity as compared to conventional CAR T cells (34). A caveat of adding additional ITAMs is therefore the risk of excessive CAR signaling and ensuing T cell exhaustion when engaging cells with high antigen load.

The antigen sensitivity of CAR versus TCR T cells was compared by Salter et al. who generated bispecific T cells simultaneously recognizing the Epstein-Barr virus (EBV) epitope RAK through the endogenous TCR and the tumor antigen ROR1 through a CD28 costimulated CAR (28). Consistent with previous reports, TCR outperformed the CAR in T cell activation through low antigen densities (28). Phosphoproteomic analysis revealed that CD3σ, CD3ϵ, and LAT were more intensely phosphorylated upon TCR than CAR activation. 4-1BB CAR T cells showed an even less pronounced CD3σ, CD3ϵ, and LAT phosphorylation as compared to CD28 costimulated CAR T cells (28). Driven by the hypothesis that insufficient CD3σ and CD3ϵ phosphorylation restricts LAT recruitment and subsequent CAR T cell activation, the authors inserted both the ITAM and proline-rich sequence (PRS) of the CD3ϵ chain between the 4-1BB and CD3ζ signaling chains (Figure 3). Alternatively, the growth factor receptor bound protein-2 (GRB2) was interposed between 4-1BB and CD3ζ as adaptor molecule (Figure 3). Both CD3ϵ and GRB2 added CARs increased calcium mobilization and led to improved LAT recruitment as compared with conventional 4-1BB CAR T cells (28). Accordingly, CARs with additional CD3ϵ or GRB2 redirected T cells more efficiently against ROR1low tumors in a mouse model extending survival of tumor bearing mice compared with the canonical 4-1BB CAR T cells. The observation was also corroborated in mouse models of lymphoma and leukemia (28).

Having identified a previously unrecognized binding motif for LCK in the proline-rich sequence of the CD3ϵ chain, termed receptor kinase (RK) motif, Hartl et al. designed the strategy to amplify CAR signaling by inserting the RK motif between the 4-1BB and the CD3ζ signaling chain (ϵRKζCAR) (40) (Figure 3). The RK motif improved association of LCK with the CAR and facilitated CAR T cell activation. Under conditions of decrementing CAR T cell doses in leukemia bearing mice, ϵRKζ CAR T cells still imposed tumor control where conventional CAR T cells did not, resulting in a marked increase in survival. The authors concluded that the RK motif within the CAR can amplify redirected T cell activation, most likely due to increased LCK recruitment (40). It was not addressed whether the enhanced signaling through the ϵRKζ CAR also translates into an improved recognition of antigenlow target cells.

Apart from components of the CD3 complex, signaling motifs derived from cytokine receptors were also successfully integrated into the CAR backbone to expedite signal generation upon CAR binding (41). In this design, a truncated cytoplasmic domain of IL-2Rβ chain was inserted between the CD28 domain and the CD3ζ chain that was additionally modified to include the STAT3 binding YXXQ motif (Figure 3). Upon antigen encounter, the ΔIL2RB-z (YXXQ) CAR mediated activation of the JAK-STAT3/5 pathway resulting in superior therapeutic efficacy in multiple tumor models and outperforming conventional CD28 and 4-1BB CAR T cells (41). Similar to ϵRKζCAR T cells, 28-ΔIL2RB-z (YXXQ) CAR T cells may also show an improved recognition of antigenlow tumor cells which, however, is waiting for experimental proof.





3 Engineering signaling checkpoints

After antigen triggered CAR signaling, an intricate network of downstream checkpoints, including the MAPK/ERK pathway and associated transcription factors, governs the strength and duration of CAR T cell activation (42, 43). To modulate antigen sensitivity, the network itself may be a valuable target since it impacts the fate of T cell activation. In a systematic genome-wide CRISPR gene silencing approach carried out under immunosuppressive conditions, Carnevale et al. identified the RAS GTPase-activating protein RASA2 as a crucial checkpoint responsible for the acquisition of traits associated with T cell dysfunction (44). Correspondingly, targeted deletion of RASA2 in CAR T cells augmented signaling through the MAPK pathway resulting in enhanced cytotoxicity, cytokine secretion, proliferation, metabolic capacities, and superior tumor control in xenograft models as compared to non-modified CAR T cells. Noteworthy, the antigen sensitivity of RASA2ko CAR T cells was substantially improved as reflected by targeting of NALM6 leukemia cells with low antigen load. The increase in antigen sensitivity was CAR independent as these cells evinced higher levels of MAPK pathway activity and proliferation upon low dose TCR/CD28 stimulation (44). Taken together, accumulating data indicate that T cell tuning by deleting the inhibitory signaling checkpoint RASA2 can augment the antigen sensitivity of CAR T cells (45).

Seeking to refine the antigen sensitivity of glypican-2 (GPC2)-specific CAR T cells, which failed to control the growth of GPC2+ neuroblastoma cells, Heizeneder et al. demonstrated that transgenic expression of the transcription factor c-Jun augmented antigen sensitivity of CAR T cells and enhanced their therapeutic efficacy against GPC2low neuroblastoma in vivo (46). Moreover, in mice simultaneously engrafted with GPC2high and GPC2low neuroblastoma cells with 10,000 versus 5,000 GPC2 molecules per cell, CAR T cells coexpressing c-Jun completely eradicated neuroblastoma cells in a lasting fashion whilst canonical CAR T cells targeted GPC2high neuroblastoma cells while leaving GPC2low cells untouched (46). Given the low GPC2 expression by health tissues, on-target off-tumor toxicity by CAR T cells with engineered high antigen sensitivity is a clinically crucial issue. However, no on-target off-tumor toxicity by c-Jun overexpressing GPC2 CAR T cells was recorded (46).

c-Jun overexpression in CAR T cells can also counteract T cell exhaustion and increase antigen sensitivity by virtue of direct transcriptional activation of key genes linked to T cell functionality, such as IL-2 (47). Mechanistically, c-Jun overexpression eventuates in a displacement of AP1-IRF4 complexes from chromatin which results in impaired transcriptional programs linked to T cell dysfunctionality and in turn in increased antigen sensitivity of CAR T cells (47).

Recently, we reported that downregulation of the transcription factor interferon regulatory factor-4 (IRF4) improved antigen sensitivity which enabled CAR T cells to target antigenlow pancreatic cancer cells that are not recognized by CAR T cells with physiological IRF4 levels (48). IRF4 downregulation provoked an overall increase in T cell activation in response to antigenlow pancreatic cancer cells reflected by the upregulation of members of the IL-2 signaling pathway, such as CD25 and phospho-STAT5 (48). We hypothesized that a direct increase in c-Jun-mediated transcriptional activation of target genes, such as IL-2, through displacing AP1-IRF4 complexes from chromatin is likely the driving factor, similar to the effects obtained by c-Jun overexpression. Thus, the expedited transcriptional access to essential T cell effector genes, like IL-2, may rationalize the increased sensitivity to antigen. As IRF4 constitutes an inhibitory signaling checkpoint blunting the antigen sensitivity of CAR T cells, downregulating IRF4 expression provides increased sensitivity to antigenlow target cells.




4 Current challenges in CAR T cell therapy with improved antigen sensitivity

Cancer cells often escape CAR T cell attack during therapy by decreasing the level of target antigen rendering themselves invisible to CAR T cells and capable to allow tumor relapse. While in this situation increasing CAR T cell sensitivity to target antigen is clinically demanded, several strategies are currently evaluated comprising both modifications of the CAR molecule itself and of intracellular signaling checkpoints. No CAR construct with engineered augmented antigen sensitivity has entered clinical evaluation so far.

There are several hurdles that make increased antigen sensitivity a double-sided sword. Since most targeted antigens are also physiologically expressed by healthy cells, although at lower levels, increasing CAR T cell sensitivity in antigen recognition increases the risk for on-target off-tumor toxicities against healthy tissues. In order to enhance safety when targeting tumor antigens with co-expression in non-malignant tissue, logic-gate engineered CAR T cells and cooperative CAR targeting emerged as possible future solutions (49–51). Nevertheless, an ideal target antigen should be tumor-selective which is rarely the case; therefore a prudent evaluation of a target antigen with respect to absence or scant expression by healthy tissues is mandatory (52). As an additional caveat for clinical application, CAR T cells with augmented antigen sensitivity are frequently kept in an elevated activation status which necessitates an increased alertness for associated side effects, such as cytokine release syndrome (CRS) (53) and immune effector cell-associated neurotoxicity syndrome (ICANS) (54). In this context, the choice of a suitable target antigen with low propensity to on-target off-tumor toxicities, ideally a cancer selective antigen like mutated or onco-fetal antigens, remains the crucial safety factor for clinical application of CAR T cells with augmented antigen sensitivity.
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Chimeric antigen receptor-T (CAR-T) cell therapy has made remarkable strides in treating hematological malignancies. However, the widespread adoption of CAR-T cell therapy is hindered by several challenges. These include concerns about the long-term and complex manufacturing process, as well as efficacy factors such as tumor antigen escape, CAR-T cell exhaustion, and the immunosuppressive tumor microenvironment. Additionally, safety issues like the risk of secondary cancers post-treatment, on-target off-tumor toxicity, and immune effector responses triggered by CAR-T cells are significant considerations. To address these obstacles, researchers have explored various strategies, including allogeneic universal CAR-T cell development, infusion of non-activated quiescent T cells within a 24-hour period, and in vivo induction of CAR-T cells. This review comprehensively examines the clinical challenges of CAR-T cell therapy and outlines strategies to overcome them, aiming to chart pathways beyond its current Achilles heels.
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1 Introduction

In recent years, chimeric antigen receptor-T (CAR-T) cell therapy has emerged as a pivotal immunotherapeutic approach, profoundly reshaping the treatment landscape of hematological malignancies. Engineered synthetic receptors, CAR-T cells empower T cells to selectively recognize and eliminate tumor cells independent of the major histocompatibility complex (MHC) (1, 2). Since the first FDA approval of a CAR-T cell product in 2017 (3), this therapy has witnessed rapid expansion in hematologic malignancies. As of now, six CAR-T cell products have received FDA approval, achieving remarkable complete remission (CR) rates of up to 80% in certain relapsed or refractory (R/R) B-cell malignancies (Table 1) (14, 15), while hundreds of CAR-T cell therapies are currently undergoing clinical trials (16, 17). Additionally, CAR-T cell therapy has shown notable success in treating autoimmune diseases, offering a 100% drug-free alternative to systemic lupus erythematosus in clinical trials (18, 19). The high remission rates and broad application across various diseases underscore the significance of CAR-T cell therapy as a pivotal tool in combating disease and reducing mortality rates (20, 21).

Table 1 | FDA-approved CAR T-cell products.


[image: A table listing various CAR T-cell therapies. Each row includes information on the product name, target, CAR structure, cost, indication, patient age, approval date, pivotal trial, number of patients, response rates, toxicities (Grade ≥3, %), and reference. Products target CD19 or BCMA, with costs ranging approximately between $373,000 and $475,000. Indications include R/R LBCL, R/R FL, R/R MCL, R/R B-ALL, and R/R MM. Approval dates range from 2017 to 2022. Response rates and toxicities vary across trials.]
However, despite significant achievements, the widespread application of CAR-T cell therapy encounters numerous challenges. Firstly, the individualized customization and labor-intensive manufacturing process of CAR-T cells result in high costs and prolonged production cycles, limiting patient affordability and treatment accessibility (22–24). Moreover, efficacy concerns such as tumor antigen modulation, CAR-T cell persistence, and the immunosuppressive tumor microenvironment (TME) contribute to initial resistance or relapse in some patients (25–27). Additionally, safety issues including the risk of secondary cancers post-treatment, on-target off-tumor toxicity, and immune effector responses triggered by CAR-T cell activation further impede broad adoption (28–30). Specifically, the FDA requires the addition of warning information regarding the risk of secondary cancers post-treatment to the label of CAR-T cell products, introducing a new Achilles’ heel to CAR-T cell therapy.

To tackle these challenges, various strategies have been explored. These include constructing allogeneic CAR-T cells with enhanced potency and safety through leveraging the multiple gene editing functions of CRISPR-Cas9 and base editing (31, 32), in vivo induction of CAR-T cells by nanocarriers and optimized lentiviral vectors (33, 34), and the rapid production of potent CAR-T cells employing the FasTCAR platform or the MASTER scaffolds (35, 36). These efforts aim to provide more economically viable, efficacious, and secure therapeutic alternatives. In this review, we comprehensively scrutinize the clinical challenges associated with CAR-T cell therapy and provide an overview of potential strategies to overcome these obstacles. Our aim is to chart pathways for CAR-T cell therapy to navigate beyond its current limitations.




2 Achilles heels of CAR T-cell therapy

As depicted in Figure 1, the Achilles’ heels of CAR T-cell therapy, which currently hinder its wider efficacy and acceptance in clinical practice, encompass resistance to CAR-T cell therapy, safety concerns, and manufacturing intricacies (26, 37, 38). One major issue is tumor antigen escape, where cancer cells mutate or downregulate the target antigen recognized by CAR-T cells, leading to treatment resistance and disease relapse (37). Additionally, CAR-T cell exhaustion, characterized by decreased efficacy and persistence of infused cells over time, poses a significant challenge to long-term therapeutic success (39). On-target off-tumor toxicity is another concern, as CAR-T cells may inadvertently target healthy tissues expressing the target antigen, leading to adverse effects (29). Furthermore, the development of secondary T-cell malignancies following CAR-T cell treatment, though rare, underscores the need for continued vigilance regarding long-term safety outcomes (40). The toxicities associated with CRS and ICANS further complicate CAR-T therapy, requiring careful management to mitigate potentially life-threatening complications (41). Moreover, the complex and lengthy manufacturing processes involved in producing personalized CAR-T cell products limit their scalability and accessibility to patients (42). Addressing these Achilles’ heels is crucial for enhancing the overall efficacy, safety, and feasibility of CAR T-cell therapy in clinical settings.

[image: Illustration of challenges in CAR-T cell therapy, divided into three sections: Safety issues, Resistance, and Manufacture cost. Safety issues include on-target off-tumor toxicity, ICANS, CRS, and secondary cancers. Resistance involves genetic mutation, lineage switch, persistent antigen stimulation, and CAR-T cell exhaustion. Manufacture cost highlights high cost, long production cycle, and patient involvement.]
Figure 1 | The current limitations of CAR-T cell therapy include tumor antigen escape, CAR-T cell exhaustion, secondary T-cell malignancies following treatment, cytokine release syndrome (CRS) and immune effector cell-associated neurotoxicity syndrome (ICANS) toxicity, on-target off-tumor toxicity, and complex, long-term manufacturing processes.



2.1 Tumor antigen escape

While CAR-T cell therapy has demonstrated unprecedented response rates, not all patients benefit from it, and a significant percentage experience relapses (43). Antigen escape stands out as the most common cause of relapse in CD19-positive B-cell malignancies following CAR-T cell therapy. Published data indicate that CD19-negative relapse occurs in 7-25% of B-cell acute lymphoblastic leukemia (B-ALL) cases and approximately 30% of large B-cell lymphoma (LBCL) cases in patients treated with CD19 CAR therapy (4, 44–46). Mechanisms underlying CD19 loss have been extensively investigated, including CD19 gene mutations or splice variants, abnormal processing or trafficking of CD19 due to CD81 expression deficiency, and lineage marker switching from the lymphoid to the myeloid lineage (46, 47). Zah et al. developed a CD19-CD20 CAR and demonstrated its efficacy in preventing the spontaneous emergence of CD19-negative tumor cell variants in immune-deficient mice. In contrast to CD19, loss of B cell maturation antigen (BCMA) appears to be infrequent following anti-BCMA CAR-T cell therapy and has only been reported in a few studies (48). For instance, only 4% (3 out of 71) of patients in a phase II clinical trial using Idecabtagene Vicleucel for multiple myeloma (MM) treatment developed BCMA expression loss (12). Deletion and mutation of the biallelic TNFRSF17 gene encoding BCMA have been identified as the main mechanisms causing BCMA loss (49–51). To mitigate the risk of relapse and failed responses attributed to tumor antigen escape, it may be necessary to conduct more precise screening of the patient’s genetic spectrum before initiating a new CAR-T cell therapy (52).




2.2 CAR-T cell exhaustion

CAR-T cell exhaustion, a significant factor contributing to CAR-T cell resistance, often leads to antigen-positive relapse and results from various factors. Firstly, the differentiation status of T cells is crucial for maintaining the functional persistence of CAR-T cells. Previous studies have shown that less differentiated T cells have greater expansion potential and prolonged persistence compared to fully differentiated effector T cells (53). Most current CAR-T cell products are autologous, and due to factors, such as the presence of tumors, prior cytotoxic treatments, and prolonged ex vivo cultivation, these cells often exhibit an exhausted phenotype characterized by excessive differentiation (54, 55). Additionally, immunosuppressive components of the tumor immune microenvironment, including regulatory T cells, myeloid-derived suppressor cells, tumor-associated macrophages (TAMs), and immunosuppressive ligands, also contribute to CAR-T cell exhaustion (25, 56, 57). Furthermore, tonic CAR signaling transduction, mainly associated with the costimulatory domain, plays a key role in CAR-T cell exhaustion. Insufficient signaling compromises cell persistence, while excessive signaling leads to exhaustion (58). For example, compared to 4-1BB, CD28 CAR-T cells demonstrate faster and stronger cellular effector functions, but this rapid and intense signal transduction can induce CAR-T cell exhaustion, thereby limiting persistence (59–61). Achieving potent and sustained activity against specific tumor targets requires careful selection of optimal CAR designs. Recent studies have underscored the importance of positively charged plaques (PCPs) on CAR in mediating CAR aggregation at the antigen-binding domain surface, thereby facilitating sustained CAR signaling (62, 63). Regulating PCPs offers a means to optimize CAR-T cell function. For CARs with high sustained signaling, such as GD2.CAR and CSPG4.CAR, reducing PCPs during in vitro expansion or enhancing ionic strength in culture can diminish spontaneous CAR activation and mitigate CAR-T cell exhaustion. Conversely, for CARs with weak tonic signaling like CD19.CAR, augmenting PCPs on the CAR surface can enhance in vivo persistence and anti-tumor efficacy (62). Recently, the same team developed CAR-Toner, an artificial intelligence (AI)-based PCP score calculator and optimizer (64). Taking the camel single-domain nanobody (VHH) targeting the acute myeloid leukemia (AML) tumor-associated antigen CLL1 as an example, the authors optimized the CAR design using CAR-Toner to systematically reduce their PCP scores. The results showed that an intermediate tonic signaling strength optimally benefits CAR-T cell function. As an AI-based tool, CAR-Toner is capable of not only conducting PCP calculations but also offering optimization recommendations for PCP scores. This groundbreaking tool is anticipated to catalyze progress in the field of CAR-T design and significantly contribute to the advancement of AI-driven CAR-T design.

Various strategies have emerged to combat CAR-T cell exhaustion, such as blocking exhaustion-promoting signaling pathways, inhibiting downstream effectors, alleviating immunosuppression within the tumor microenvironment (TME), and converting inhibitory signals into stimulatory ones (52, 61). When coupled with AI-based tools, these approaches facilitate the development of more potent CAR designs, thus augmenting the efficacy of CAR-T cell therapy (65).




2.3 Secondary T-cell malignancies following treatment

Recent evidence indicates a concerning association between CAR-T cell therapy and the development of secondary T-cell malignancies, prompting regulatory measures by the FDA to enhance safety oversight (66, 67). By the close of 2023, 22 reported cases have documented the emergence of T-cell cancers subsequent to CAR-T treatment. Notably, in three instances, the CAR transgene was identified within the malignant clone, strongly implicating the therapy in the genesis of T-cell cancer (28). Presently, CAR-T products approved by regulatory agencies employ T cells engineered via viral transduction to convey the genetic construct. However, the use of current retroviral vectors still harbors potential risks of oncogenesis through genomic integration or related mechanisms. For example, lentiviral vector constructs, while integrating into the genome in a semi-random manner, display an affinity for genomic regions characterized by active gene expression, thereby heightening the risk of insertional oncogenesis (68). To mitigate these risks in the future, strategies such as precision targeting of CAR construct insertion to specific genomic loci or the utilization of transient CAR mRNA delivery to the cytoplasm offer promising avenues for enhancing safety in CAR-T therapy (68).




2.4 CRS and ICANS toxicity trigger by CAR-T cells

While CAR-T cell therapy holds tremendous promise in the therapeutic realm of hematologic malignancies, the associated potential life-threatening toxicities remain a significant concern. Cytokine release syndrome (CRS) and immune effector cell-associated neurotoxicity syndrome (ICANS) emerge as the two most common adverse events during CAR-T cell therapy (Table 1), attributed to the overactivation of CAR-T cells and the massive release of cytokines (69–71). CRS typically manifests a few days after the initial infusion, with symptoms ranging from mild flu-like manifestations such as fever, fatigue, chills, and muscle pain to severe life-threatening complications including shock, hypotension, coagulation abnormalities, and multi-organ dysfunction (72, 73). On the other hand, ICANS typically occurs 1-3 weeks post-CAR-T cell infusion, characterized by symptoms such as aphasia, delirium, focal neurological deficits, tremors, seizures, or life-threatening cerebral edema (74, 75). The severity of CRS and ICANS is categorized from grade I to grade IV, depending on factors such as CAR structure, CAR-T cell dosage, tumor burden, treatment targets, and patients’ individual characteristics. Most patients receiving CAR-T cell therapy are likely to experience varying degrees of CRS, with nearly half developing ICANS (Table 1). Among these patients, 10%-40% may experience severe toxicity reactions (≥ grade 3), necessitating admission to the intensive care unit (ICU) for life support and the use of additional medications such as the interleukin (IL)-6 receptor antagonist tocilizumab (76–78). Blocking cytokine networks or optimizing the structural design of CARs to reduce toxicity are potential strategies to mitigate CRS and ICANS triggered by CAR-T cells (79, 80).




2.5 On-target off-tumor toxicity

Given that most CAR-T cell target antigens are not exclusively tumor-specific and are also expressed in normal cells, CAR-T cells may inadvertently cause damage to normal tissue and organs while targeting tumors (81). Long-term follow-up data indicate that on-target off-tumor toxicity, leading to B-cell aplasia and hypogammaglobulinemia, are the most common long-term adverse reactions following treatment with anti-CD19 CAR-T cells (14). Although these side effects can be managed through sequential intravenous immunoglobulin, the long-term repeated infusions may escalate treatment costs. Additionally, cytopenia, infections, and tumor lysis syndrome are also common side effects of CAR-T cell therapy for hematologic malignancies. While proper management and intervention can control these toxicities, the resulting disease and economic burden are significant factors limiting the widespread adoption of CAR-T cell therapy (77, 82). Additionally, multiple-targeting CAR-T cells are designed to mitigate the impact of on-target off-tumor effects. Intensive research has centered on developing diverse protein-based logic-circuit strategies to enhance the specificity of CAR T cell activation and cytotoxicity towards tumor cells (83–85). Additionally, locoregional administration of CAR T cells, aimed at concentrating antitumor activity within the tumor microenvironment, may offer a potential solution to mitigate off-tumor toxicity (86–88).




2.6 Complexed and long-term manufacturing process

A major challenge of CAR-T cell therapy is its high cost and lengthy manufacturing process. Most FDA-approved and clinical trial CAR-T cell products are autologous, requiring personalized customization involving complex processes like T cell isolation, activation, CAR gene transduction, expansion, and reinfusion (89). This labor-intensive process occurs in specialized facilities, adding to expenses and time. Viral vector preparation, crucial for CAR transfection, also contributes to costs and production delays (90). Production of viral vectors requires at least 2 weeks, meeting cGMP standards and extensive safety testing (91–93). The cost of a single dose of approved CAR-T cell products ranges from $373,000 to $475,000 (Table 1), with a production cycle of 2 to 4 weeks (Figure 2), posing economic burdens and logistical challenges for patients (94). With advancements in related technologies, it is imperative to establish increasingly standardized and simplified manufacturing processes to mitigate the costs associated with CAR-T therapy (22, 95).

[image: Autologous CAR-T cell production cycle illustration showing steps from leukapheresis to T cell isolation, CAR transduction, CAR-T cell creation, expansion, freezing, and patient infusion. Process duration is two to four weeks.]
Figure 2 | The illustration of the entire manufacturing process of autologous CAR-T cell therapy, which typically takes 2-4 weeks from cell collection to infusion.





3 New paradigms for CAR-T cell therapy beyond current Achilles heels



3.1 Allogeneic universal CAR-T cells

Allogeneic CAR-T cells sourced from healthy donors offer advantages such as scalable production, lower manufacturing costs, and immediate availability (96). As illustrated in Figure 3, allogeneic universal CAR-T cells represent off-the-shelf cell production. They are undergoing testing in numerous clinical trials, with promising outcomes documented in Table 2. For instance, a meta-analysis showed CR rates of 70% in R/R ALL and 52% in non-Hodgkin lymphoma (NHL) with CD19 CAR-T cells derived from healthy donors (97). However, allogeneic CAR-T cells face challenges like T-cell receptor (TCR)-mediated graft-versus-host disease (GVHD) and human leukocyte antigen (HLA) related host-versus-graft (HvG) response due to their allogeneic nature (96). Targeted knockout of TCR, HLA, and related molecules using gene editing techniques is an effective strategy. Various gene editing tools have been explored, including zinc finger nucleases (ZFNs) (98), transcription activator-like effector nucleases (TALENs) (99), and CRISPR-Cas9 (100). CRISPR-Cas9 stands out for its versatility, allowing for simultaneous editing of multiple genes. It has been extensively used in allogeneic CAR-T cells, targeting TCR and HLA class I molecules, and guiding CAR insertion to specific loci, enhancing CAR-T cell potency and stability (101). However, CRISPR-Cas9 editing has limitations such as off-target editing and large-scale genomic rearrangements. Base editing technology, a precise gene editing tool based on CRISPR, offers new possibilities for overcoming these challenges without inducing double-stranded DNA breaks (DSBs) (102, 103). Adenine base editors (ABEs) and cytosine base editors (CBEs) enable the conversion of specific DNA bases without DSBs (104). Recent studies have shown the feasibility of highly specific knockout of T cell genes using base editing, paving the way for the development of allogeneic CAR-T cells with enhanced safety and efficacy (105). While allogeneic CAR-T cell therapy holds promise, ongoing clinical trials are essential to further evaluate its safety and efficacy. Longer-term follow-up data from these trials will provide valuable insights into the durability of responses and the potential for adverse events. Continued research efforts are necessary to optimize allogeneic CAR-T cell therapies and address any challenges that may arise, ultimately advancing their clinical utility in treating various malignancies (106).

[image: Process diagram showing the creation of "off-the-shelf" CAR-T cells. It starts with leukapheresis from a healthy donor, isolating and activating PBMCs and T cells. Gene editing using ZFN, TALEN, or CRISPR-Cas9 techniques incorporates a viral vector, targeting TCR, HLA-class I, CD52, and PD1. The edited cells are amplified and stored as universal CAR-T cells. These cells are then infused into multiple patients.]
Figure 3 | The illustration of allogeneic universal CAR-T cell therapy for off-the-shelf cell production.

Table 2 | Currently registered clinical trials of genome-edited allogeneic CAR-cell products.


[image: A detailed table listing various gene editing tools, target antigens, products, knockout loci, clinical indications, trial phases, clinical trial numbers, and study start dates. The table includes gene editing technologies such as TALEN, CRISPR/Cas9, CRISPR-CLOVER, Base editing, and ARCUS. Each row details specific data like CD19, BCMA, CD22 target antigens, corresponding product names, and related clinical trial information. The table is formatted into rows and columns for easy reference, useful for understanding ongoing research and development in gene editing therapies.]



3.2 Rapid manufacturing of autologous CAR-T cells

While significant progress has been made in the exploration of allogeneic and in vivo CAR-T cells, they remain in continuous proof-of-concept stages without clinical approval. Therefore, enhancing product quality, refining manufacturing processes, and reducing self-production time are crucial to address the challenges faced by autologous CAR-T cells. Shortening the ex vivo culture time has been shown to yield CAR-T cells with improved effector function and reduced production costs (54). Several promising methods for rapid CAR-T cell production have been explored, such as the FasTCAR platform by Gracell Biotechnologies, which produces CAR-T cells within a day and has demonstrated efficacy in preclinical and clinical evaluations for R/R B-ALL (35). Additionally, researchers at the University of Pennsylvania have successfully prepared functional CAR-T cells within 24 hours by directly transducing non-activated quiescent T cells (by lentivirus vector), extending the survival of tumor-bearing mice (107). Agarwalla et al. have developed an implantable Multifunctional Alginate Scaffold for T Cell Engineering and Release (MASTER), which integrates T cell activation, reprogramming, and in vivo expansion, reducing manufacturing time to 1 day. CAR-T cells produced using the MASTER scaffold have shown promising anti-tumor activity in mouse xenograft models of lymphoma (36). These rapidly manufactured CAR-T cells exhibit superior anti-tumor activity and greater persistence compared to conventional CAR-T cells, potentially offering a more cost-effective approach.




3.3 In vivo induced CAR-T cell therapy

Allogeneic universal CAR-T cells, while offering solutions to immune rejection through gene editing, also raise safety concerns. A previous clinical trial of allogeneic CAR-T therapy was halted by the FDA due to the emergence of chromosomal abnormalities (108). Although investigations suggested the abnormality wasn’t related to gene editing, safety concerns persist. A potential solution lies in direct CAR-T cell generation in patients via a universally applicable medicinal product containing the CAR gene. The illustration of in vivo generation of CAR-T cells is depicted in Figure 4 (109). This approach’s combination of simplicity, speed, and cost-effectiveness makes it an attractive option for CAR-T cell therapy. By leveraging the body’s natural processes, in vivo CAR-T cell generation eliminates the requirement for ex vivo cell manipulation and lengthy manufacturing processes. This streamlined method not only reduces production time but also lowers associated costs, potentially improving the accessibility of CAR-T cell therapy to a broader patient population. Various vector platforms are under exploration, including lentiviral vectors (LVs) and nanoparticles (NPs) (110, 111). Lentiviral vectors (LVs) stand as the predominant choice for ex vivo CAR-T cell transduction, boasting stable gene integration, high transduction efficiency, and a broad host range. Pioneering work by Buchholz et al. introduced the pseudotyping of vectors with modified envelope proteins of Nipah virus (Niv), enabling specific targeting of CD8 by fusing the envelope protein to a CD8-specific single-chain variable fragment (scFv) (112). Their study demonstrated that CD8-LV could directly generate human CD19-CAR-T cells in NGS mice in vivo, showcasing potent anti-tumor activity. Furthermore, Buchholz et al. developed Niv-LV targeting CD3 and CD4, capable of directly generating functional CAR-T cells in mice (113). Despite LVs’ high transduction efficiency, the potential risk of insertional mutagenesis remains a concern (114). In recent years, researchers have explored virus-like particles (VLPs) as a novel vector. VLPs retain viral proteins without containing a packaged genome, combining viral vector targeting specificity with the transient delivery advantages of non-viral vectors. Hamilton et al. demonstrated the generation of gene-edited CAR-T cells in vivo by packaging Cas9 RNPs into retroviral VLPs, offering a new direction for future in vivo CAR-T cell generation, albeit with potentially lower in vivo transduction efficiency compared to LVs (115). Nanoparticles (NPs) have garnered significant attention as gene delivery vehicles due to their low immunogenicity, cost-effectiveness, and customizable production (116). Unlike the complex machinery of viruses, gene delivery using NPs relies on the physicochemical properties of the particles and payloads, offering advantages such as payload flexibility and ease of modification (117). The two primary types of nanocarriers used in CAR-T cell development are lipid- and polymer-based NPs. Numerous preclinical studies have successfully employed these carriers to deliver CAR gene-containing DNA or mRNA into T cells in vivo, leading to the on-site generation of CAR-T cells and effective cytotoxic functions in small animal models. For instance, Matthias T. Stephan’s team designed polymer nanoparticles encapsulating CAR DNA and mRNA (118, 119), resulting in anti-tumor efficacy comparable to CAR-T cells prepared using traditional lentiviral vectors. In addition to antibody-targeted nanocarriers, Daniel J. Siegwart’s team recently introduced a Selective Organ Targeting (SORT) LNP capable of delivering mRNA to the spleen and locally generating CAR-T cells in a controlled manner (120). The research into in vivo generation of CAR-T cells has the potential to transform CAR-T cell therapy into a widely adopted pharmaceutical treatment (109). This advancement could significantly enhance clinical compliance and substantially reduce costs (121). Amid the FDA’s recent warning regarding secondary cancer risks following CAR-T cell infusion treatments, the application of in vivo editing to transiently modify CAR-T cells using mRNA offers a promising, potentially safer, and cost-effective solution to address the existing challenges associated with CAR-T cell therapy (122). By harnessing AI-based tools to refine CAR design, the advancement of in vivo CAR-T cell development stands poised to accelerate, offering a more streamlined and effective approach toward overcoming the current challenges in CAR-T cell therapy (123, 124).

[image: Illustration showing the in vivo programming of CAR T cells. Plasmid DNA and mRNA are used to create viral vectors and nanocarriers, including AAV, LV, LNP, and Polymer NP. These are infused into a person via intravenous delivery. In the bottom section, the process continues with transduction of T cells into CAR-T cells, which then expand, recognize, and kill tumor cells, leading to tumor cell death.]
Figure 4 | The illustration of the in vivo induction of CAR-T cells utilizing viral vectors or non-viral nanocarriers.





4 Conclusions and prospects

CAR-T therapies have demonstrated unprecedented efficacy in the treatment of hematologic malignancies. However, their widespread application is impeded by high costs, lengthy preparation time, safety concerns, and limited effectiveness. To overcome these obstacles, a revolution in gene editing tools and delivery vectors is necessary to establish new paradigms for CAR-T cell therapy that surpass current Achilles heels. With the ongoing refinement of gene editing tools and delivery vectors, highly potent and super safe CAR-T cells are poised to become widely utilized in clinical settings akin to conventional living drugs in the future. The expansion and exploration of these technologies are opening new possibilities for CAR-T cell therapy, offering patients more efficient, secure, and affordable therapeutic options.





Author contributions

YL: Investigation, Software, Writing – original draft. ZH: Conceptualization, Methodology, Writing – original draft, Writing – review & editing. YYL: Funding acquisition, Methodology, Supervision, Writing – review & editing. XW: Conceptualization, Funding acquisition, Resources, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study is supported by the National Natural Science Foundation of China 82104252, Shanghai Pujiang Program 21PJ1415600, Guangdong Basic and Applied Basic Research Foundation 2022A1515010491, Zhongshan Municipal Bureau of Science and Technology, and the foundation from Hubei Provincial Department of Science and Technology Project 2023BCB026.




Acknowledgments

Thank you to all the authors who provided comments and assistance in the conception and writing of this review.





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. Lyu, L, Feng, Y, Chen, X, and Hu, Y. The global chimeric antigen receptor T (CAR-T) cell therapy patent landscape. Nat Biotechnol. (2020) 38:1387–94. doi: 10.1038/s41587-020-00749-8
	2. Sadelain, M, Brentjens, R, and Rivière, I. The basic principles of chimeric antigen receptor design. Cancer Discovery. (2013) 3:388–98. doi: 10.1158/2159-8290.CD-12-0548
	3. Braendstrup, P, Levine, BL, and Ruella, M. The long road to the first FDA-approved gene therapy: chimeric antigen receptor T cells targeting CD19. Cytotherapy (2020). 22:57–69. doi: 10.1016/j.jcyt.2019.12.004
	4. Maude, SL, Laetsch, TW, Buechner, J, Rives, S, Boyer, M, Bittencourt, H, et al. Tisagenlecleucel in children and young adults with B-cell lymphoblastic leukemia. New Engl J Med. (2018) 378:439–48. doi: 10.1056/NEJMoa1709866
	5. Schuster, SJ, Bishop, MR, Tam, CS, Waller, EK, Borchmann, P, McGuirk, JP, et al. Tisagenlecleucel in adult relapsed or refractory diffuse large B-cell lymphoma. New Engl J Med. (2019) 380:45–56. doi: 10.1056/NEJMoa1804980
	6. Fowler, NH, Dickinson, M, Dreyling, M, Martinez-Lopez, J, Kolstad, A, Butler, J, et al. Tisagenlecleucel in adult relapsed or refractory follicular lymphoma: the phase 2 ELARA trial. Nat Med. (2022) 28:325–32. doi: 10.1038/s41591-021-01622-0
	7. Locke, FL, Ghobadi, A, Jacobson, CA, Miklos, DB, Lekakis, LJ, Oluwole, OO, et al. Long-term safety and activity of axicabtagene ciloleucel in refractory large B-cell lymphoma (ZUMA-1): a single-arm, multicentre, phase 1-2 trial. Lancet Oncol. (2019) 20:31–42. doi: 10.1016/S1470-2045(18)30864-7
	8. Jacobson, CA, Chavez, JC, Sehgal, AR, William, BM, Munoz, J, Salles, G, et al. Axicabtagene ciloleucel in relapsed or refractory indolent non-Hodgkin lymphoma (ZUMA-5): a single-arm, multicentre, phase 2 trial. Lancet Oncol. (2022) 23:91–103. doi: 10.1016/S1470-2045(21)00591-X
	9. Wang, M, Munoz, J, Goy, A, Locke, FL, Jacobson, CA, Hill, BT, et al. KTE-X19 CAR T-cell therapy in relapsed or refractory mantle-cell lymphoma. New Engl J Med. (2020) 382:1331–42. doi: 10.1056/NEJMoa1914347
	10. Shah, BD, Ghobadi, A, Oluwole, OO, Logan, AC, Boissel, N, Cassaday, RD, et al. KTE-X19 for relapsed or refractory adult B-cell acute lymphoblastic leukaemia: phase 2 results of the single-arm, open-label, multicentre ZUMA-3 study. Lancet (London England). (2021) 398:491–502. doi: 10.1016/S0140-6736(21)01222-8
	11. Abramson, JS, Palomba, ML, Gordon, LI, Lunning, MA, Wang, M, Arnason, J, et al. Lisocabtagene maraleucel for patients with relapsed or refractory large B-cell lymphomas (TRANSCEND NHL 001): a multicentre seamless design study. Lancet (London England). (2020) 396:839–52. doi: 10.1016/S0140-6736(20)31366-0
	12. Munshi, NC, Anderson, LD Jr., Shah, N, Madduri, D, Berdeja, J, Lonial, S, et al. Idecabtagene vicleucel in relapsed and refractory multiple myeloma. New Engl J Med. (2021) 384:705–16. doi: 10.1056/NEJMoa2024850
	13. Berdeja, JG, Madduri, D, Usmani, SZ, Jakubowiak, A, Agha, M, Cohen, AD, et al. Ciltacabtagene autoleucel, a B-cell maturation antigen-directed chimeric antigen receptor T-cell therapy in patients with relapsed or refractory multiple myeloma (CARTITUDE-1): a phase 1b/2 open-label study. Lancet (London England). (2021) 398:314–24. doi: 10.1016/S0140-6736(21)00933-8
	14. Cappell, KM, and Kochenderfer, JN. Long-term outcomes following CAR T cell therapy: what we know so far. Nat Rev Clin Oncol. (2023) 20:359–71. doi: 10.1038/s41571-023-00754-1
	15. Haradhvala, NJ, Leick, MB, Maurer, K, Gohil, SH, Larson, RC, Yao, N, et al. Distinct cellular dynamics associated with response to CAR-T therapy for refractory B cell lymphoma. Nat Med. (2022) 28:1848–59. doi: 10.1038/s41591-022-01959-0
	16. Schroeder, BA, Jess, J, Sankaran, H, and Shah, NN. Clinical trials for chimeric antigen receptor T-cell therapy: lessons learned and future directions. Curr Opin Hematol. (2022) 29:225–32. doi: 10.1097/MOH.0000000000000723
	17. Wang, V, Gauthier, M, Decot, V, Reppel, L, and Bensoussan, D. Systematic review on CAR-T cell clinical trials up to 2022: academic center input. Cancers. (2023) 15:1003. doi: 10.3390/cancers15041003
	18. Schett, G, Mackensen, A, and Mougiakakos, D. CAR T-cell therapy in autoimmune diseases. Lancet (London England). (2023) 402:2034–44. doi: 10.1016/S0140-6736(23)01126-1
	19. Müller, F, Taubmann, J, Bucci, L, Wilhelm, A, Bergmann, C, Völkl, S, et al. CD19 CAR T-cell therapy in autoimmune disease - A case series with follow-up. New Engl J Med. (2024) 390:687–700. doi: 10.1056/NEJMoa2308917
	20. Baker, DJ, Arany, Z, Baur, JA, Epstein, JA, and June, CH. CAR T therapy beyond cancer: the evolution of a living drug. Nature. (2023) 619:707–15. doi: 10.1038/s41586-023-06243-w
	21. Baker, DJ, and June, CH. CAR T therapy extends its reach to autoimmune diseases. Cell. (2022) 185:4471–3. doi: 10.1016/j.cell.2022.10.026
	22. Levine, BL, Miskin, J, Wonnacott, K, and Keir, C. Global manufacturing of CAR T cell therapy. Mol Ther Methods Clin Dev. (2017) 4:92–101. doi: 10.1016/j.omtm.2016.12.006
	23. Abou-El-Enein, M, Elsallab, M, Feldman, SA, Fesnak, AD, Heslop, HE, Marks, P, et al. Scalable manufacturing of CAR T cells for cancer immunotherapy. Blood Cancer Discovery. (2021) 2:408–22. doi: 10.1158/2643-3230.BCD-21-0084
	24. Watanabe, N, Mo, F, and McKenna, MK. Impact of manufacturing procedures on CAR T cell functionality. Front Immunol. (2022) 13:876339. doi: 10.3389/fimmu.2022.876339
	25. Ruella, M, Korell, F, Porazzi, P, and Maus, MV. Mechanisms of resistance to chimeric antigen receptor-T cells in haematological Malignancies. Nat Rev Drug Discovery. (2023) 22:976–95. doi: 10.1038/s41573-023-00807-1
	26. Sterner, RC, and Sterner, RM. CAR-T cell therapy: current limitations and potential strategies. Blood Cancer J. (2021) 11:69. doi: 10.1038/s41408-021-00459-7
	27. Shah, NN, and Fry, TJ. Mechanisms of resistance to CAR T cell therapy. Nat Rev Clin Oncol. (2019) 16:372–85. doi: 10.1038/s41571-019-0184-6
	28. Verdun, N, and Marks, P. Secondary cancers after chimeric antigen receptor T-cell therapy. New Engl J Med. (2024) 390:584–6. doi: 10.1056/NEJMp2400209
	29. Zhang, Y, Li, Y, Cao, W, Wang, F, Xie, X, Li, Y, et al. Single-cell analysis of target antigens of CAR-T reveals a potential landscape of “On-target, off-tumor toxicity”. Front Immunol. (2021) 12:799206. doi: 10.3389/fimmu.2021.799206
	30. Jain, T, Olson, TS, and Locke, FL. How I treat cytopenias after CAR T-cell therapy. Blood. (2023) 141:2460–9. doi: 10.1182/blood.2022017415
	31. Hu, Y, Zhou, Y, Zhang, M, Ge, W, Li, Y, Yang, L, et al. CRISPR/Cas9-engineered universal CD19/CD22 dual-targeted CAR-T cell therapy for relapsed/refractory B-cell acute lymphoblastic leukemia. Clin Cancer Res. (2021) 27:2764–72. doi: 10.1158/1078-0432.CCR-20-3863
	32. Chiesa, R, Georgiadis, C, Syed, F, Zhan, H, Etuk, A, Gkazi, SA, et al. Base-edited CAR7 T cells for relapsed T-cell acute lymphoblastic leukemia. New Engl J Med. (2023) 389:899–910. doi: 10.1056/NEJMoa2300709
	33. Rurik, JG, Tombácz, I, Yadegari, A, Méndez Fernández, PO, Shewale, SV, Li, L, et al. CAR T cells produced in vivo to treat cardiac injury. Sci (New York NY). (2022) 375:91–6. doi: 10.1126/science.abm0594
	34. Pfeiffer, A, Thalheimer, FB, Hartmann, S, Frank, AM, Bender, RR, Danisch, S, et al. In vivo generation of human CD19-CAR T cells results in B-cell depletion and signs of cytokine release syndrome. EMBO Mol Med. (2018) 10:e9158. doi: 10.15252/emmm.201809158
	35. Yang, J, He, J, Zhang, X, Li, J, Wang, Z, Zhang, Y, et al. Next-day manufacture of a novel anti-CD19 CAR-T therapy for B-cell acute lymphoblastic leukemia: first-in-human clinical study. Blood Cancer J. (2022) 12:104. doi: 10.1038/s41408-022-00694-6
	36. Agarwalla, P, Ogunnaike, EA, Ahn, S, Froehlich, KA, Jansson, A, Ligler, FS, et al. Bioinstructive implantable scaffolds for rapid in vivo manufacture and release of CAR-T cells. Nat Biotechnol. (2022) 40:1250–8. doi: 10.1038/s41587-022-01245-x
	37. Yan, T, Zhu, L, and Chen, J. Current advances and challenges in CAR T-Cell therapy for solid tumors: tumor-associated antigens and the tumor microenvironment. Exp Hematol Oncol. (2023) 12:14. doi: 10.1186/s40164-023-00373-7
	38. Dagar, G, Gupta, A, Masoodi, T, Nisar, S, Merhi, M, Hashem, S, et al. Harnessing the potential of CAR-T cell therapy: progress, challenges, and future directions in hematological and solid tumor treatments. J Trans Med. (2023) 21:449. doi: 10.1186/s12967-023-04292-3
	39. Gumber, D, and Wang, LD. Improving CAR-T immunotherapy: Overcoming the challenges of T cell exhaustion. EBioMedicine. (2022) 77:103941. doi: 10.1016/j.ebiom.2022.103941
	40. Levine, BL, Pasquini, MC, Connolly, JE, Porter, DL, Gustafson, MP, Boelens, JJ, et al. Unanswered questions following reports of secondary Malignancies after CAR-T cell therapy. Nat Med. (2024) 30:338–41. doi: 10.1038/s41591-023-02767-w
	41. Jain, MD, Smith, M, and Shah, NN. How I treat refractory CRS and ICANS after CAR T-cell therapy. Blood. (2023) 141:2430–42. doi: 10.1182/blood.2022017414
	42. Blache, U, Popp, G, Dünkel, A, Koehl, U, and Fricke, S. Potential solutions for manufacture of CAR T cells in cancer immunotherapy. Nat Commun. (2022) 13:5225. doi: 10.1038/s41467-022-32866-0
	43. Chong, EA, Ruella, M, and Schuster, SJ. Five-year outcomes for refractory B-cell lymphomas with CAR T-cell therapy. N Engl J Med. (2021) 384:673–4. doi: 10.1056/NEJMc2030164
	44. Park, JH, Rivière, I, Gonen, M, Wang, X, Sénéchal, B, Curran, KJ, et al. Long-term follow-up of CD19 CAR therapy in acute lymphoblastic leukemia. N Engl J Med. (2018) 378:449–59. doi: 10.1056/NEJMoa1709919
	45. Plaks, V, Rossi, JM, Chou, J, Wang, L, Poddar, S, Han, G, et al. CD19 target evasion as a mechanism of relapse in large B-cell lymphoma treated with axicabtagene ciloleucel. Blood. (2021) 138:1081–5. doi: 10.1182/blood.2021010930
	46. Majzner, RG, and Mackall, CL. Tumor antigen escape from CAR T-cell therapy. Cancer Discovery. (2018) 8:1219–26. doi: 10.1158/2159-8290.CD-18-0442
	47. 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. (2017) 129:100–4. doi: 10.1182/blood-2016-05-718395
	48. Ali, SA, Shi, V, Maric, I, Wang, M, Stroncek, DF, Rose, JJ, et al. T cells expressing an anti-B-cell maturation antigen chimeric antigen receptor cause remissions of multiple myeloma. Blood. (2016) 128:1688–700. doi: 10.1182/blood-2016-04-711903
	49. Da Vià, MC, Dietrich, O, Truger, M, Arampatzi, P, Duell, J, Heidemeier, A, et al. Homozygous BCMA gene deletion in response to anti-BCMA CAR T cells in a patient with multiple myeloma. Nat Med. (2021) 27:616–9. doi: 10.1038/s41591-021-01245-5
	50. Samur, MK, Fulciniti, M, Aktas Samur, A, Bazarbachi, AH, Tai, Y-T, Prabhala, R, et al. Biallelic loss of BCMA as a resistance mechanism to CAR T cell therapy in a patient with multiple myeloma. Nat Commun. (2021) 12:868. doi: 10.1038/s41467-021-21177-5
	51. Lee, H, Ahn, S, Maity, R, Leblay, N, Ziccheddu, B, Truger, M, et al. Mechanisms of antigen escape from BCMA- or GPRC5D-targeted immunotherapies in multiple myeloma. Nat Med. (2023) 29:2295–306. doi: 10.1038/s41591-023-02491-5
	52. Goodman, DB, Azimi, CS, Kearns, K, Talbot, A, Garakani, K, Garcia, J, et al. Pooled screening of CAR T cells identifies diverse immune signaling domains for next-generation immunotherapies. Sci Trans Med. (2022) 14:eabm1463. doi: 10.1126/scitranslmed.abm1463
	53. Chan, JD, Lai, J, Slaney, CY, Kallies, A, Beavis, PA, and Darcy, PK. Cellular networks controlling T cell persistence in adoptive cell therapy. Nat Rev Immunol. (2021) 21:769–84. doi: 10.1038/s41577-021-00539-6
	54. Ghassemi, S, Nunez-Cruz, S, O’Connor, RS, Fraietta, JA, Patel, PR, Scholler, J, et al. Reducing ex vivo culture improves the antileukemic activity of chimeric antigen receptor (CAR) T cells. Cancer Immunol Res. (2018) 6:1100–9. doi: 10.1158/2326-6066.CIR-17-0405
	55. Finney, OC, Brakke, HM, Rawlings-Rhea, S, Hicks, R, Doolittle, D, Lopez, M, et al. CD19 CAR T cell product and disease attributes predict leukemia remission durability. J Clin Invest. (2019) 129:2123–32. doi: 10.1172/JCI125423
	56. Desantis, V, Savino, FD, Scaringella, A, Potenza, MA, Nacci, C, Frassanito, MA, et al. The leading role of the immune microenvironment in multiple myeloma: A new target with a great prognostic and clinical value. J Clin Med. (2022) 11:2513. doi: 10.3390/jcm11092513
	57. Autio, M, Leivonen, S-K, Brück, O, Karjalainen-Lindsberg, M-L, Pellinen, T, and Leppä, S. Clinical impact of immune cells and their spatial interactions in diffuse large B-cell lymphoma microenvironment. Clin Cancer Res. (2022) 28:781–92. doi: 10.1158/1078-0432.CCR-21-3140
	58. Hotblack, A, and Straathof, K. Fine-tuning CARs for best performance. Cancer Cell. (2022) 40:11–3. doi: 10.1016/j.ccell.2021.12.010
	59. Long, AH, Haso, WM, Shern, JF, Wanhainen, KM, Murgai, M, Ingaramo, M, et al. 4-1BB costimulation ameliorates T cell exhaustion induced by tonic signaling of chimeric antigen receptors. Nat Med. (2015) 21:581–90. doi: 10.1038/nm.3838
	60. Guedan, S, Madar, A, Casado-Medrano, V, Shaw, C, Wing, A, Liu, F, et al. Single residue in CD28-costimulated CAR-T cells limits long-term persistence and antitumor durability. J Clin Invest. (2020) 130:3087–97. doi: 10.1172/JCI133215
	61. Kouro, T, Himuro, H, and Sasada, T. Exhaustion of CAR T cells: potential causes and solutions. J Transl Med. (2022) 20:239. doi: 10.1186/s12967-022-03442-3
	62. Chen, J, Qiu, S, Li, W, Wang, K, Zhang, Y, Yang, H, et al. Tuning charge density of chimeric antigen receptor optimizes tonic signaling and CAR-T cell fitness. Cell Res. (2023) 33:341–54. doi: 10.1038/s41422-023-00789-0
	63. Wang, H, Huang, Y, and Xu, C. Charging CAR by electrostatic power. Immunol Rev. (2023) 320:138–46. doi: 10.1111/imr.13232
	64. Qiu, S, Chen, J, Wu, T, Li, L, Wang, G, Wu, H, et al. CAR-Toner: an AI-driven approach for CAR tonic signaling prediction and optimization. Cell Res. (2024) 1–3. doi: 10.1038/s41422-024-00936-1
	65. Hort, S, Herbst, L, Bäckel, N, Erkens, F, Niessing, B, Frye, M, et al. Toward rapid, widely available autologous CAR-T cell therapy - artificial intelligence and automation enabling the smart manufacturing hospital. Front Med. (2022) 9:913287. doi: 10.3389/fmed.2022.913287
	66. Furlow, B. FDA investigates risk of secondary lymphomas after CAR-T immunotherapy. Lancet Oncol. (2024) 25:21. doi: 10.1016/S1470-2045(23)00631-9
	67. The Lancet Haematology. Balancing the risks and benefits of CAR T-cell therapy. Lancet Haematol. (2024) 11:e169. doi: 10.1016/S2352-3026(24)00037-1
	68. Mátrai, J, Chuah, MK, and VandenDriessche, T. Recent advances in lentiviral vector development and applications. Mol Therapy: J Am Soc Gene Ther. (2010) 18:477–90. doi: 10.1038/mt.2009.319
	69. Gust, J, Ponce, R, Liles, WC, Garden, GA, and Turtle, CJ. Cytokines in CAR T cell-associated neurotoxicity. Front Immunol. (2020) 11:577027. doi: 10.3389/fimmu.2020.577027
	70. Chohan, KL, Siegler, EL, and Kenderian, SS. CAR-T cell therapy: the efficacy and toxicity balance. Curr Hematol Malig Rep. (2023) 18:9–18. doi: 10.1007/s11899-023-00687-7
	71. Neelapu, SS, Tummala, S, Kebriaei, P, Wierda, W, Gutierrez, C, Locke, FL, et al. Chimeric antigen receptor T-cell therapy - assessment and management of toxicities. Nat Rev Clin Oncol. (2018) 15:47–62. doi: 10.1038/nrclinonc.2017.148
	72. Lee, DW, Gardner, R, Porter, DL, Louis, CU, Ahmed, N, Jensen, M, et al. Current concepts in the diagnosis and management of cytokine release syndrome. Blood. (2014) 124:188–95. doi: 10.1182/blood-2014-05-552729
	73. Shimabukuro-Vornhagen, A, Gödel, P, Subklewe, M, Stemmler, HJ, Schlößer, HA, Schlaak, M, et al. Cytokine release syndrome. J Immunother Cancer. (2018) 6:56. doi: 10.1186/s40425-018-0343-9
	74. Santomasso, BD, Park, JH, Salloum, D, Riviere, I, Flynn, J, Mead, E, et al. Clinical and biological correlates of neurotoxicity associated with CAR T-cell therapy in patients with B-cell acute lymphoblastic leukemia. Cancer Discovery. (2018) 8:958–71. doi: 10.1158/2159-8290.CD-17-1319
	75. Grant, SJ, Grimshaw, AA, Silberstein, J, Murdaugh, D, Wildes, TM, Rosko, AE, et al. Clinical presentation, risk factors, and outcomes of immune effector cell-associated neurotoxicity syndrome following chimeric antigen receptor T cell therapy: A systematic review. Transplant Cell Ther. (2022) 28:294–302. doi: 10.1016/j.jtct.2022.03.006
	76. Lee, DW, Santomasso, BD, Locke, FL, Ghobadi, A, Turtle, CJ, Brudno, JN, et al. ASTCT consensus grading for cytokine release syndrome and neurologic toxicity associated with immune effector cells. Biol Blood Marrow Transplant. (2019) 25:625–38. doi: 10.1016/j.bbmt.2018.12.758
	77. Shimabukuro-Vornhagen, A, Böll, B, Schellongowski, P, Valade, S, Metaxa, V, Azoulay, E, et al. Critical care management of chimeric antigen receptor T-cell therapy recipients. CA Cancer J Clin. (2022) 72:78–93. doi: 10.3322/caac.21702
	78. Schmidts, A, Wehrli, M, and Maus, MV. Toward better understanding and management of CAR-T cell-associated toxicity. Annu Rev Med. (2021) 72:365–82. doi: 10.1146/annurev-med-061119-015600
	79. Sterner, RC, and Sterner, RM. Immune effector cell associated neurotoxicity syndrome in chimeric antigen receptor-T cell therapy. Front Immunol. (2022) 13:879608. doi: 10.3389/fimmu.2022.879608
	80. Mucha, SR, and Rajendram, P. Management and prevention of cellular-therapy-related toxicity: early and late complications. Curr Oncol (Toronto Ont). (2023) 30:5003–23. doi: 10.3390/curroncol30050378
	81. Hombach, AA, and Abken, H. Shared target antigens on cancer cells and tissue stem cells: go or no-go for CAR T cells? Expert Rev Clin Immunol. (2017) 13:151–5. doi: 10.1080/1744666X.2016.1221763
	82. Miao, L, Zhang, Z, Ren, Z, and Li, Y. Reactions related to CAR-T cell therapy. Front Immunol. (2021) 12:663201. doi: 10.3389/fimmu.2021.663201
	83. Flugel, CL, Majzner, RG, Krenciute, G, Dotti, G, Riddell, SR, Wagner, DL, et al. Overcoming on-target, off-tumour toxicity of CAR T cell therapy for solid tumours. Nat Rev Clin Oncol. (2023) 20:49–62. doi: 10.1038/s41571-022-00704-3
	84. Savanur, MA, Weinstein-Marom, H, and Gross, G. Implementing logic gates for safer immunotherapy of cancer. Front Immunol. (2021) 12:780399. doi: 10.3389/fimmu.2021.780399
	85. Lajoie, MJ, Boyken, SE, Salter, AI, Bruffey, J, Rajan, A, Langan, RA, et al. Designed protein logic to target cells with precise combinations of surface antigens. Sci (New York NY). (2020) 369:1637–43. doi: 10.1126/science.aba6527
	86. Sagnella, SM, White, AL, Yeo, D, Saxena, P, van Zandwijk, N, and Rasko, JEJ. Locoregional delivery of CAR-T cells in the clinic. Pharmacol Res. (2022) 182:106329. doi: 10.1016/j.phrs.2022.106329
	87. Brown, CE, Hibbard, JC, Alizadeh, D, Blanchard, MS, Natri, HM, Wang, D, et al. Locoregional delivery of IL-13Rα2-targeting CAR-T cells in recurrent high-grade glioma: a phase 1 trial. Nat Med. (2024) 30:1001–12. doi: 10.1038/s41591-024-02928-5
	88. Vitanza, NA, Ronsley, R, Choe, M, Henson, C, Breedt, M, Barrios-Anderson, A, et al. Locoregional CAR T cells for children with CNS tumors: Clinical procedure and catheter safety. Neoplasia (New York NY). (2023) 36:100870. doi: 10.1016/j.neo.2022.100870
	89. Vormittag, P, Gunn, R, Ghorashian, S, and Veraitch, FS. A guide to manufacturing CAR T cell therapies. Curr Opin Biotechnol. (2018) 53:164–81. doi: 10.1016/j.copbio.2018.01.025
	90. Moretti, A, Ponzo, M, Nicolette, CA, Tcherepanova, IY, Biondi, A, and Magnani, CF. The past, present, and future of non-viral CAR T cells. Front Immunol. (2022) 13:867013. doi: 10.3389/fimmu.2022.867013
	91. Dai, X, Mei, Y, Cai, D, and Han, W. Standardizing CAR-T therapy: Getting it scaled up. Biotechnol Adv. (2019) 37:239–45. doi: 10.1016/j.biotechadv.2018.12.002
	92. Poorebrahim, M, Sadeghi, S, Fakhr, E, Abazari, MF, Poortahmasebi, V, Kheirollahi, A, et al. Production of CAR T-cells by GMP-grade lentiviral vectors: latest advances and future prospects. Crit Rev Clin Lab Sci. (2019) 56:393–419. doi: 10.1080/10408363.2019.1633512
	93. Labbé, RP, Vessillier, S, and Rafiq, QA. Lentiviral vectors for T cell engineering: clinical applications, bioprocessing and future perspectives. Viruses. (2021) 13:1528. doi: 10.3390/v13081528
	94. Hernandez, I, Prasad, V, and Gellad, WF. Total costs of chimeric antigen receptor T-cell immunotherapy. JAMA Oncol. (2018) 4:994–6. doi: 10.1001/jamaoncol.2018.0977
	95. Arcangeli, S, Falcone, L, Camisa, B, De Girardi, F, Biondi, M, Giglio, F, et al. Next-generation manufacturing protocols enriching T(SCM) CAR T cells can overcome disease-specific T cell defects in cancer patients. Front Immunol. (2020) 11:1217. doi: 10.3389/fimmu.2020.01217
	96. Depil, S, Duchateau, P, Grupp, SA, Mufti, G, and Poirot, L. ‘Off-the-shelf’ allogeneic CAR T cells: development and challenges. Nat Rev Drug Discovery. (2020) 19:185–99. doi: 10.1038/s41573-019-0051-2
	97. Al-Mansour, M, Al-Foheidi, M, and Ibrahim, E. Efficacy and safety of second-generation CAR T-cell therapy in diffuse large B-cell lymphoma: A meta-analysis. Mol Clin Oncol. (2020) 13:33. doi: 10.3892/mco.2020.2103
	98. Martínez Bedoya, D, Dutoit, V, and Migliorini, D. Allogeneic CAR T cells: an alternative to overcome challenges of CAR T cell therapy in glioblastoma. Front Immunol. (2021) 12:640082. doi: 10.3389/fimmu.2021.640082
	99. Jo, S, Das, S, Williams, A, Chretien, AS, Pagliardini, T, Le Roy, A, et al. Endowing universal CAR T-cell with immune-evasive properties using TALEN-gene editing. Nat Commun. (2022) 13:3453. doi: 10.1038/s41467-022-30896-2
	100. Dimitri, A, Herbst, F, and Fraietta, JA. Engineering the next-generation of CAR T-cells with CRISPR-Cas9 gene editing. Mol Cancer. (2022) 21:78. doi: 10.1186/s12943-022-01559-z
	101. Wei, W, Chen, ZN, and Wang, K. CRISPR/Cas9: A powerful strategy to improve CAR-T cell persistence. Int J Mol Sci. (2023) 24:12317. doi: 10.3390/ijms241512317
	102. Diorio, C, Murray, R, Naniong, M, Barrera, L, Camblin, A, Chukinas, J, et al. Cytosine base editing enables quadruple-edited allogeneic CART cells for T-ALL. Blood. (2022) 140:619–29. doi: 10.1182/blood.2022015825
	103. Georgiadis, C, Rasaiyaah, J, Gkazi, SA, Preece, R, Etuk, A, Christi, A, et al. Base-edited CAR T cells for combinational therapy against T cell Malignancies. Leukemia. (2021) 35:3466–81. doi: 10.1038/s41375-021-01282-6
	104. Jeong, YK, Song, B, and Bae, S. Current status and challenges of DNA base editing tools. Mol Therapy: J Am Soc Gene Ther. (2020) 28:1938–52. doi: 10.1016/j.ymthe.2020.07.021
	105. Schmidt, R, Ward, CC, Dajani, R, Armour-Garb, Z, Ota, M, Allain, V, et al. Base-editing mutagenesis maps alleles to tune human T cell functions. Nature. (2024) 625:805–12. doi: 10.1038/s41586-023-06835-6
	106. Chattaraj, A, Rehman, MEU, Khan, I, Franco, D, Ibrahim, A, Khanam, R, et al. Safety and efficacy of allogeneic CAR-T cells in B-cell Malignancies: A systematic review and meta-analysis. J Clin Oncol. (2022) 40:e19530–0. doi: 10.1200/JCO.2022.40.16_suppl.e19530
	107. Ghassemi, S, Durgin, JS, Nunez-Cruz, S, Patel, J, Leferovich, J, Pinzone, M, et al. Rapid manufacturing of non-activated potent CAR T cells. Nat BioMed Eng. (2022) 6:118–28. doi: 10.1038/s41551-021-00842-6
	108. Xin, T, Cheng, L, Zhou, C, Zhao, Y, Hu, Z, and Wu, X. In-vivo induced CAR-T cell for the potential breakthrough to overcome the barriers of current CAR-T cell therapy. Front Oncol. (2022) 12:809754. doi: 10.3389/fonc.2022.809754
	109. Wakao, R, and Fukaya-Shiba, A. In vivo CAR T cells and targeted gene delivery: A theme for the Pharmaceuticals and Medical Devices Agency Science Board to address. Front Med. (2023) 10:1141880. doi: 10.3389/fmed.2023.1141880
	110. Michels, KR, Sheih, A, Hernandez, SA, Brandes, AH, Parrilla, D, Irwin, B, et al. Preclinical proof of concept for VivoVec, a lentiviral-based platform for in vivo CAR T-cell engineering. J Immunother Cancer. (2023) 11:e006292. doi: 10.1136/jitc-2022-006292
	111. Billingsley, MM, Gong, N, Mukalel, AJ, Thatte, AS, El-Mayta, R, Patel, SK, et al. In Vivo mRNA CAR T Cell Engineering via Targeted Ionizable Lipid Nanoparticles with Extrahepatic Tropism. Small (Weinheim an der Bergstrasse Germany). (2024) 20:e2304378. doi: 10.1002/smll.202304378
	112. Agarwal, S, Hanauer, JDS, Frank, AM, Riechert, V, Thalheimer, FB, and Buchholz, CJ. In vivo generation of CAR T cells selectively in human CD4(+) lymphocytes. Mol Therapy: J Am Soc Gene Ther. (2020) 28:1783–94. doi: 10.1016/j.ymthe.2020.05.005
	113. Frank, AM, Braun, AH, Scheib, L, Agarwal, S, Schneider, IC, Fusil, F, et al. Combining T-cell-specific activation and in vivo gene delivery through CD3-targeted lentiviral vectors. Blood Adv. (2020) 4:5702–15. doi: 10.1182/bloodadvances.2020002229
	114. Gurumoorthy, N, Nordin, F, Tye, GJ, Wan Kamarul Zaman, WS, and Ng, MH. Non-integrating lentiviral vectors in clinical applications: A glance through. Biomedicines. (2022) 10:107. doi: 10.3390/biomedicines10010107
	115. Hamilton, JR, Chen, E, Perez, BS, Sandoval Espinoza, CR, Kang, MH, Trinidad, M, et al. In vivo human T cell engineering with enveloped delivery vehicles. Nat Biotechnol. (2024). doi: 10.1038/s41587-023-02085-z
	116. Mirza, Z, and Karim, S. Nanoparticles-based drug delivery and gene therapy for breast cancer: Recent advancements and future challenges. Semin Cancer Biol. (2021) 69:226–37. doi: 10.1016/j.semcancer.2019.10.020
	117. Hald Albertsen, C, Kulkarni, JA, Witzigmann, D, Lind, M, Petersson, K, and Simonsen, JB. The role of lipid components in lipid nanoparticles for vaccines and gene therapy. Adv Drug Deliv Rev. (2022) 188:114416. doi: 10.1016/j.addr.2022.114416
	118. Smith, TT, Stephan, SB, Moffett, HF, McKnight, LE, Ji, W, Reiman, D, et al. In situ programming of leukaemia-specific T cells using synthetic DNA nanocarriers. Nat Nanotechnol. (2017) 12:813–20. doi: 10.1038/nnano.2017.57
	119. Parayath, NN, Stephan, SB, Koehne, AL, Nelson, PS, and Stephan, MT. In vitro-transcribed antigen receptor mRNA nanocarriers for transient expression in circulating T cells in vivo. Nat Commun. (2020) 11:6080. doi: 10.1038/s41467-020-19486-2
	120. Álvarez-Benedicto, E, Tian, Z, Chatterjee, S, Orlando, D, Kim, M, Guerrero, ED, et al. Spleen SORT LNP generated in situ CAR T cells extend survival in a mouse model of lymphoreplete B cell lymphoma. Angewandte Chemie (International Ed English). (2023) 62:e202310395. doi: 10.1002/anie.202310395
	121. Michels, A, Ho, N, and Buchholz, CJ. Precision medicine: In vivo CAR therapy as a showcase for receptor-targeted vector platforms. Mol Therapy: J Am Soc Gene Ther. (2022) 30:2401–15. doi: 10.1016/j.ymthe.2022.05.018
	122. Wu, J, Wu, W, Zhou, B, and Li, B. Chimeric antigen receptor therapy meets mRNA technology. Trends Biotechnol. (2024) 42:228–40. doi: 10.1016/j.tibtech.2023.08.005
	123. Bujak, J, Kłęk, S, Balawejder, M, Kociniak, A, Wilkus, K, Szatanek, R, et al. Creating an innovative artificial intelligence-based technology (TCRact) for designing and optimizing T cell receptors for use in cancer immunotherapies: protocol for an observational trial. JMIR Res Protoc. (2023) 12:e45872. doi: 10.2196/45872
	124. Naghizadeh, A, Tsao, WC, Hyun Cho, J, Xu, H, Mohamed, M, Li, D, et al. In vitro machine learning-based CAR T immunological synapse quality measurements correlate with patient clinical outcomes. PloS Comput Biol. (2022) 18:e1009883. doi: 10.1371/journal.pcbi.1009883




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 Li, Hu, Li and Wu. 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.




SYSTEMATIC REVIEW

published: 06 December 2024

doi: 10.3389/fimmu.2024.1409665

[image: image2]


Modular (universal) CAR-T platforms in vivo: a comprehensive systematic review


Afraa Mohammad, Anna Yurina, Tatiana Simonyan, Daniil Chistyakov, Rand Salman, Ksenia Zornikova, Elizaveta Minina and Apollinariya Bogolyubova *


National Medical Research Center for Hematology, Moscow, Russia




Edited by: 

Maurizio Chiriva-Internati, University of Texas MD Anderson Cancer Center, United States

Reviewed by: 

Frank Momburg, German Cancer Research Center (DKFZ), Germany Stephan R Künzel, Technical University Dresden, Germany

*Correspondence: 

Apollinariya Bogolyubova
 apollinariya.bogolyubova@blood.ru


Received: 30 March 2024

Accepted: 14 November 2024

Published: 06 December 2024

Citation:
Mohammad A, Yurina A, Simonyan T, Chistyakov D, Salman R, Zornikova K, Minina E and Bogolyubova A (2024) Modular (universal) CAR-T platforms in vivo: a comprehensive systematic review. Front. Immunol. 15:1409665. doi: 10.3389/fimmu.2024.1409665






Background

Modular (universal) CAR T-platforms were developed to combat the limitations of traditional CAR-T therapy, allowing for multiple targeting of tumor-associated antigens and the ability to control CAR-T cell activity. The modular CAR-T platform consists of a universal receptor (signaling module) that recognizes an adapter molecule on the soluble module, which is responsible for antigen recognition. Multiple platforms have been developed over the last 12 years, and some of them have entered the clinical trial phase. This systematic review seeks to evaluate the different parameters of modular CAR-T platforms performance in animal models.





Methods

A systematic search of literature in the PubMed database and in Google Scholar and BASE (Bielefeld Academic Search Engine) search engines was performed according to predefined eligibility criteria. All studies conducted on xenograft mouse models with any variant of modular CAR-T platforms were included. Forest plots were generated for visual presentation of the extracted quantitative findings (standardized mean difference (SMD) and median survival rate (MSR)).





Results

A total of 33 studies employing 15 different modular CAR-T platforms were included. The platforms varied in terms of CAR-T cells, soluble module doses, and their frequency of administration. The studies showed a reduction in tumor burden and in tumor volume compared to the combined negative group. In comparison with the positive control group, there was no significant change in tumor burden or volume. In all the included studies the experimental group had a higher survival probability compared to the combined negative group at the study endpoint, with no significant difference in survival rate compared to the positive control group.





Conclusion

The modular CAR-T platforms are generally effective and are a valuable addition to the arsenal of CAR therapy.





Systematic Review Registration

https://www.crd.york.ac.uk/prospero/ PROSPERO, identifier CRD42023443984.
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1 Introduction

The development of chimeric antigen receptor (CAR) T-cell therapy marked a novel era for personalized cancer treatment. Increasing evidence from clinical trials suggests that CAR T therapy will continue to be a potential new standard of care for second-line treatment of B-cell lymphoma (1, 2). However, such success was not observed in treating solid tumors, which can be attributed to multiple factors, including the immunosuppressive tumor microenvironment, the inability of CAR-T cells to migrate and infiltrate tumors, and loss of antigen expression (3). In addition, various reports have shown clinical evidence of CAR-T-associated toxicities linked to the uncontrolled activity of CAR-T cells, on-target/off-tumor effects, and off-target toxicities (4, 5). Hence, advancements in CAR-T cell design have become necessary to tackle these obstacles and reduce safety risks. One such advancement is the modular CAR T technology, which uses a switch molecule to separate T cell signaling domains and targeting elements, enabling precise control over CAR T cells. Unlike traditional CAR T cells targeted directly at the tumor antigen, modular CAR T cells target an adapter or switch element. This adapter is connected to the tumor antigen-binding domain, serving as a bridge between CAR and the tumor antigen. Consequently, this platform consists of two components: a signaling module, comprising a universal CAR expressed on T-cell surfaces, and a soluble or switchable module that links the CAR to tumor-associated antigens (Figure 1). Modular CAR T technology enables the simultaneous targeting of numerous antigens using multiple soluble modules, eliminating the necessity for extensive re-engineering of CAR. These features are seen as advantageous for combating relapse, mitigating over-activation, and improving specificity (6, 7). The development of modular CAR-T platforms commenced approximately 12 years ago, and various efforts have been made to bring them into clinical phase. The initial trials tested CD16-CAR in combination with rituximab, SEA-BCMA, and trastuzumab for patients with B-cell lymphoma, multiple myeloma, and HER2 positive solid tumors, respectively (ClinicalTrials.gov ID: NCT02776813; NCT03266692; NCT03680560). However, the first two trials were terminated due to CAR-associated toxicities. Since 2020, six clinical trials have been initiated to examine the effectiveness of the UniCAR, the sCAR, the anti-FITC CAR, and the CAR-CD19 platforms. These trials are currently in the process of recruiting participants and have yet to produce any primary results (ClinicalTrials.gov ID: NCT04633148; NCT04230265; NCT04450069; NCT04488354; NCT05312411; NCT06045910). Additionally, two clinical trials using the ARC-SparX platform are currently recruiting patients with relapsed and refractory multiple myeloma (NCT04155749) and patients with relapsed and refractory acute myelogenous leukemia or high-risk myelodysplastic syndrome (NCT05457010).

[image: Diagram comparing Conventional and Modular (Universal) CAR T-cells. The Conventional CAR shows an antigen targeting element, hinge/transmembrane regions, and T-cell signaling domains. The Modular CAR includes an antigen targeting element, switch molecule, switch binding domain, soluble module, and signaling module. Both diagrams feature T-cell membranes.]
Figure 1 | The design of modular CAR platform. The conventional CAR (left) consists of an antigen-targeting element, a hinge and transmembrane (TM) domain, and an intracellular signaling domain. In the modular (universal) CAR (right), the antigen targeting element and the hinge/TM domain are separated, and a switch molecule is attached to the antigen targeting element, forming the soluble (switchable) module. The signaling module has a switch binding domain, which enables the interaction between the signaling and the soluble module.

The evaluation of the efficacy and safety of modular CAR-T platforms is performed mainly on xenograft models of immunodeficient mice, most commonly NSG mice. These models aid in assessments of the trafficking and proliferation profiles and the anti-tumor activity of CAR T cells; however, issues like cross-reactivity and difficulty predicting human responses persist (8, 9). There is an ongoing debate about whether the animal models are appropriate for CAR-T therapy pre-clinical assessment, and regulations about animal use are periodically updated based on the available evidence. In this regard, systematic reviews (SR) and meta analyses offer a comprehensive and transparent overview of available information (10).

Multiple modular CAR-T platforms currently exist, as summarized in Table 1. While these platforms share a common design principle, their performance can vary significantly due to differences in the components of each platform and their properties. Consequently, determining which platform holds the most promise for clinical translation is unfair. However, by systematically identifying, appraising, and synthesizing all available research evidence, our study aims to provide a transparent overview of in vivo studies of modular CAR-T platforms. This approach will enhance our understanding of their performance in animal models, highlighting the advantages and disadvantages of these innovative platforms.

Table 1 | Modular CAR-T platforms.


[image: Table listing various modular CAR platforms with corresponding switch elements, switch-binding domains, and reference numbers. Examples include Anti-FITC CAR with Fluorescein isothiocyanate (FITC) as the switch element and Anti-FITC scFv as the binding domain, referenced by (53). Another example is the Conduit CAR with GLPB30 anti-(G4S)n linker antibody as the switch element and linker sequence in scFv, referenced by (60). The table contains multiple entries with similar detailed information.]



2 Material and methods



2.1 Literature search

The study protocol was agreed upon and registered in PROSPERO (CRD42023443984) on July 18, 2023. This report was prepared in accordance with the PRISMA guidelines and checklist (11).



2.1.1 Eligibility criteria

The eligibility criteria were predefined within the study protocol, aligning with each aspect of the PICOS framework (Population/Animals, Intervention, Comparator(s)/Control, Outcome Measure(s), and Study design):

	Population/Animals: Xenograft mouse models were included, encompassing both cell-line derived and patient-derived models, while excluding other species such as humans, zebrafish, dogs, and non-human primates, as well those for non-cancerous diseases.

	Intervention: All variants of the modular CAR-T platform in vivo studies, with non-human CAR T interventions being excluded.

	Comparators: Various control cohorts were considered, including untreated mice, mice treated with conventional CAR-T cells or only CAR-T cells without the switchable module, non-transduced T cells, or only the switchable module, with noncomparative studies being excluded, alongside those reporting normalized data.

	Outcome measure(s): Primary outcomes included tumor burden, tumor volume, and median survival, while secondary outcomes comprised percent tumor-free, peripheral blood T cell quantification post-T-cell injection, peripheral blood T cell phenotype, human cytokines in the peripheral blood, body weight, metastases formation, and pharmacokinetic properties of the soluble module.

	Study design: All English-language, full-text, controlled interventional animal studies were eligible for inclusion, while excluding review articles, noncomparative studies, commentaries, editorials, case reports, case series, and other study types.






2.1.2 Search strategy

To collect fitting studies, we conducted comprehensive research in the PubMed database and in Google Scholar and BASE (Bielefeld Academic Search Engine) search engines. The search strategy was developed in accordance with the step-by-step guide of Leenaars et al. (12). The full search strategy is available in the PROSPERO protocol and in the Supplementary Materials.




2.1.3 Study selection

All identified records were imported into EndNote (RRID: SCR_014001) for the management of search records. Following the removal of duplicates, two reviewers (AM and EM) independently screened the titles and abstracts of the studies. Subsequently, two researchers (KZ and EM) independently reviewed the full-text articles for inclusion. In instances of disagreement, consensus on inclusion or exclusion was achieved through discussion, with involvement from a third researcher (AM) if necessary.





2.2 Data extraction

We designed a data extraction form using Google Forms (RRID: SCR_023174), comprising three sections: open-ended questions (e.g., year of publication, country of origin, definition of control groups, CAR-T/tumor cell dosage, etc.), closed-ended questions (e.g., mice gender, type of xenograft model, reports of dropouts, etc.), and an upload form for quantitative data as an Excel spreadsheet. The form underwent pilot testing and was then used for data collection. The included studies were randomly assigned to four reviewers (AY, TS, DC, and RS). Each paper was independently reviewed by at least two reviewers to ensure data collection accuracy. Extracted data were compared, and any discrepancies were resolved through discussion. Data related to study characteristics, animal model, intervention details, and primary and secondary outcome measures were extracted. Details on the data to be extracted are available in the PROSPERO protocol. In cases where raw data were not presented, graphical data were digitized using WebPlotDigitizer (version 4.7., RRID: SCR_013996).




2.3 Risk of bias assessment

We evaluated the risk of bias in the included studies using the Systematic Review Centre for Laboratory Animal Experimentation (SYRCLE) risk of bias tool for animal intervention studies (13). Specifically, we addressed the following domains: 1) selection bias, which included assessment of sequence generation, baseline characteristics, and allocation concealment; 2) performance bias, examining random housing and blinding of investigators; 3) detection bias, considering random outcome assessment and blinding of assessors; 4) attrition bias, focusing on incomplete outcome data; 5) reporting bias, assessing selective outcome reporting.

Additionally, we investigated other potential sources of bias, such as contamination due to dietary influences on outcomes, unit of analysis errors, and design-specific risk of bias where treatment was introduced prior to or concurrently with tumor cells. Two reviewers (AM and EM) independently applied the tool to each study, documenting supporting information and justifications for the risk of bias judgments (classified as low, high, or unclear) in each domain. Any discrepancies in judgments or justifications were resolved through discussion, with a third author (AB) serving as an arbiter if necessary.




2.4 Data processing

For continuous outcomes such as tumor burden, tumor volume, body weight, and human cytokine levels, we computed standardized mean difference (SMD) effect sizes (Hedge’s G) along with their corresponding 95% confidence intervals (CIs). Given that the included studies utilized diverse measurement scales to evaluate these outcomes, standardization was necessary to facilitate comparison (14).

Survival data were handled differently, with the median survival values derived from published Kaplan-Meier curves by drawing a horizontal line at 50% on the y-axis and determining its intercept with the curve. In cases where the curve was horizontal at y = 50%, the average of the first and last time points of the line was considered the median. Studies where the median survival could not be calculated at the experiment’s endpoint were not excluded. In such instances, the median survival was considered the last assessment point, with more than 50% of the animals surviving at this time (14, 15). Effect sizes for individual studies were computed by taking the logarithm of the quotient of the median survival in the experimental group by that in the control group (median survival rate (MSR)). The precision of survival studies was weighted based on the number of animals included.

In cases where multiple control or experimental groups were present, relevant experimental groups were combined into a single group, as were relevant control groups (16).




2.5 Data synthesis

Meta-analysis was not conducted due to the variability in interventions and experimental settings. However, forest plots were generated for visual comparisons with combined negative or positive groups. In cases where multiple targets or tumor models were utilized, outcomes for each were analyzed separately alongside their corresponding controls, with each study being identified with a specific identifier. In addition, a summary table was used to summarize outcome data, or a descriptive summary was provided. Between-study heterogeneity variance was assessed using I2 statistics, along with its 95% confidence intervals. An I2 threshold of >75% was arbitrarily adopted to indicate considerable heterogeneity, with additional consideration given to the evidence for this heterogeneity and its visualization on forest plots. To explore patterns of heterogeneity, Graphic Display of Heterogeneity (GOSH) plots were utilized, and sensitivity analyses were conducted by removing outlier studies. Funnel plots and Egger’s test for asymmetry to detect publication bias were not performed, as suggested by the Grading of Recommendations, Assessment, Development, and Evaluation (GRADE) approach, which advises considering downgrading for publication bias in studies with predominantly small sample sizes, positive results, and commercial funding (17). All analyses were conducted in the software environment R (R Project for Statistical Computing (RRID: SCR_001905)) using the meta (RRID: SCR_019055), metafor (RRID: SCR_003450), and dmetar (RRID: SCR_019054) packages according to the hands-on guide (18).





3 Results



3.1 Study selection

A comprehensive systematic literature search yielded a total of 909 studies. Following the removal of duplicate entries, 659 studies underwent an eligibility assessment through title/abstract screening, of which 54 were identified as potentially relevant and their reference lists were screened for eligible records. As a result, 5 more studies were added to the pool of studies that underwent a full-text screening process. 26 studies were excluded based on predetermined criteria: Four reports were excluded as they did not involve animal experimentation. Ten reports were excluded because they did not utilize a modular CAR T platform. One report was excluded due to the absence of appropriate controls. One report was excluded as it did not encompass any of the specified outcome measures outlined in the inclusion criteria. Nine reports were excluded since they reported tumor burden data for a duration of less than 7 days. The study selection process is presented in Figure 2. Ultimately, a total of 33 studies met the eligibility criteria and proceeded to undergo data extraction and subsequent analysis.

[image: Flowchart depicting the identification and screening process of studies via databases. Identification phase: 256 records from Pubmed, 503 from BASE, and 150 from Google Scholar, totaling 659 after removing 250 duplicates. Screening phase: 659 records, with exclusions for non-animal studies (70), non-interventions (338), unrelated diseases (30), and non-primary studies (165). Potentially relevant records identified were 54, with 5 additional records from references. Exclusions here included non-animal studies (4), non-interventions (10), non-controls (1), and lack of outcome measures (11). Ultimately, 33 studies were included in the review.]
Figure 2 | Preferred Reporting Items for Systematic Reviews and Meta-analysis (PRISMA) flow diagram for the included studies.




3.2 Characteristics of animal models in included studies



3.2.1 Baseline characteristics

One or more of the baseline characteristics of the murine population (strain, age, sex, total number, and provider of the mice) were adequately reported in the majority of studies. Notably, 42% (14 out of 33) of the included studies provided comprehensive details across all five categories. The ages of the mice varied between studies, with the highest range being 6 to 20 weeks and a median age of 7 weeks. In 45% (15 out of 33) of the studies, exclusively female mice were used. In contrast, only 6% (2 out of 33) of studies employed male mice. 15% (5 out of 33) of experiments employed both male and female mice, whereas the remaining 33% (11 out of 33) studies did not disclose this information. (Figure 3A). The total number of mice was either provided directly or deduced from the experimental data. Otherwise, if the number could not be calculated, it was classified as ‘not reported,’ which accounted for 18% (6 of 33) of the studies. The overall number of mice enrolled in all the experiments was 1595, with a median of 50 per study.

[image: Chart A is a pie chart showing the gender distribution of mice: 45.5% male and female, 33.3% not reported, 15.2% female, and 6.1% male. Chart B is a bar chart depicting the risk of bias in different categories, using colors for high (red), low (green), and unclear (orange) risk. Categories include sequence generation, baseline characteristics, and others, with most showing uncertainty or high risk.]
Figure 3 | Study characteristics. (A) The percent of included studies reporting the gender of mice used in the experiments. (B) Risk of bias in the included studies.




3.2.2 Types of in vivo models

Most of the included studies (28 out of 33) employed the NSG mouse model (NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ), while one study used the NOG mouse model (NOD.Cg-PrkdcscidIl2rgtm1Sug/ShiJic) and one study used the NXG mouse model (NOD-PrkdcscidIl2rgTm1/Rj). These models are characterized by the absence of functional T and B lymphocytes and exhibit multifaceted defects in NK cell activity, macrophage function, complement activity, and dendritic cell function. Despite distinct Il2rg targeted mutations and different NOD backgrounds, these models are considered equivalent regarding overall biological/physiological characteristics and experimental applications (19). Additionally, two studies utilized athymic nude mice carrying the “nude” mutation (Foxn1nu), which results in defects in T cell development. One study used nude mice on a BALB/C background (BALB/c Nude), while the other on a NMRI background (NMRI-Foxn1nu/Foxn1nu).

The study by Pennell et al. employed a synergic mouse model on a C57BL/6 background where mice B-cells exclusively express human CD19 (huCD19Tg/0). These mice were then implanted with a mouse lymphoma cell line engineered to co-express human CD19 (TBL12.huCD19) and received syngeneic murine T cells expressing a human CD19-directed CAR. This experimental design aimed to replicate clinical cytokine release syndrome (CRS) and neurotoxicity.




3.2.3 Tumor establishment

Tumors can be established using either human tumor cell lines (cell line-derived tumor xenografts, CDX) or tumor samples from patients (patient-derived xenografts, PDX). For models of hematopoietic-origin tumors cells are typically injected systemically via intravenous (IV) route. Solid tumors can be established by subcutaneous (SC) or intraperitoneal (IP) inoculation. To create a more realistic tumor environment, orthotopic inoculation (OI) is used, while systemic inoculation via IV route is employed to mimic tumor invasion and metastasis.

Patient-derived xenografts (PDXs) generated from clinical tumor samples are valuable models that closely replicate the genetic and cellular profiles of the original tumors. Among the included studies, Loff et al. and Raj et al. utilized PDXs to study the anti-tumor activity of the UniCAR and switchable CAR (sCAR) platforms, respectively. Loff et al. developed a CD123-expressing B-ALL xenograft model to evaluate the anti-tumor activity of UniCAR-T cells against extramedullary leukemic bulks by subcutaneously transplanting tumor cells into the flanks of NSG mice (20). On the other hand, Raj et al. employed an orthotopic model of advanced pancreatic ductal adenocarcinoma (PDAC) by inoculating stage IV PDAC cells into the pancreas of immunocompromised NSG mice (21). These cells express HER2 at relatively modest levels, creating stringent conditions for CAR-T therapy. This model establishes highly aggressive primary tumors with rapid-onset metastasis to the liver and lungs, mimicking late-stage PDAC in patients.

Most of the included studies (31 out of 33) established CDX models using popular cell lines that express the target antigen(s). For solid tumor establishment, the majority introduced the tumor antigen via the subcutaneous (SC) route (14 out of 33) or the intraperitoneal (IP) route (4 out of 33). Additionally, 8 studies utilized the intravenous (IV) route to establish hematopoietic-origin tumor models, with the exceptions of Cho et al. and Ruffo et al., which used human epidermal growth factor receptor 2 (HER2)-expressing cell lines to study the activity of CAR-T cells against metastatic tumor cells (22, 23).

The included studies targeted a range of hematologic and solid tumor antigens. Hematologic tumor antigens included CD33 (3 out of 33 studies), CD123 (3 out of 33 studies), CD20 (5 out of 33 studies), and CD19 (3 out of 33 studies). For solid tumors, the targeted antigens were HER2 (9 out of 33 studies), prostate stem cell antigen (PSCA) (2 out of 33 studies), receptor tyrosine kinase AXL (1 out of 33 studies), mesothelin (3 out of 33 studies), B7-H3 (CD276) (1 out of 33 studies), epidermal growth factor (EGFR) (4 out of 33 studies), cadherin-6 (CDH6) (1 out of 33 studies), folate receptor (FR) (2 out of 33 studies), carbonic anhydrase IX (CAIX) (1 out of 33 studies), prostate specific membrane antigen (PSMA) (2 out of 33 studies), glypican-3 (GPC3) (1 out of 33 studies), ROR1 (1 out of 33 studies), C-type lectin domain family 12 member A (CELC12A) (1 out of 33 studies), disialoganglioside (GD2) (1 out of 33 studies), and epithelial cell adhesion molecule (EpCAM) (1 out of 33 studies).

Discussion regarding the immunogenicity of CAR-T platform components was addressed in a relatively modest proportion of studies, with only 36% (12 out of 33) acknowledging or examining this aspect. Rodgers et al. specifically investigated the immunogenicity risk associated with engrafting a nonhuman sequence into an antibody fragment (Fab) to create a switch. They conducted an in silico immunogenicity analysis of the adapter linked to the N terminus of the light or heavy chains of a model, therapeutically approved antibody (trastuzumab). This analysis predicted that the PNE graft had a low likelihood of inducing an antibody response in the context of a typical antibody (24).

Regarding euthanization criteria, 54% (18 out of 33) of the studies presented explicit criteria, while merely 12% (4 out of 33) included comprehensive assessments of overall body condition and coat condition. Furthermore, a subset of studies, constituting 15% (5 out of 33), employed a secondary mouse strain for various specific purposes, including pharmacokinetics, T-cell depletion, pharmacokinetics-half life, pharmacokinetics-biodistribution, and breeding of the huCD19Tg/0 strain. Detailed characteristics of the animal models are described in Table 2.

Table 2 | The characteristics of the included studies.
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3.3 Characteristics of intervention in included studies



3.3.1 Platform design in the included studies

The modular CAR platforms varied across studies depending on the adapter molecules used to facilitate the interaction between the soluble and signaling modules. Among the included studies, 18% (6 out of 33) utilized the anti-FITC CAR platform, wherein the universal CAR recognizes antibodies or ligands tagged with fluorescein isothiocyanate (FITC) molecules. Since FITC was shown to be safe for in-human use in conjugation with monoclinal antibodies for tumor-specific fluorescence imaging (25), it has the potential for use in cellular immunotherapy. However, the short half-life of the soluble module necessitates multiple injections at short intervals.

Another 15% (5 out of 33) of the studies adopted the UniCAR platform, developed by Michael Bachmann’s laboratory at Helmholtz-Zentrum Dresden-Rossendorf (HZDR) in Germany. This platform employs a 10-amino acid sequence derived from the nuclear protein La/SS-B (5B9 tag) as the adapter molecule. The primary goal of this design is to provide rapid and reversible control of CAR T cell activity, enable multiple targeting, and reduce the risk of developing antigen-free tumors during treatment. UniCAR contains humanized anti-La 5B9 scFv as the ectodomain of CAR, allowing CAR T cells to target multiple antigens either sequentially or concurrently. While this model offers significant flexibility, potential immunogenicity is a concern. The La protein is a known autoantigen in Sjögren’s syndrome and systemic lupus erythematosus, and autoantibodies against La epitopes are common in patients and may also exist in healthy populations (26).

Additionally, 15% (5 out of 33) of the studies employed the switchableCAR platform (sCAR), which features a 14-amino acid peptide neo-epitope (PNE) sequence from the GCN4 yeast transcription factor as the adapter. This platform is advantageous because the PNE sequence does not exist in the human proteome, has a high-affinity antibody, and has been found to be non-immunogenic. The anti-PNE CAR utilizes the PNE-antibody (52SR4) scFv as the ectodomain. However, despite the non-existence of the PNE sequence in the human proteome, antigenic mimicry may still result in off-target activation of CAR T-cells.

9% (3 out of 33) of the studies employed the conventional anti-CD19 CAR, equipped with a CD19-containing bridging protein (BP) capable of redirecting CAR19 T cells towards a range of target antigens. The BP comprises the extracellular domain of human CD19 coupled with disulfide-stabilized single-chain Fv (scFv) or nanobodies (Nb) targeting the respective antigen.

Furthermore, the following CAR platforms were each represented by two studies:



3.3.1.1 Spy-catcher CAR

This platform utilizes the SpyTag/SpyCatcher protein ligation system, featuring the extracellular enzyme SpyCatcher (116 amino acids), which forms a spontaneous amide bond with SpyTag found in the soluble module. The SpyTag/SpyCatcher system boasts high affinity between its components, allowing the soluble module to be used at much lower concentrations. This can reduce treatment-related side effects and lower treatment costs. However, both the SpyTag and SpyCatcher sequences are derived from Streptococcus pyogenes, which may have the potential to induce an immune response and reduce antitumor effects.




3.3.1.2 Synthetic Agonistic Receptor (SAR)

SAR is composed of an extracellular domain derived from human EGFRvIII, which binds to an anti-hEGFRvIII scFv conjugated with an antigen-specific scFv to create a bispecific antibody (BiAb).




3.3.1.3 CD16 CAR

The CD16 CAR platform is based on CD16 (FcγR IIIa) antibody receptors present in various immune cells. CAR T-cell activity in this case is mediated through antibody-dependent cell-mediated cytotoxicity (ADCC). CD16 CAR employs the high-affinity CD16 V158 variant for its extracellular domain, which binds to the Fc part of antibodies. Despite that this system allows for the use of clinically available tumor-targeting antibodies as the soluble module, the major disadvantage is the potential autoimmune reactivity. The authors proposed a way to solve this issue by the transient expression of CAR using mRNA electroporation. However, this strategy has yet to be studied.

Finally, the following CAR platforms were each represented by one study:




3.3.1.4 Split, universal, and programmable CAR system (SUPRA CAR)

SUPRA CAR uses the high-affinity heterodimeric interaction between basic leucine zipper pairs, a main component of many transcription factors. These peptide domains are naturally present in cells and are not immunogenic. This system is advantageous in terms of its ability to control CAR T cell activity and phenotype by adjusting multiple variables (1): the affinity between leucine zipper pairs (2), the affinity between tumor antigen and scFv (3), the concentration of zipFv, and (4) the expression level of zipCAR. Additionally, SUPRA CAR can be used to logically control the activity of CAR T cells.




3.3.1.5 RevCAR

The RevCAR T platform is an inverse version of the UniCAR platform, with the 5B9 tag serving as the extracellular domain of CAR.




3.3.1.6 Fc-targeting CAR

The Fc-targeting CAR platform is designed to target the P329G L234A/L235A (LALA) mutation found in the Fc region of therapeutic tumor-targeting human antibodies.




3.3.1.7 Fabrack-CAR

Fabrack-CAR has a cyclic, twelve-residue meditope peptide in the extracellular domain. This meditope binds to meditope-enabled monoclonal antibodies (memAbs) via an engineered binding pocket within the Fab arm.




3.3.1.8 ConvertibleCAR

This platform contains an inert form of the human NKG2D extracellular domain (iNKG2D) that recognizes an iNKG2D-specific ULBP2-S3 variant-based ligand fused to an antigen-targeting antibody (MicAbody). The innovative application of this platform is the delivery of cytokines selectively to iNKG2D-CAR expressing cells which has the potential to not only promote their expansion, but also to use differential cytokine signaling to control T cell phenotype and function.




3.3.1.9 BsCAR (Barstar-based CAR)

The BsCAR platform makes use of the extraordinary affinity of the barnase-barstar toxin-antitoxin complex.




3.3.1.10 SNAP CAR

The SNAP CAR platform uses a modified human O-6-methylguanine-DNA methyltransferase self-labeling enzyme SNAPtag that reacts with benzylguanine (BG)-conjugated antibodies, forming a covalent bond. The SNAP CAR platform is the only one that includes irreversible interactions, and the control of CAR activity is affected by the receptor turnover rate. 




3.3.1.11 Target-redirected universal CAR (TRUE CAR) platform

In the TRUE CAR platform, modified exogenous antigens are loaded onto fusogenic nanoparticles to achieve in situ modification of the cell membrane in solid tumors, providing targets for subsequent CAR-T cell therapy.

Additional details regarding these platforms are described in Table 2 and Supplementary Table S1.





3.3.2 Chimeric receptor structure in the included platform

Concerning the structural characteristics of the signaling module, the vast majority of the included studies (29 out of 33) employed a second-generation CAR. These second-generation CARs featured a single costimulatory domain, which was either CD28 or 4-1BB. Only one study out of the 33 included used a first-generation CAR, which lacks a costimulatory domain. Moreover, three studies utilized a third-generation CAR with the two costimulatory domains CD28 and 4-1BB (3 out of 33 studies). The hinge domain varied widely, with CD8a-derived being the most commonly used in 48% of studies (16 out of 33), followed by CD28-derived in 36% (12 out of 33). Other variants included CD3-derived (1 out of 33), IgG4-derived (2 out of 33), and a mutant variant of the IgG4 hinge domain (2 out of 33). The transmembrane domain was primarily derived from CD28 in 55% of the studies (18 out of 33), while CD8a was the source in 42% of the studies (14 out of 33). In one study, the transmembrane domain was derived from CD3. In all included studies, the CD3ζ activation domain was utilized. The detailed structure of CAR is described in Supplementary Table S1.




3.3.3 Soluble module characteristics in the included platform



3.3.3.1 Antigen-binding domain

The choice of the antigen-binding domain varied across the studies, as it plays a crucial role in shaping the CAR-T therapy response. Some platforms, such as anti-FITC CAR, CD16 CAR, SNAP CAR, the SpyTag/SpyCatcher and the convertibleCAR platforms, are designed to allow for the conjugation of monoclonal antibodies (mAb) with the adapter (switch) molecule. Consequently, 9 of the included studies used monoclonal antibodies as the antigen-binding molecule. Notably, 5 of these studies used therapeutically approved monoclonal antibodies: Kudo et al., Ochi et al., Landgraf et al., and Tamada et al. utilized Rituximab targeting CD20, while Ruffo et al. and Minutolo et al. employed Trastuzumab targeting HER2. This approach is advantageous as it allows for the repurposing of these antibodies in the context of CAR therapy. Stock et al. focused on the mutation P329G L234A/L235A (LALA). This represents a recent advancement in the antibody field, where effector-silenced antibodies are generated by incorporating P329G and L234A/L235A (LALA) mutations into the Fc region. These modifications prevent unwanted immune effector functions by disrupting the antibody’s interaction with Fcγ receptors (FcγR) (27). Kuo et al. used meditope technology to design the soluble module in their platform, known as meditope-enabled mAb (memAb). They grafted a cyclic, 12 amino acid peptide onto the human anti-HER2 mAb at a site between the light and heavy chains, naming it a meditope due to its position (28).

The majority of the included studies (13 out of 33) employed single-chain variable fragments (scFv) derived from monoclonal antibodies specific to the target antigen. Conversely, 4 studies utilized the FAB format as the antigen-binding domain, which comprises the heavy chain variable domain, heavy chain constant domain CH1, and light chain variable and constant domains (VH-CH1-VL-CL). Ma et al., using the anti-FITC CAR platform, preferred the FAB format over monoclonal antibodies due to its short half-life, allowing better control of CAR-T activity (29). One study by He et al. utilized nanobodies (nb) to target antigens (30). Nanobodies are the variable domains of heavy-chain-only antibodies (HCAbs) found in camelids and sharks. These HCAbs are heavy-chain homodimers lacking a light chain, which reduces the size of antigen-binding part to one domain (31).

Three studies utilized receptor-ligand interactions to control CAR activity. Specifically, folate was used to target the folate receptor (44, 50), 2-[3-(1,3-dicarboxypropyl)ureido] pentanedioic acid (DUPA) to target the prostate-specific membrane antigen (43, 44), and acetazolamide (AZA), an inhibitor of carbonic anhydrase IX (44). As the target antigens’ expression is not always tumor-restricted, using ligands as antigen-targeting domain may present a risk of on-target/off-tumor toxicity.

Stepanov et al. utilized Designed Ankyrin Repeat Proteins (DARPins) G3 and 9.29 to target HER2. The G3 DARPin binds to the HER2 membrane-proximal domain IV, while the 9.29 DARPin interacts with the membrane-distal subdomain I (32). Typically, ankyrin repeat proteins are composed of tightly packed repeats, usually 33 amino acid residues each. Each repeat forms a structural unit consisting of a β-turn followed by two antiparallel α-helices, and up to 29 consecutive repeats can be found within a single protein (33).

Sun et al. employed a unique strategy for antigen targeting by loading nanoparticles with an antigen peptide from EGFR vIII (referred to as EvIII). This peptide is effectively targeted by CAR-T cells and is convenient for synthesis and modification. The resulting particles, termed fusogenic antigen-loaded nanoparticles (F-AgNPs), were used for in situ antigen modification (34). This approach aims to address the scarcity and heterogeneity of suitable target antigens commonly found in solid tumor.




3.3.3.2 Pharmacokinetic properties of the soluble module

The presence of the soluble module in the bloodstream and within the tumor microenvironment plays a crucial role in modulating the activity of modular CAR-T cells. It provides a safety mechanism to mitigate CAR-related toxicities and prevent CAR-T exhaustion. Among the included studies, 11 studies reported pharmacokinetic assessments of the soluble module, either within the same xenograft model utilized for efficacy evaluations or in secondary models. Cartellieri et al. and Landgraf et al. specifically reported on serum levels of the soluble module post-administration. Cartellieri et al. observed that following intravenous injection of 250 ng/g of the soluble module, blood concentrations peaked at 480 ± 156.78 ng/mL after 1 hour, diminishing almost entirely within 600 minutes (26). Meanwhile, for intraperitoneal injection, the maximum blood concentration reached 400 ± 186.48 ng/mL after 120 minutes. Landgraf et al. investigated the serum concentrations of the soluble module Rit-S3 in a subcutaneous xenograft model following the co-administration of CAR-T cells with the soluble module. Remarkably, the serum levels of Rit-S3 remained stable throughout the study period, maintaining consistency until day 21, where levels peaked at approximately 600 ng/mL (3.2 nM), suggesting a robust presence of armed peripheral CAR cells. However, by day 45, no measurable levels of Rit-S3 were detected (35).

The studies by Bejestani et al., Cartellieri et al., Loff et al., Meyer et al., Ochi et al., Peng et al., Ruffo et al., Su et al., and Sun et al. investigated various aspects of pharmacokinetics and biodistribution in preclinical models. Bejestani et al. examined the tumor biodistribution and plasma pharmacokinetics of TM-PSCA, revealing rapid clearance post-intravenous and intraperitoneal injections (36). Cartellieri et al. evaluated the pharmacokinetics of anti-CD123/CD33 TM, demonstrating rapid clearance from peripheral blood post-intravenous injection with a half-life of approximately 1 hour (26). Loff et al. studied the pharmacokinetic properties of TM123, showing rapid clearance from the peripheral blood (a plasma half-life of 27 minutes) and bone marrow infiltration (20). Meyer et al. modified TM123 to increase its plasma half-life by increasing its hydrodynamic volume via fusion with sc4-1BBL, resulting in TM123-4-1BBL with a larger size (93.5 kDa), significantly extending its terminal plasma half-life to 5.8 hours post-intravenous injection and 8.6 hours post-intraperitoneal injection (37). Ochi et al. explored the antibody-dependent cell-mediated cytotoxicity activity (ADCC) of cCD16ζ-T cells against tumor cell lines in vitro, demonstrating dose-dependent responses, with cCD16ζ-T cells exhibiting ADCC activity at antibody doses lower than the pharmacological range (38). Peng et al. conducted pharmacokinetic profiling of Fab-N switches, determining their half-lives in CD-1 mice, ranging from 8.89 to 9.40 hours (39). Ruffo et al. developed a mathematical model to study universal adapter receptor signaling (23). Su et al. evaluated the PK properties of CTE-19.20 proteins in Balb/c and NSG mice, where CTE-19.20-His displayed a similar half-life in both strains, while CTE-19.20-RG exhibited a shorter-than-expected half-life in Balb/c mice due to albumin-mediated recirculation via FcRN binding (40). Sun et al. explored the biodistribution and tumor targeting of F-AgNPs, demonstrating their accumulation at tumor sites, peaking at 24 hours and gradually metabolizing thereafter, returning to baseline levels around 120 hours post-administration. F-AgNPs exhibited superior antigen modification efficiency compared to conventional nanoparticles (34).

Landgraf et al. investigated the pharmacokinetics of two MicAbody variants, where ULBP2-S3 is conjugated to either the light chain (LC-U2S3) or the heavy chain (HC-U2S3) of Rituximab. Both variants exhibited a β-phase similar to the parental antibody, with a sharper α-phase attributed to the retention of U2S3 binding to endogenous mouse wild-type NKG2D. The LC-U2S3 fusion demonstrated a slightly longer terminal half-life than the HC-fused MicAbody and was more effective at early time points in suppressing Raji B cell lymphoma expansion in NSG mice (35).

The majority of studies (82%, 27/33) featured proof-of-concept in vitro and/or in vivo experiments demonstrating that T cells expressing the universal receptor exhibited no baseline activity in the absence of the soluble module. However, four studies lacked experimental evidence regarding the absence of baseline activity, often due to the presence of preceding articles providing such information. It is worth noting that two studies used T cells that co-express the universal CAR and the soluble module; thus, there were no reports of baseline activity (41, 42). In all the included studies, the authors demonstrated that the activity of modular CAR T cells is dependent on the presence of the soluble module in a dose-dependent manner.





3.3.4 Characteristics of the experimental setup in vivo

In the majority of cases (88%, 29/33), the intervention followed a specific sequence, with the tumor being injected first and allowed to establish itself, followed by the administration of CAR T-cells, either with or without the soluble module, and repeated doses of the soluble module and/or CAR T-cells as part of the treatment regimen. However, in two studies, the exact time of CAR administration in days after tumor establishment was not reported (43, 44). In the other two studies, CAR T-cells were administered prior to tumor establishment to create a low-burden tumor model and allow for the CAR T-cell engraftment of the peripheral blood (26, 36). Two other studies co-administered tumor cells with CAR-T cells (45, 46). Additionally, one study included a co-intervention in which all mice received intraperitoneal injections of 1,000–2,000 IU of IL-2 twice a week for 4 weeks (47).

In vivo antitumor activity against xenografts is a critical factor in determining the clinical development potential of specific CAR designs. To obtain reliable readouts that mimic clinical settings, xenografts are often treated with suboptimal doses of CAR T cells. In the studies reviewed, the CAR-T doses ranged between 1 to 40 million cells, with CAR-T cells typically administered once. The soluble module was administered multiple times in all studies except for those by Saleh et al., Landgraf, and Ochi, where it was given once alongside CAR-T cells, and Ambrose et al. and Rennert et al., where it was secreted by the CAR-T cells. Supplementary Table 1 contains more comprehensive details regarding the intervention employed in each study.





3.4 Risk of bias in studies

The evaluation of study bias was conducted in accordance with the SYRCLE risk of bias tool tailored for preclinical animal investigations (13). Our analysis revealed that 45.45% of the examined studies exhibited a high risk of bias concerning sequence generation. This was partly due to the use of simple randomization methods without precisely defining the random component involved in sequence generation when mice were randomized prior to the experiments. Approximately 30.30% of the studies reported the baseline characteristics of the animals that may influence the outcomes across groups (e.g., body weight, tumor volume, or burden at the start of the experiment). Allocation concealment information was notably absent in most cases, although two studies, conducted by He et al. and Sun et al., stated that investigators were not blinded to allocation during both experimentation and outcome assessment (30, 34). All studies had an unclear risk of bias concerning the random housing of animals during experiments as well as the random outcome assessment. Notably, one study by Stock et al. (2022) reported conducting all experiments in a randomized fashion without specifying the randomization component (48). The majority of studies did not provide information related to detection bias (72.73%). Nevertheless, most studies exhibited a low risk of bias concerning incomplete outcome data (63.64%) and selective outcome reporting (93.94%). Furthermore, an additional source of bias observed across studies pertained to design-specific considerations. Specifically, in some instances, one component of the intervention, namely CAR-T cells, was introduced before the administration of tumor cells, raising questions about the potential influence of CAR-T cell presence on tumor engraftment. A comprehensive overview of the risk of bias assessments for all included studies can be found in Figure 3B.




3.5 Evaluation of modular CAR-T platforms across included studies



3.5.1 Tumor burden

To evaluate CAR-T in vivo, there are critical parameters to be assessed and are related to the wide range of CAR-T-functions after encountering the target tumors in an organism. The primary measure of CAR-T cell functionality is their killing activity, which is assessed through changes in tumor burden or volume in xenograft models compared to negative or positive control groups. Although this measure cannot precisely predict the performance of CAR-T therapy in clinical context, it provides an estimation of the cell product’s ability to induce remission.

Out of the 33 studies analyzed, 19 reported measurements of tumor burden in treated animals, while 15 reported tumor volume measurements. However, only 10 studies for tumor burden and 11 for tumor volume were eligible for statistical synthesis. Exclusion criteria were applied due to missing reports of the central tendency measure (mean or median) and its error, absence of standard deviation or error, or normalization of outcome measures to unreported baseline values.

All of the included ten studies examined the impact of tumor burden on the efficacy of anti-tumor CAR-T therapy compared to various negative control cohorts, which included 1) untreated mice; 2) mice treated with only the switchable (soluble) module without CAR-T cells; 3) mice treated with only CAR-T cells without the switchable (soluble) module; and 4) mice treated with non-transduced T cells. Six of these studies also included a comparison of CAR-T efficacy with conventional CAR-T cells targeting the same antigen as a positive control. The negative control cohorts were combined, and two separate forest plots were utilized to represent the relevant efficacy of the included CAR-T platforms in eliminating the target tumor. The first plot compared the experimental group with the combined negative control group, while the second plot compared the experimental group to the positive control group. A total of 234 mice were included in these studies. One study by Peng et al. contributed data from two different cell lines for xenograft model establishment; accordingly, we added numerical identifiers to the study ID, as follows: 1) JeKo-1 mantle cell lymphoma cell line; and 2) HT-29 colorectal adenocarcinoma cell line (39).

Individual studies demonstrated varying degrees of tumor burden reduction when employing modular CAR systems, each influenced by specific CAR architectures, cancer types, and experimental conditions (Figure 4A). Substantial between-study heterogeneity was observed, with an I2 value of 84.8% (95% CI: 74.4; 90.9%). Graphic Display of Heterogeneity (GOSH) plots identified three influential outliers: 35, 47; and 54. After excluding these outliers, there was still notable heterogeneity the I2 value decreased to 76.6% (95% CI: 53.4; 88.3%), likely due to the use of different modular CAR-T platforms across studies. However, the overall trend suggests a potential benefit of the experimental modular CAR-T platforms in reducing tumor burden.

[image: Two forest plots, labeled A and B, compare the effectiveness of different CAR T-cell therapies against control groups. Both plots display studies with mean, standard deviation, and standardized mean difference with 95% confidence intervals. Plot A includes studies about CD16, Convertible, Fabraack, sCAR, SNAP, Spy-Catcher, SUPRA, and TRUE CAR. Plot B includes Convertible, sCAR, SNAP, and SUPRA CAR. Horizontal lines indicate confidence intervals, with boxes representing effect estimates. Some studies favor experimental treatment, while others favor control.]
Figure 4 | Summary effect sizes of tumor burden. (A) compared to the combined negative and (B) positive control groups. The studies are grouped according to the modular CAR-T platform used; the names of the platforms are shown in bold above the studies in which they were employed. SD, standard deviation; CI, confidence interval.

Comparison with the positive control group indicated varied results among individual studies regarding tumor burden. (Figure 4B). For instance, some studies showed a slight tendency towards greater tumor burden in the experimental group compared to the control, but this difference was not significant. Heterogeneity in this analysis was moderate, with an I2 value of 56.8% (95% CI: 0.0%; 81.4%). No influential outliers were identified in the GOSH plots despite the diverse nature of the CAR-T platforms used.




3.5.2 Tumor volume

Eleven studies examined tumor volume as the primary determinant of anti-tumor CAR-T activity, comparing it to negative control cohorts. Two of these studies also included comparisons with conventional CAR-T cells targeting the same antigen as a positive control. Negative control cohorts were consolidated, and forest plots were utilized to represent the relevant efficacy of the included CAR-T platforms in eliminating the target tumor comparing either to the combined negative control group or the positive control. A total of 361 mice were involved in these studies. Four studies were included multiple times: Bejestani et al. contributed twice due to the utilization of two distinct tumor burden xenograft models, varying in CAR-T administration timing (36). The identifiers 1) denote a low-burden model with CAR-T cells administered four weeks before tumor establishment, while 2) represent a high-burden model with CAR-T cells administered four weeks after tumor establishment. Karches et al. were included three times as they employed three different cell lines for xenograft model establishment: 1) Suit-2-MSLN, 2) MIA-PaCa-MSLN, and 3) MIA MSTO-MSLN (49). Lu et al. used two different cell lines for tumor establishment, so they were included twice, as follows: 1) MDA-MB-231 and 2) Hos-FRa (50). Lastly, Lee et al. (2018) (44) utilized the MDA-MB-23 cell line, which naturally expresses FRa, and the same cell line engineered to express PSMA, or carbonic anhydrase (CA IX) (44). The identifiers (1) (2) (3), were assigned to these models, respectively.

As expected, individual studies demonstrated varying degrees of tumor volume reduction when employing modular CAR systems. However, the overall tendency shows a reduction in the tumor volume after treatment compared to the negative control. The between-study heterogeneity variance was estimated at I2 = 72.7% (95% CI: 55.8%; 83.2%) (Figure 5A). Graphic Display of Heterogeneity (GOSH) plots identified three influential outliers: 41; (1, 49); and  (1, 44). The I2 value dropped to 52.6% (95% CI: 13.0%; 74.2%) after outliers’ exclusion. This moderate heterogeneity probably stems from the use of different modular CAR-T platforms. In the two studies using positive control for comparison, no significant difference in tumor volume was observed (Figure 5B).

[image: Forest plot displaying the standard mean differences and confidence intervals for various CAR T-cell therapy studies. The plot includes different subgroups such as Anti-FITC CAR, BsCAR, CAR-CD19, and others, with associated means, standard deviations, and total sample sizes. Results are visualized with standardized mean difference estimates, indicating favor toward experimental or control treatments. Panel B shows a comparison between Fc-targeting CAR and CAR-CD19, with detailed statistical measures including experimental mean, positive control mean, and weights, showing favor toward Fc-targeting CAR.]
Figure 5 | Summary effect sizes of tumor volume. (A) compared to the combined negative and (B) positive control groups. The studies are grouped according to the modular CAR-T platform used; the names of the platforms are shown in bold above the studies in which they were employed. SD, standard deviation; CI, confidence interval.




3.5.3 Peripheral blood T cell quantification and phenotype

It is essential to comprehend the dynamic changes in the quantity of CAR T cells and their phenotype, which indicates the developmental and functional stages of CAR T cells. The phenotype of CAR T cells is defined by the expression of certain surface markers that occur during their differentiation, activation, and memory formation. Typically, CAR T cells with a memory-like phenotype, characterized by the expression of surface markers CD62L, CCR7, CD45RA, and CD45RO, exhibit superior efficacy. Analyzing these markers on CAR T cells, alongside other functional tests, would provide a thorough understanding of the underlying biology of how CAR T cells maintain or lose their antitumor function.

Six studies examined the CD3+ CAR+ T-cell count in peripheral blood following T-cell injection, with He et al. (30), Lu et al. (50), and Ma et al. (29) reporting events per μL of blood, while Liu et al. (51) and Meyer et al. (37) reported it as a percentage of total lymphocytes. The duration of observation varied across studies, ranging from 10 to 54 days post-CAR-T cell administration. Only Liu et al. and Lu et al. assessed the significance of the observed differences between the experimental and control groups. The former found no significant difference between the experimental groups and the conventional CAR-T control group. The latter found a significant difference (p<0.05) between the experimental group and the CAR-T-only group, with a tenfold higher prevalence of CAR-T cells in the blood of the experimental groups in both the THP1-FRβ and MDA-MB-231 models.

Ruffo et al. (23) reported the percentage of various CAR-T cell phenotypes in peripheral blood after 7 days of CAR-T administration, including T-central memory (TCM) CD62L+CD45RA-, T-effector memory (TEM) CD62L-CD45RA-, terminal effector memory T cells (TEMRA) CD62L-CD45RA+, and T-stem cell memory (TSCM) CD62L+CD45RA+, without performing statistical tests for comparison with conventional CAR-T control because the results were reported for one sample per each group. Stock et al. (48) included the following phenotypes: naïve-like T (TN) cells as CD45RA+ CCR7+, central memory-like T (TCM) cells as CD45RA- CCR7+, effector memory-like T (TEM) cells as CD45RA- CCR7-, and effector-like T (Teff) cells as CD45RA+ CCR7-. Compared to the conventional CAR-T control, significant differences were observed for the TN (p<0.05), TCM (p<0.001), and TEM (p<0.0001) populations, while no significant difference was observed for Teff. However, after 10 days of treatment, CAR-T cells in the experimental group predominantly exhibited the effector memory-like T (TEM) phenotype.

Rodgers et al. investigated the impact of different doses of the soluble module (0.05, 0.5, or 2.5 mg/kg) on the proportions of various memory phenotypes (TCM, TEM, TEMRA, TSCM) compared to conventional CAR T cells. They examined the expression of CD45RA and CD62-L on CD4+ and CD8+ T cells in peripheral blood after 21 days (5 days following the final dose). The group receiving 2.5 mg/kg exhibited significant expansion of the CD45RA+CD62L− terminal effector memory expressing CD45RA (TEMRA) compartment in both CD4+ and CD8+ T cells, compared to the lower-dose groups. Conversely, the lower-dose groups (0.05 and 0.5 mg/kg) had significantly larger populations of CD45RA−CD62L+ central memory cells, which is hypothesized to result from lower levels of stimulation during the initial dosing period. This finding highlights a key advantage of this platform: the dosing of the soluble module can influence the CAR-T memory phenotype in vivo (24).

A detailed representation of this outcome is represented in Supplementary Table 2.




3.5.4 Median survival

All 18 studies included in the analysis reported survival rates in treated animals compared to negative control groups, with 5 studies also using conventional CAR-T as a positive control for comparison. Therefore, two separate forest plots were constructed to show the median survival relative to the combined negative group or positive group. A total of 518 mice were involved in the statistical synthesis. Seven studies were included multiple times: Bejestani et al. contributed twice due to using two distinct tumor burden xenograft models with varying CAR-T administration timing (36). The identifier (1) denotes a low-burden model with CAR-T cells administered four weeks before tumor establishment, while (2) represents a high-burden model with CAR-T cells administered four weeks after tumor establishment. Benmebarek et al. used (1) MV4-11-LUC-GFP and (2) THP-1-LUC-GFP cell lines to establish two xenograft models (52). Kuo et al. targeted two different tumor antigens (1): EGFR/HER3, and (2) CDH6 (28). Loff et al. used two different xenograft models (1): cell-line-derived and (2) patient-derived (20). Peng et al. contributed data from two different cell lines for xenograft model establishment (1): JeKo-1 mantle cell lymphoma cell line; and (2) HT-29 colorectal adenocarcinoma cell line with R12 N Fab soluble model; and (3) with 324 N Fab soluble model (39). Rennet et al. used two cell lines for xenograft model establishment (1): U937 and (2) PL21 (42). Sun et al. also used two cell lines (1): MKN45 and (2) MGC803 (34).

The median survival varied among studies with a clear tendency towards a higher survival probability compared to the combined negative group at the study endpoint (Figure 6A). However, substantial between-study heterogeneity was observed, with an I2 value of 93.3% (95% CI: 91.2%; 94.8%). Graphic Display of Heterogeneity (GOSH) plots identified three influential outliers (1, 26, 28, 41). Excluding these outliers, the I2 value remained high at 93.8% (95% CI: 91.8%; 95.3%), indicating considerable heterogeneity presumably related to the use of different modular CAR-T platforms across studies, as well as the different target antigens and experimental setups. Comparing to the positive control group, there is no significant difference in survival rate, with a minor tendency toward a lower survival rate (Figure 6B). Heterogeneity in this analysis was moderate, with an I2 value of 63.8% (95% CI: 18.2%; 84.0%). No influential outliers were identified in the GOSH plots.

[image: Two forest plots display hazard ratios for CAR T-cell therapies. Panel A shows studies favoring both experimental and control groups, with red squares indicating median survival ratios. Panel B shows studies mostly favoring the experimental group. Each plot lists study names, logHR, and confidence intervals, with horizontal lines showing variability in estimates. Red squares' sizes reflect study weights.]
Figure 6 | Summary effect sizes of median survival. (A) compared to the combined negative and (B) positive control groups. The studies are grouped according to the modular CAR-T platform used; the names of the platforms are shown in bold above the studies in which they were employed. SD, standard deviation; CI, confidence interval.




3.5.5 Body weight

Body weight was assessed either in grams or as a percentage change in body weight at the study endpoint. Eight studies provided data on this measure, and a standardized mean difference was computed to accommodate the varied measurement scales [citations]. The findings indicated either a decrease in body weight or no change compared to the combined negative control group. This trend aligns with the reduction in tumor burden and/or tumor volume observed in the experimental group (Supplementary Figure 1A).




3.5.6 Human cytokines in the peripheral blood

Understanding the cytokine profile of CAR T cells is crucial for determining efficacy and toxicity. Certain cytokines, such as IL-2, IL-15, IFN-γ, and TNF-α, can promote CAR T cell expansion and killing, activating other immune populations. Others, like IL-6, IL-10, and TGF-β, can inhibit antitumor immune function. Human cytokine levels in peripheral blood were measured in picograms per milliliter (pg/mL), with data reported in 7 out of 33 studies. Among these, 3 studies compared cytokine levels to a conventional CAR-T against the target antigen as a positive control. All the assessed cytokines were pro-inflammatory, including IFN-γ, TNF, IL-2, IL-18, and IL-6. IFN-γ was reported in all seven studies, TNF in 4 out of 7, IL-2 in 3 out of 7, and IL-18 and IL-6 were each reported in one study. Standardized mean differences were calculated, considering either a positive control (Supplementary Figure 1B) or a combined negative control (Supplementary Figure 1C). Notably, cytokine expression was generally higher in the experimental group compared to the negative control group, while expression levels were lower or showed no significant change compared to the positive control group. In the study by Liu et al. cytokine production was noticeably lower than conventional CAR-T cells (51).




3.5.7 Percent tumor-free

The percentage of tumor-free mice is another parameter to assess the ability of the CAR-T platforms to eliminate tumors. This outcome measure was calculated as the proportion of mice without tumors relative to the initial number of animals at the start of the experiment. It was assessed in only two studies: one using anti-FITC CAR targeting EGFR with the soluble module FITC-cetuximab (Ctx), and another using SpyCatcher CAR-T targeting hGPC3 with anti-hGPC3 scFv-SpyTag (51, 53). Both studies showed that the mice treated with modular CAR-T remained tumor-free until the end of the experiment. Tamada et al. found that anti-FITC CAR with FITC-Ctx effectively prevented tumor formation until day 26 in the experimental group, while control groups had tumors by day 15 (53). In Liu et al.’s study, the highest concentration of anti-hGPC3 scFv-SpyTag kept mice tumor-free for 50 days, whereas lower concentrations and control groups did not (51).




3.5.8 Metastases formation

Five studies explored modular CAR-T therapy efficacy against tumor metastasis in different experimental models. Lu et al. utilized a xenograft model of acute myeloid leukemia (AML) to investigate metastasis, where THP1-FRβ tumor cells were administered intravenously, leading to widespread dissemination of the tumor cells, forming both liver and non-liver metastatic lesions, most of which localized to the mouse ovary. Treatment with Spy-Catcher CAR cells plus EC17 effectively controlled liver tumor metastases compared to control groups (54). In contrast, Meyer et al. found that UniCAR-T-treated animals developed extramedullary AML disease. The treated animals exhibited numerous subcutaneous and organ metastases, emphasizing the aggressive nature of the disease. All studied metastases had a high CD33+ AML chimerism and CD123 positivity (37).

Ochi et al. observed prolonged survival in mice treated with cCD16ζ-T cells and rituximab, with significant suppression of tumor growth in the liver, spleen, lung/heart, and uterus/ovary/fallopian tube compared to control groups (38). Raj et al. used switchable CAR-T cells targeting HER2 in a patient-derived xenograft model of stage IV advanced pancreatic ductal adenocarcinoma (PDAC) to simulate the significant liver and lung metastases seen at this stage. Throughout the experiment, the mice treated with sCAR-T cells and HER2-specific switches remained tumor-free, as did mice treated with conventional HER2 CAR-T, demonstrating that the sCAR platform is promising against aggressive and diffuse tumors derived from patients with advanced PDAC (21).

Lastly, Sun et al. mimicked clinical scenarios by establishing a disseminated peritoneal tumor model. They found that combined administration of the soluble module F-AgNPs and TRUE CAR-T cells effectively controlled tumor growth and cleared metastatic regions (34).





3.6 Other platforms that were not included

One shortcoming of this review is that the selection criteria excluded some valuable and newly established platforms worth mentioning. Therefore, we briefly describe these platforms here, highlighting their in vivo activity where it has been examined.



3.6.1 Biotin-binding immunoreceptor

The earliest platform was developed by Powell Jr. lab in the University of Pennsylvania and it is based on the high-affinity interaction between avidin and its natural binding partner, biotin. The chimeric receptor, called biotin-binding immune receptor (BBIR), consists of the second-generation CAR structure with avidin as the ectodomain so it specifically recognizes biotinylated antibodies. Interestingly, CAR T-cells were only activated when biotinylated antibodies bound to their target. Free biotin, on the other hand, can bind to the receptor and render CAR T-cells inactive (55). This strategy has been proven effective in the elimination of tumors expressing EpCAM and CD20 both in vitro and in vivo (55, 56). However, Avidin is considered xenogeneic, thus there are some concerns about its immunogenicity. The authors claimed that the presence of a preconditioned environment (lymphocyte depletion) can reduce the risk of developing inhibitory immunogenicity (55).




3.6.2 Latching Orthogonal Cage–Key pRotein system

One of the innovative universal CAR platforms is called multiple component-logically gated CAR or CO-LOCKER CAR. It uses the Latching Orthogonal Cage–Key pRotein (LOCKR) switch which consists of a structural “Cage” protein that uses a “Latch” domain to sequester a functional peptide in an inactive conformation until binding of a separate “Key” protein induces a conformational change that permits binding to an “Effector” protein. This allows for the logical gating of CAR activity (AND, OR, NOT gates). The platform was only tested in vitro as a “proof-of-principle”. In vivo studies, however, have not been conducted yet (57).




3.6.3 Adapter CAR system

The AdCAR-T platform employs a two-component signal transduction system based on a split recognition/activation design, where labeled monoclonal antibodies transmit antigen recognition into T-cell activation via an anti-label CAR. The soluble module in this system is generated through biotinylation using specific linker chemistry, resulting in a molecule comprising an antigen-binding moiety, a linker moiety, and a label moiety (biotin). The AdCAR is based on the unique characteristics of the monoclonal antibody mBio3, which binds to biotin in the context of a specific linker, referred to as a Linker-Label Epitope (LLE). The authors tested the in vivo activity of this platform using a rapidly progressive xenograft model of Burkitt’s lymphoma (Raji cell line) and utilized the therapeutic mAb Rituximab as the antigen-binding domain to demonstrate the potential for direct clinical translation of the AdCAR-T technology. They did not observe signs of GvHD in the mouse models. Tumor burden was assessed by in vivo bioluminescence imaging (BLI). Remarkably, AdCAR-T in combination with LLE-rituximab completely eradicated disseminated lymphoma, proving as efficient as conventional CD20-CAR-T, although with slightly delayed kinetics. Mice remained in complete remission, as demonstrated by BLI and flow cytometry of bone marrow, even after LLE-rituximab administration was terminated. In contrast, neither AdCAR-T nor LLE-rituximab alone had a significant effect on tumor burden (58).




3.6.4 ARC-SparX platform

The ARC-SparX platform combines a genetically modified T cell expressing an antigen-receptor complex (ARC-T) with a soluble protein antigen-receptor X-linker (SparX) that links the ARC-T to tumor cells. ARC-T cells feature a 73 amino acid synthetic protein D-domain in their extracellular domain, specifically binding to the TAG domain within the SparX adapter, which includes the third domain of human alpha-fetoprotein (AFP domain III) due to its stability and human origin. The SparX adapter also utilizes D-domains engineered to bind various tumor antigens. The platform’s selectivity ensures ARC-T cell activation only in the presence of SparX and antigen-expressing tumor cells.

A key advantage of the ARC-SparX platform is the controllability of ARC-T cells through SparX protein administration. In vivo studies on NALM6-BCMA-bearing NSG mice revealed that BCMA SparX proteins bound to tumor cells were detectable up to 8 hours post-injection. Cytokine levels in serum, such as IFN-γ, peaked at 8 hours and dropped to baseline within 48 hours after BCMA SparX administration, demonstrating intermittent cytokine activation. This pattern differed from the traditional BCMA-CAR, where cytokine levels steadily increased.

Comparative studies using a xenograft model showed that ARC-T cells with daily doses of bivalent BCMA SparX cleared tumors as effectively and rapidly as BCMA-CAR. Both cell types expanded in vivo to a peak on day 7, with BCMA-CAR cells expanding more extensively. At peak expansion, both cell types displayed similar effector phenotypes and increased effector memory (TEM) and effector T cells (TEMRA), while reducing stem-cell memory phenotype T cells (59).




3.6.5 Conduit CAR

The main advantage of the conduit CAR platform is that it does not require the introduction of any novel engineered antigen on T cells, but rather utilizes an existing feature present in most clinical CAR T-cell therapies, the flexible ScFv linker. The soluble module is a bispecific antibody (BsAb) that targets the (GGGGS)n or (G4S)n linker found on most existing CARs and the tumor-associated antigen. Borrok et al. demonstrated that CAR T cells expressing either a germline antibody ScFv (with no known specificity) or a CD19-targeting CAR can be redirected to target prostate tumor cells via a bispecific soluble module. This technology offers clinical advantages due to its adaptability to target novel TAAs, potential toxicity control through dosage adjustment, and compatibility with existing clinical CARs. However, the study did not include in vivo experiments (60).




3.6.6 Folate receptor (BsAb-binding immune receptor)

This platform relies on the interaction between folate and the folate receptor and combines the application of a bispecific antibody (BsAb) with T-cells genetically engineered to express a unique BsAb-binding immune receptor (BsAb-IR). The BsAb-IR consists of a portion of an extracellular folate receptor (FR; 231aa) fused to intracellular TCR and CD28 costimulatory signaling domains in tandem. It can be bound and activated by an anti-FR antibody arm of a unique BsAb that bridges the FR and tumor antigen (frBsAb). The study included a proof-of-concept in vitro experiment showing that tumor antigen-specific frBsAbs bind specifically to target antigens on human tumor cells. Upon co-engagement of the BsAb-IR on engineered T-cells, this binding delivers simultaneous TCR CD3 activation and CD28 costimulation signals in a target-dependent manner. This results in the selective augmentation of activation, proliferation, and antitumor activity of the BsAb-IR T-cell subset. However, no in vivo studies were conducted (61).






4 Discussion

Modular CAR platforms offer a novel solution to overcome the limitations of current CAR technologies. They present a more flexible and manageable therapeutic approach, allowing for the targeting of multiple antigens. The majority of these platforms and others have undergone in vivo studies on animal models. Therefore, we decided to collect the available preclinical evidence on their performance in vivo. We conducted systematic research of the available animal studies of the modular CAR-T platforms. Our findings indicate that these platforms outperformed negative control groups in terms of tumor elimination, survival rate, and pro-inflammatory cytokine secretion, while performing equally well as their conventional CAR-T counterparts.

Despite the fact that these platforms share a similar principle, each study’s in vivo experimental design was very different. Therefore, we did not limit the inclusion criteria with respect to the experimental design (CAR and soluble module administration times and frequencies, for example), in an effort to be inclusive of all these studies. Nevertheless, our analysis did not fully represent all of the modular CAR T platforms that are currently available. Because of the variety of platforms, targeted antigens, experimental designs, and xenograft models employed, there was a noticeable heterogeneity among the studies. On the other hand, heterogeneity between studies is commonly observed in systematic reviews of animal studies, and it is mostly due to the variable nature of animal studies in terms of study characteristics and design (62).

The soluble module, the controlling component that regulates CAR T cell activity, is what sets modular CAR-T platforms apart from conventional CAR-T therapy. And every study that was included supported this assertion. It is reasonable to assume that the soluble module’s biodistribution, binding affinity, and availability all affect CAR activity and, consequently, platform safety. Not every study explicitly mentioned this element; in those cases, we looked into whether earlier reports had addressed the issue. The selection of the soluble module dose range and administration frequency, however, seems to be primarily empirical, though we were unable to ascertain the rationale behind it.

When conducting animal studies, there are guidelines that should be followed in order to ensure repeatable and dependable results with the least amount of animal sacrifice. During our research, we often discovered that the animal studies were not adequately reported, particularly when it came to the methods used in the animal experiments. Some studies even failed to disclose the total number of mice used in the experiments or the reasoning behind selecting the appropriate sample size. Not all the data was provided in the article or in the supplementary materials. The lack of clarity and appropriate reporting threatens the research’s reproducibility and validity.

In conclusion, we found that the modular CAR-T platforms are generally effective and are a valuable addition to the arsenal of CAR therapy.
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Background

Select patients with relapsed/refractory aggressive B cell lymphoma may benefit from bridging radiation (bRT) prior to anti-CD19-directed chimeric antigen receptor T cell therapy (CAR-T). Here, we examined patient and treatment factors associated with outcomes and patterns of failure after bRT and CAR-T.





Methods

We retrospectively reviewed adults with diffuse large B-cell lymphoma (DLBCL) who received bRT prior to axicabtagene ciloleucel, tisagenlecleucel, or lisocabtagene maraleucel between 11/2017-4/2023. Clinical/treatment characteristics, response, and toxicity were extracted. Survival was modeled using Kaplan-Meier or Cox regression models for events distributed over time, or binary logistic regression for disease response. Fisher’s Exact Test or Mann-Whitney U methods were used.





Results

Of 51 patients, 25.5% had bulky disease and 64.7% had Stage III/IV disease at the time of RT. Comprehensive bRT alone to all disease sites was delivered to 51% of patients, and 29.4% were additionally bridged with systemic therapy. Median follow-up was 10.3 months (95% CI: 7.7-16.4). Overall response rate (ORR) was 82.4% at 30 days post-CAR-T infusion. Median overall survival (OS) was 22.1 months (6.6-not reached) and the median progression-free survival (PFS) was 7.4 months (5.5-30). OS/PFS were 80% (66-99)/78% (64-87) at 1-year, and 59% (44-71)/54% (40-67) at 2-years, respectively. Comprehensive RT to all sites of disease correlated with improved PFS and OS, p ≤ 0.04. Additionally, ECOG ≥2 and Stage III/IV disease predicted poor OS (p ≤ 0.02). Disease bulk, IPI ≥3, and non-GCB histology were poor predictors for disease-specific survival (DSS), p<0.05. The latter two, as well as bRT dose of ≤30 Gy predicted worse PFS (p<0.05). Among patients with advanced stage disease, comprehensive bRT to all sites of disease (n=10) was not associated with improved OS and PFS compared to focal bRT (n=23), p>0.17. No difference was seen in bridging RT vs. chemoRT. Twenty-six patients developed relapse (50.9%), of which 46% was in-field. Risk of in-field relapse correlated with bulky disease (OR=7, 95% CI: 1.2-41, p=0.03) and lack of response at 30 day post-CAR-T evaluation (OR=16.8, 95% CI: 1.6-176, p=0.02), but not with bRT dose (p=0.27).





Conclusion

bRT and CART is a good treatment strategy for select patients with aggressive B cell lymphoma. Comprehensive bRT including all sites of disease is associated with improved outcomes.
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1 Introduction

Chimeric antigen receptor (CAR) T-cell therapy targeting CD19 has revolutionized the treatment of relapsed or refractory B cell lymphomas. It is being adopted earlier in treatment paradigms considering recent favorable outcomes in second-line trials ZUMA-7 and TRANSFORM (1–4). Three autologous CD19-directed CAR T-cell therapies (tisagenlecleucel, axicabtagene ciloleucel, and lisocabtagene maraleucel) are currently approved for the treatment of diffuse-large B cell lymphoma (DLBCL) on the basis of encouraging initial overall response rates (ORRs), with lasting responses achieved in 40-74% of patients across landmark clinical trials. However, up to 60% of patients do not attain a CR after undergoing CAR T-cell therapy, and up to 70% of patients eventually experience progressive disease (PD) with very poor outcomes (5, 6). In turn, there is a compelling motivation to identify treatment approaches that may improve CAR-T cell efficacy.

Many patients planned to undergo CAR T-cell therapy harbor symptomatic, active disease that could be fatally progressive if left unmanaged during the 3- to 4-week autologous cell-manufacturing phase. For these patients, “bridging” therapy delivered between leukapheresis and CAR-T infusion can be beneficial. Bridging therapy can be also given to patients due to perceived high risk of relapse, palliation, or for cytoreduction. The array of options for bridging therapy encompasses radiotherapy (RT), chemotherapy, steroids, and immunotherapy, potentially in various combinations. There is limited data available to guide the selection among these modalities, with resulting heterogeneity and wide variance in clinical practice.

Bridging RT (bRT) as an approach is an appealing modality due to its efficacy in cases of chemorefractory disease, the known sensitivity of hematological malignancies to RT, and effective disease debulking, as well as potential for synergy and immune priming by radiation (7). With the advent of additional cellular therapies and earlier incorporation of CAR T-cell therapy in relapsed/refractory treatment paradigms due to favorable clinical trial results with CAR T-cell therapy, there is increased applicability of optimizing bridging strategies, including bRT, as this approach will likely become more relevant.

There is a paucity of data to guide the selection, treatment, and timing of bRT prior to CAR-T therapy. Prior data demonstrates that bRT is safe and does not impose additional toxicity (8), does not compromise the therapeutic efficacy of CAR T-cell therapy, and may improve outcomes such as progression-free survival (9), potentially by converting patients with high-risk features associated with post-CAR-T failure into a better risk category (10). However, what has been published so far includes single-institution series with practice variations and small numbers of patients, most ranging from n=3-17 (8, 9, 11, 12), with a few larger series (n=41 or n=375) (10, 13). Several unanswered or unverified questions remain that would benefit from cross-institutional validation. These questions include which patients benefit most from bRT, ideal bRT regimens, and optimal design of treatment fields, particularly for patients with multifocal disease.

Herein, we present our institutional experience of 51 patients with DLBCL who underwent bRT prior to CD19-directed CAR T-cell therapy, analyzing patterns of failure and examining the patient and treatment factors associated with the most benefit from bRT.




2 Materials and methods



2.1 Study population

With IRB approval, we retrospectively reviewed patients age ≥18 with pathologically confirmed DLBCL treated at a single institution between 11/2017-4/2023 who received bRT prior to commercial CAR-T cell therapy, which included axicabtagene ciloleucel, tisagenlecleucel, or lisocabtagene maraleucel. Clinicopathologic features, treatment characteristics, response, and toxicity were extracted.




2.2 Bridging radiation treatment

Patients typically underwent multidisciplinary evaluation with a recommendation for bridging RT (defined as the period between leukapheresis up until the time of lymphodepleting chemotherapy (cyclophosphamide [500 mg/m2] and fludarabine [30 mg/m2] administered on days −5, −4, and −3). If bRT commenced prior to leukapheresis but continued during the period between T-cell collection and the infusion of CAR-T cell therapy, it was also categorized as bRT. bRT was sometimes given with concurrent systemic therapy, which included chemotherapy, steroids, or targeted agents. RT was photon-based with IMRT/VMAT or 2D/3D conformal radiation at the discretion of the treating physician. bRT fields were outlined on a case-by-case basis, but typically involved-site, and categorized as “comprehensive” if all sites of disease were treated, or otherwise “focal” if not.




2.3 Data collection

Medical records were reviewed and the following demographic, disease, and treatment information were extracted: age at time of bRT, sex, ECOG at leukapheresis, histopathologic data, comorbidities, Ann Arbor disease stage at the time of apheresis, International Prognostic Index (IPI) score, bulky disease (defined as nodal/extranodal conglomerate measuring ≥7.5 cm in maximum dimension), number and nature of prior lines, site of disease, lab features at leukapheresis, radiation treatment details, dates of leukapheresis, CAR-T infusion, and bridging therapy, symptoms at the time of RT. Hospitalization details and adverse events were recorded prospectively, with toxicity grading for the severity of cytokine release syndrome (CRS) and immune effector cell–associated neurotoxicity syndrome (ICANS) according to consensus CARTOX criteria until 4/2019 and thereafter according to criteria issued by the American Society for Transplantation and Cellular Therapy. Evaluation of disease response was generally performed 30 days post-CAR-T infusion using positron emission tomography-computed tomography (PET-CT) incorporating Lugano classification. For further outcome assessment, we recorded response at 90 days, 6 months, 9 months, and 12 months, with relevant Deauville five-point response scores. In cases of relapse or disease progression, we noted any clinical or radiographic findings, and identified the site of failure in relation to the radiation fields. Finally, we documented the disease status and vitality of the patients at their last follow-up, including the cause of death, where applicable.




2.4 Statistical analysis

Demographic characteristics were examined with descriptive statistics using Mann-Whitney U for continuous variables and Chi-square tests for categorical variables. Overall survival (OS) was calculated by determining the duration from CAR-T infusion to death resulting from any cause. Progression-free survival (PFS) was estimated by computing the duration from CAR-T infusion until objective tumor progression or relapse by imaging or biopsy, or death of any cause. Disease-specific survival (DSS) was calculated by determining the duration from CAR-T infusion to death resulting from lymphoma. Kaplan-Meier curves visualized survival trends, and the evaluation of survival disparities was conducted using a log-rank test. Patient status was marked as “censored” upon reaching the date of the latest follow-up or arriving at 5/1/2023, depending on whichever event came first. Univariate analyses were generated for age (<60 vs. ≥60), tumor bulk (<7.5 cm vs. ≥7.5 cm), IPI score (1-2 vs. 3-5), ECOG performance status (0-1 vs. ≥2), double or triple expressor, double or triple hit, GCB or non-GCB, ≥3 prior lines of therapy, disease stage (I-II vs. III-IV, also written as limited vs. advanced) at the time of apheresis, “localized” disease able to be encompassed in RT fields (even if Stage IV) vs. “extensive” disease not able to be incorporated fully by RT, type of bridging (RT vs. chemoRT), receipt of RT focally vs. comprehensively to all sites of disease, bRT starting either pre- or post-leukapheresis, and bRT dose (<30 vs. ≥30 Gy). We also compared outcomes following focal vs. comprehensive RT in patients with advanced stage disease at apheresis, and in patients with bulky tumors, for whom we also investigated RT dose. Statistical analyses and graphs were generated using Prism v9.0 (GraphPad, La Jolla, CA) or SPSS Statistics (IBM, Armonk, NY, USA). The swimmer’s plot was generated in R v4.3.1 (Vienna, Austria). All comparisons were 2-sided.





3 Results



3.1 Patient and tumor characteristics

Fifty-one patients received bRT (Table 1). The median age was 65, with 60.1% of patients ≥60 years of age. Most patients were male. Thirteen patients (25.5%) had bulky disease (≥7.5 cm) at the time of bRT. The cohort primarily consisted of patients with an IPI score of 2 or 3 (n=33). Patients received a median of 2 prior therapies (range: 1-4), including 5 with autologous stem cell transplant and 2 with immune checkpoint inhibitors (ICI). Over half of the patients (51%, n=25) received three or more prior lines of therapy. Eighteen (35.3%) patients had limited stage disease at apheresis, compared to 33 patients with Stage III/IV disease (64.7%). Accounting for disease location from a radiotherapeutic feasibility standpoint, 27 patients (52.9%) had localized disease (even if Stage IV by official staging) and 24 (47.1%) had extensive disease.

Table 1 | Patient demographics and treatment characteristics at the time of leukapheresis.


[image: A table displaying patient characteristics with various parameters. It includes age, sex, ECOG scores, disease types such as DLBCL and PMBCL, disease stages, and features like IPI score and high-risk factors. Other data includes treatment types like CAR-T products and radiation details. Specific percentages and total counts for each category are presented.]



3.2 Bridging RT details

All three commercially available and approved CAR-T cell products were utilized in this study, but axicabtagene ciloleucel was the most common (n=40, 78.4%). Most patients (n=43, 84.3%) received bRT that started post-leukapheresis, with median (IQR) duration between the last day of RT and CAR infusion of 18 days (12.5-25). bRT was delivered with a median dose of 30 Gy (range: 4-48 Gy). bRT regimens were heterogenous (Supplementary Table 1), but the most common was 20 Gy in 8 fractions (n=7), as well as 30 Gy in either 12 fractions (n=4) or 10 fractions (n=3), with a median EQD2 of 30.09 (range: 4-52). Twenty-six patients (51%) received ≥30 Gy. Majority received bRT alone (n=31, 68.6%), and 16 (31.4%) were additionally bridged with systemic therapy. A list of these systemic therapies is shown in Supplementary Table 2.

Twenty-six patients (51%) received bRT comprehensively to all active disease sites. The majority of patients with limited stage disease were treated comprehensively with bRT (n=16, 88.9% of limited stage patients) compared to less than half of the patients with ≥Stage III disease (n=10, 30.3% of the advanced stage patients), p<0.001. Among patients with localized disease, 74.1% received comprehensive bRT (n=25 of 27), compared to only 4.2% of patients with extensive disease (n=1 of 24), p<0.001. Those who received bRT comprehensively received a median (IQR) dose of 30 Gy (20.6-40.9) in 10 (8-17) fractions, compared to 23.4 Gy (18-37.5) in 10 (6-15) fractions, p=0.25.




3.3 Overview of clinical outcomes

Regarding outcomes, the objective response rate (ORR) was 82.4% at 30 days post-CAR-T infusion. This comprised of 26 patients (51%) with complete response (CR) and 16 (31.4%) with partial response (PR), of whom 7 patients eventually developed CR—4 at three months, 2 at six months, and 1 at nine months (Figure 1A). Nine patients (17.6%) had progression of disease (PD) or stable disease (SD). Of 26 patients who experienced CR, 13 (50%) eventually relapsed—5 at three months, 6 at six months, and 2 at twelve months. Twenty-seven patients (52.9%) remain alive at last follow-up, 19 (70.4%) of whom have no evidence of disease (NED). The median OS (Figure 1B) was 22.1 months (6.6-not reached), median PFS (Figure 1C) was 7.4 months (5.5-30), and median DSS (Figure 1D) was 8.9 months (6-not reached). OS, PFS, and DSS were 80% (66-99), 78% (64-87), and 82% (68-90) at 1-year, and 59% (44-71), 54% (40-67), and 59% (44-71) at 2-years, respectively. After CART, 4 patients (7.8%) experienced Grade ≥3 cytokine release syndrome (CRS), 17 (33.3%) had Grade ≥2 CRS, and 21 (41.2%) had Grade ≥3 neurotoxicity. No severe adverse events in the RT field were noted.
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Figure 1 | Patient outcomes post-CAR-T infusion. Swimmer’s plot depicting the course of individual patients following CAR-T infusion (A) for the full study cohort (n=51). The median OS was 10.3 months (B), median PFS was 7.4 months (C), and median DSS was 8.9 months (D).




3.4 Patterns of first failure following CAR T-cell therapy in patients bridged with RT

At a median follow-up of 10.3 months (95% CI: 7.7-16.4) from leukapheresis, 26 patients developed relapse (50.9%), Figure 2A. Of these patients, 12 (48%) had only distant relapses, 7 (27%) in-field only, 5 (19%) had both in- and out-of-field relapses, and 2 (7.7%) unknown. Dose <30 Gy (both nominal dose and EQD2) did not associate with increased likelihood of in-field relapse, p>0.27. Dose ≥30 Gy was given to 60% of patients without any relapse (n=15/25), compared to 50% of patients with in-field relapses (n=6/12). Median dose (IQR) was 25 Gy (20-33) for patients with relapse, and 30 Gy (20-44) for those without relapse (Figure 2B). Patients with in-field relapse received a median (IQR) of 27.5 Gy (20-38.2) compared with 22.5 Gy (17-30.2) for those who developed out-of-field only relapse (Figure 2C). Among the 26 patients who relapsed, only 38.4% (n=10) were treated with comprehensive bRT. Of these 10 patients, 5 (50%) developed out-of-field relapse, 2 (20%) in-field only relapse, and 3 patients (30%) developed both in- and out-of-field relapses (Figure 2D). This was a similar proportion to the larger cohort of relapses. In contrast, among patients who did not develop relapse (n=25), 64% (n=16) were treated comprehensively with bRT to all sites of disease, p=0.068 (Figure 2E). Among the 16 patients with limited stage disease treated comprehensively, 11 did not relapse (68.75%). Among the 5 patients who relapsed, 3 (50%) developed out-of-field relapse, and 2 patients (33.3%) developed both in- and out-of-field relapses (treated to 20 Gy in 8 fractions and 42 Gy in 21 fractions).
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Figure 2 | Incidence and nature of relapse and relationship with dose or extent of RT. Relapse was evident in n=26 patients (51%), with type of relapse shown in proportionally-accurate diagrams (A). RT dose is plotted for individual patients, categorized by whether they experienced any relapse (B). Only among patients who developed relapse, RT dose was plotted against emergence of in-field vs. distant relapse (C). Among patients who relapsed following receipt of comprehensive bRT to all sites of disease, the category of relapse is depicted (D). The incidence of relapse in patients who received comprehensive or focal bRT is also shown (E).

On univariate analysis, in-field relapse was associated with bulky disease (OR=7, [95% CI: 1.2-41], p=0.03) and lack of response at the 30-day post-CAR-T evaluation (OR=16.8, [95% CI: 1.6-176], p=0.02). It did not correlate with IPI score (p=0.97), double/triple expressor or high-grade B cell lymphoma with Myc and Bcl2 translocations (p=0.94), disease stage (p=0.97), localized vs. extensive disease (p=0.41), receipt of systemic therapy with bRT (p=0.5), bRT timing pre- or post-leukapheresis (p=0.9), bRT dose of ≥30 Gy (p=0.28), or receipt of comprehensive or focal bRT (p>0.9).




3.5 Univariate analysis of factors associated with worse OS, PFS, and DSS

On univariate analysis, disease bulk (≥7.5 cm) was associated with reduced DSS (1-year DSS: 13% [1-41] vs. 73% [55-84], p=0.01) and trended toward worse PFS (1-year PFS: 13% [1-41] vs. 68% [51-81], p=0.06), but not OS (p=0.1), Figure 3A. IPI ≥3 was associated with worse PFS (1-year PFS: 56% [33-75] vs. 62% [42-77], p=0.046) and worse DSS (p=0.044), but not OS (p=0.15), Figure 3B. Non-GCB histology correlated with worse PFS (1-year PFS: 11% [1-39] vs. 73% [57-84], p=0.025) and DSS (1-year DSS: 15% [1-47] vs. 78% [61-88], p=0.03), but not OS (p=0.1). Factors associated with significant decrements in OS included Stage III/IV disease (1-year OS: 38% [21-54] vs. 75% [47-90], p=0.02), Figure 3C, ECOG ≥2 (1-year OS: 17% [3-41] vs. 71% [53-83], p=0.015), Figure 3D, and if disease was categorized as being diffuse as opposed to localized (1-year OS: 23% [8-42] vs. 72% [50-86], p=0.003), Figure 4A. Stage III/IV disease did not significantly associate with reduced PFS (1-year: 33 [17-49] vs. 52 [26-72], p=0.12) or DSS (1-year: 39 [21-56] vs. 55 [27-76], p=0.17), Figure 3C. Extensive spread of disease did associate with worse PFS (1-year: 25 [10-43] vs. 52 [31-70], p=0.018) but only a trend toward reduced DSS (1-year: 32 [14-52] vs. 55 [33-72], p=0.06), Figure 4A.
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Figure 3 | Univariate analysis of disease- and patient-related factors associated with survival. OS (first column), PFS (second column), and DSS (third column) were computed for patients who got bridging RT or chemoradiation prior to CAR-T cell therapy. Patients were stratified by patient or disease-related factors including tumor bulk (A), IPI score (B), disease stage (C), and ECOG status (D), with * denoting p<0.05.

[image: Kaplan-Meier survival curves display outcomes based on different treatment variables. Panel A shows overall survival, progression-free survival, and disease-specific survival based on the site of disease (local vs. extensive). Panel B examines these metrics based on whether all sites were irradiated (focal vs. comprehensive). Panel C compares treatment type (radiotherapy only vs. chemo-radiotherapy), while Panel D differentiates outcomes by bridging radiotherapy dose (<30 Gy vs. ≥30 Gy). Statistical significance is indicated by p-values. The x-axis represents time from CAR-T infusion in months, with risk numbers shown below.]
Figure 4 | Univariate analysis of treatment-related factors associated with survival. OS (first column), PFS (second column), and DSS (third column) are depicted with treatment-related factors, such as disease category as localized vs. extensive (A), receipt of bRT comprehensively to all sites of disease or to focal areas of disease (B), bridging strategy (C), and bRT dose (D), with * denoting p<0.05.

Receipt of RT comprehensively to all sites of disease correlated with improved PFS (1-year PFS: 50% [29-68] vs. 28% [12-46], p=0.04) and increased OS (1-year OS: 67% [44-82] vs. 34% [16-53], p=0.03), Figure 4B. Among patients with bulky tumors (n=13), there was no association of focal vs. comprehensive bRT fields (Supplementary Figure 1) or bRT dose of ≥30 Gy (Supplementary Figure 2) with differences in OS, PFS, or DSS (p>0.2). There was no difference in PFS, OS, or DSS between patients who received bRT or chemoRT (p>0.3), Figure 4C. Receipt of ≥30 Gy bRT correlated with improved PFS (2-year: 33% [8-61] vs. 18% [6-36], p=0.03) but not OS (p>0.25) or DSS (p>0.1), Figure 4D. Additionally, no differences in OS, PFS, or DSS were noted with stratification by age ≥60 (p>0.15), double or triple expressor or high grade B cell lymphoma with Bcl-2 and Myc translocations (p>0.51), ≥3 prior lines of therapy (p>0.23), or receipt of bRT pre- or post-leukapheresis (p>0.67). There was not an OS (p=0.18), PFS (p=0.18), or DSS (p=0.4) benefit in patients with advanced stage disease (n=33) treated with comprehensive bRT (n=10) vs. focal bRT (n=23), Figure 5. Of 27 patients with localized disease, only 2 received focal bRT, and of 24 patients with extensive disease, only 1 patient received comprehensive bRT, which did not make comparison of outcomes with comprehensive vs. focal bRT in the localized or extensive disease subsets feasible.
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Figure 5 | Univariate analysis of survival stratified by comprehensiveness of bRT fields in patients with advanced stage disease. OS (first column), PFS (second column), and DSS (third column) are depicted comparing receipt of bRT comprehensively to all sites of disease or to focal areas of disease in patients with advanced stage disease.

Of 18 patients with limited stage disease, 16 were treated with comprehensive bRT and two patients were treated with focal bRT. One patient had relapsed primary mediastinal B cell lymphoma (PMBCL) with dyspnea from the mediastinal mass, and she was referred for bridging chemoRT with a planned prescription of 30 Gy in 15 fractions. A small right subpectoral node was not included in the treatment field encompassing the mediastinal mass. She ultimately completed 14 Gy in 7 fractions before RT was held for one week prior to leukapheresis and then CAR-T infusion approximately 1 month later. She had a CR at her 3 month post-CAR-T scan and continues to maintain NED at her most recent follow-up. The other patient had DLBCL involving the oropharynx, causing dysphagia, as well as bilateral neck nodes with greater burden on the left side. He underwent bRT alone to the oropharynx and left neck only to 25 Gy in 10 fractions; the right cervical lymph nodes were not treated. He had a partial response at his 30 day post-CAR-T scan, with continued progression of disease at 3 months in the oropharynx and neck confirmed via biopsy. He was enrolled on a clinical trial of a humanized monoclonal bispecific antibody (Plamotamab), and at most recent follow-up, continues to be alive with disease.





4 Discussion

We demonstrate that bRT as a precursor to CD19-directed CAR T-cell therapy can be an effective strategy for disease control in patients with relapsed/refractory aggressive B cell lymphoma. We find that comprehensive bRT is associated with improved OS and PFS but this may be due to its association with limited disease stage in patients receiving comprehensive bRT. When examining patterns of disease relapse, we found that in-field relapse was associated with bulky disease, validating prior findings (12). While bridging RT dose did not correlate with in-field relapse, we noted that receipt of ≥30 Gy bRT correlated with improved PFS. Following this, it appears that definitive doses should be favorably considered in bRT regimens, but further confirmatory, prospective studies with larger cohorts would be helpful to further elucidate these findings.

Our study adds to the limited body of work suggesting that bRT for CAR-T therapy is not only safe but also has the potential to enhance treatment outcomes in specific patient populations. The ORR of our cohort was 82.4% at 30 days post-CAR-T infusion with a 51% initial CR rate, similar to the 81.8% ORR at 30 days and better than the 27% initial CR rate found in a pilot retrospective series of 11 patients who received bRT prior to CAR T-cell therapy (11). The median OS was not reached, with 1-year OS of 80% and a 2-year OS of 59%. Qualitatively, these rates compare favorably to the 1-year OS of 58% observed in the TRANSCEND trial (3), the 2-year OS of 50.5% in the ZUMA-1 study (2), prospective studies without bRT, and it aligns closely with the 1-year survival rate of 67-80% documented in earlier, smaller bRT retrospective cohorts (8, 10, 12, 14). As expected, factors correlating with decreased OS were higher ECOG and advanced stage disease. DSS was worse with increased tumor bulk, elevated IPI, and non-GCB histology. As noted above, decrements in PFS correlated with <30 Gy bRT, as well as elevated IPI and non-GCB histology. The median PFS of 7.4 months and 1-year PFS of 78% reported in this series aligns with the median PFS described in TRANSCEND and ZUMA-1, ranging from 5.9-6.8 months (2, 3).

The predominant pattern of failure post-CAR-T has been described to involve progression or relapse at pre-existing sites of disease in both bRT and no-bridging therapy groups (12). Regarding treatment dose, we found that while receipt of ≥30 Gy bRT correlated with improved PFS, bridging RT dose did not correlate with in-field relapse. Ladbury et al. described in a recent report that no local treatment failures were seen among patients treated with bRT to a dose of > 32.5 Gy, and improved local control observed in patients receiving an EQD2 of ≥20 Gy (15). While the optimal dose of bRT remains unknown, we believe it is likely that patients with limited stage disease, when bridged with comprehensive RT, may stand to benefit the most from more definitive RT treatment doses ≥30 Gy. Prospective studies examining larger series of patients will be instrumental to validate these findings.

Comprehensive RT has been previously associated with clinical benefit in the post-CAR-T setting. In a prior report, salvage RT following CAR T-cell failure was associated with improved freedom from subsequent progression (FFSP), freedom from subsequent event (FFSE), and OS for patients who received this salvage RT in a “comprehensive” manner encompassing all active disease, as opposed to “focal” RT targeting only a limited portion of a patient’s disease (14). Initially, groups reported trends demonstrating the potential superiority of “comprehensive” RT when delivered in the bridging period but did not reach statistically significance, possibly due to the small cohorts of patients analyzed (9, 10). Within a group of 12 patients who received bridging RT, one group demonstrated statistically significant benefit in PFS and OS with comprehensive bRT compared to focal bRT (16). Compared to no bridging therapy, comprehensive bRT was demonstrated to double the rate of sustained CR without subsequent relapse, decrease local relapse, and increase event-free survival among patients with <5 pre-CAR-T sites of disease (17). In our study, patients with limited stage disease were almost exclusively treated with comprehensive bRT, preventing statistical analysis against focal bRT in this patient population. Additionally, comprehensive bRT did not improve outcomes for patients with advanced stage disease in our cohort. This contrasts a multi-institutional ILROG analysis that was presented in abstract form, demonstrating superior PFS with comprehensive bRT when controlling for disease burden—this was a multivariable model controlling for disease stage, ECOG, age, CNS disease, metabolic tumor volume (MTV), receipt of axi-cel (vs. tisa-cel), and pre-leukapheresis LDH (18).

While bRT appears to be both well-tolerated and effective, the most significant limitation of our study is the absence of a comparative control group with patients who have limited stage disease who did not receive bRT or were bridged with systemic therapy alone. Fortunately, recent data convincingly addresses this question, demonstrating enhanced disease control and durable response with comprehensive bRT (n=34) compared to no bridging therapy (n=66) among patients with less than 5 pre-CART disease sites (17). Patients who did not receive bridging therapy had a higher risk of local relapse (41% vs. 15% with bRT) as well as overall disease progression, despite harboring smaller tumors, highlighting the potential benefit of bRT in enhancing local control and altering relapse patterns (17).

We acknowledge other limitations of our study in its retrospective design. Radiation disposition, intent, dosage, and fractionation were ultimately the physician’s choice, although all cases were reviewed in a group quality assurance conference. There is selection bias inherent to this non-randomized cohort consisting of patients who likely were felt to have higher-risk or progressive lesions, for which local therapy was felt potentially beneficial pre-CAR-T infusion. Secondly, there was variability in the timing of bRT in relation to CAR T-cell infusion, and its impact on treatment efficacy is unclear. Third, the use or type of concurrent chemotherapy was not standardized. A notable fraction (31.6%) received systemic therapy with bRT, which may impact outcomes. Fourth, certain risk factors, such as MTV and LDH levels, which could predict relapse or worse prognosis, were not available or included in the Cox regression models. Finally, this cohort represents a single institution experience, potentially limiting generalizability.

Our prior reported experience involved 124 patients receiving axi-cel, with half of them undergoing bridging therapy. There was no significant difference in 1-year PFS and OS between patients eventually receiving CAR-T who underwent bridging RT and those who did not, but systemic bridging alone appeared inferior to RT with respect to 1-year PFS (8.9 with RT vs. 4.7 months with systemic therapy alone, p=0.05). In that prior report, too there was encouragingly an early signal showing a trend toward improved PFS with comprehensive bRT (p=0.12), a trend consistently supported in subsequent research and now statistically significant in our expanded cohort. Importantly, there were no discernible differences in toxicity. Our prior experience also highlighted the efficacy of RT as a bridging approach with all RT-bridged patients ultimately proceeding to CAR-T infusion. Despite the challenging prognosis often associated with the need for bridging therapy, bRT can serve as an effective strategy in this context.

To conclude, RT as a bridging approach for CAR T-cell therapy is feasible, with high post-CAR overall response rate and favorable survival identified in this cohort of heavily pre-treated patients with DLBCL. When feasible, comprehensive bRT, which we show correlates with improved efficacy, should be considered, particularly in patients with limited stage disease prior to apheresis. Future prospective research is essential to evaluate the potential benefits of bRT, to confirm the optimal bRT strategy and further investigate the potential for enhanced immune synergy between CAR-T and RT.
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CAR-T cell therapy has revolutionized cancer treatment. However, despite the achievements of this approach, there are still clinical challenges to address, such as antigen loss and the design of an optimal CAR structure. Multi-targeted CAR-T therapies, including tandem CAR-T cells, have emerged as a strategy to overcome some of these limitations and improve outcomes. Tandem CAR-T cells are currently being evaluated in preclinical and clinical studies for the treatment of hematological malignancies and solid tumors, showing promising results. These CARs have demonstrated efficacy, safety, and a relatively low relapse rate in these studies. Research suggests that TanCAR-T cells can enhance the outcomes and benefits of CAR-T cell therapy. However, challenges such as identifying the ideal CAR construct, selecting appropriate targets, and improving transduction efficiency remain unresolved, and further research is essential to address these limitations. This review highlights the potential of tandem CAR-T cells as a cancer treatment, summarizing preclinical and clinical studies with this innovative therapy and emphasizing the importance of continued research to overcome its limitations and improve its effectiveness.
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1 Introduction

Cancer is a complex group of disorders characterized by uncontrolled cell growth and the potential for metastasis, affecting millions of people worldwide each year. Addressing the abnormal cell growth in cancer requires tailored approaches such as chemotherapy, surgery, and radiation therapy (1). However, these conventional treatments, which aim to eliminate cancer cells, have significant limitations, and many patients with metastatic or recurrent disease continue to experience poor outcomes (2). Consequently, alternative long-term approaches are needed to effectively treat cancer, such as immunotherapy, which enhances the patient’s immune system by modulating immune responses and enabling the detection and destruction of the cancer cells (1).

Chimeric antigen receptor (CAR)-T cell immunotherapy has emerged as a promising treatment for cancer. CAR-T cell therapy involves the genetic modification of T cells obtained from the patient’ s blood to express synthetic receptors, followed by their infusion back into the patient (3). These synthetic constructs are designed to bind to specific antigens expressed on the surface of cancer cells, triggering the activation of the CAR-T cells and the subsequent killing of tumor cells. By integrating synthetic domains through viral vectors, CAR-T cells express these domains on their surface, enabling them to attack the cancer cells more precisely and address problems associated with older immunotherapies (1) (4) (5),,. As a result, CAR-T cell therapy holds significant promise for improving upon traditional cancer treatments, such as chemotherapy and radiation, while reducing associated toxicities (3).

Among immunotherapeutic approaches, CAR-T cell therapy has emerged as an extremely powerful tool, particularly in treating relapsed/refractory (r/r) B cell malignancies and multiple myeloma (MM). This success has led to the approval of six CAR-T cell products by the Food and Drug Administration (FDA) and the European Medicines Agency (EMA) (6, 7), including Yescarta, Tecartus, Kymriah, Breyanzi, Carvykti, and Abecma. These therapies are indicated for acute lymphoblastic leukemia (ALL), large B-cell lymphoma, follicular lymphoma, mantle cell lymphoma (MCL), marginal zone lymphoma, and MM (8). Moreover, in November 2024, Autolus Therapeutics plc announces that the FDA has granted marketing approval for AUCATZYL® (obecabtagene autoleucel) for the treatment of adult patients with r/r B-cell precursor acute lymphoblastic leukemia (B-ALL) and marketing authorization applications are under review by the regulators in both the EU and the UK (9).

However, although CAR-T cell therapy has achieved groundbreaking outcomes in the treatment of hematological cancers, several challenges and limitations remain (1). The biological characteristics of solid tumors are more complex, posing significant obstacles that prevent CAR-T cells from exerting effective anti-tumor responses (10). Key hurdles in CAR-T cell therapy include antigen escape variants, off-tumor destruction of healthy tissues expressing tumor associated antigens (TAAs), limited CAR-T cell persistence, and functional exhaustion. These factors limit the ability of CAR-T cells to induce long-lasting remissions with a tolerable adverse effect profile (6, 11). Traditional CARs are unable to fully overcome these challenges, highlighting the need to improve CAR-T cells efficacy by targeting specific tumor surface antigens. Consequently, specialized CARs constructs with unique structures or improvements based on traditional designs are actively being researched (10).

One of the key challenges in CAR-T cell therapy is tumor resistance due to the limitations of single-antigen targeting CAR designs. To overcome this issue, multiple strategies have been developed to target multiple antigens in CAR-T cell treatments for both, hematological cancers and solid tumors (1). One approach to targeting multiple tumor antigens simultaneously is through the use of tandem CARs (TanCARs), which incorporate two single-chain variable fragments (scFvs) within a single CAR construct, sharing one intracellular signaling domain. This design increase the likelihood of durable remission (1, 12). Multiple studies indicate that dual-antigen targeting may reduce the risk of tumor antigen escape and enhance tumor cell-killing activity (13, 14). TanCARs aim to enhance the antitumor activity of CAR-T cells by increasing antigen coverage and can be repurposed for the simultaneous targeting of malignant cells and elements of the tumor microenvironment (6, 15). These advantages are particularly important in the context of solid tumors, where antigen expression heterogeneity often leads to drug resistance and immune escape when treated with CAR-T cells (16). Due to the lack of tumor-specific targets and the presence of physiological barriers, it remains challenging for patients with solid tumors to benefit from CAR-T therapy (17). Despite the fact that the clinical efficacy of CAR-T cells against solid tumors has been less promising, it has been demonstrated that T cells expressing TanCARs exhibit functional superiority, even in solid tumors such as glioblastoma (17, 18).

This review comprehensively explores the current state of multi-target CAR-T therapies, focusing on tandem CAR-T (TanCAR-T) therapies, and the latest advancements in clinical and preclinical studies across different cancers. We summarize recent innovations in CAR-T cell engineering aimed at improving clinical effectiveness, in both hematological malignancies and solid tumors, as well as the potential use of TanCAR-T cell therapies to overcome current limitations, including antigen escape.




2 Multi-target CAR-T cells



2.1 CAR-T cells structure

The CAR structure is primarily composed of three functional domains: the extracellular domain, the transmembrane domain, and the intracellular signaling domain (19, 20). The intracellular signaling domain, essential for T cell activation, is typically derived from molecules such as 4-1BB, CD3ζ, and CD28. The extracellular antigen recognition domain consists of a scFv, which is derived from a monoclonal antibody or a phage display library. This scFv is functionally linked to the intracellular domain through a hinge or spacer domain and a transmembrane domain. The hinge or spacer domain enhances the flexibility of the scFv, facilitating better antigen binding (1, 3). Since the creation of CAR-T cell therapy in the late 1980s, five generations of CARs have been developed (Figure 1), each incorporating successive improvements in the intracellular signaling domain to improve T cell activation and therapeutic efficacy.
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Figure 1 | Generations of CAR-T cells. There are five generations of CARs, distinguished by their intracellular domains. (A) The first generation contains only the CD3ζ intracellular activation domain. (B) The second generation includes both the CD3ζ domain and a co-stimulatory domain. (C) Third generation CAR-T cells incorporate two co-stimulatory domains to enhance activation. (D) Fourth generation CARs feature a cytokine-inducing domain to improve immune response. (E) Fifth generation includes a truncated cytoplasmic IL-2Rβ domain, offering improved safety and controllability. CAR, chimeric antigen receptor; ECD, extracellular domain; ICD, intracellular domain; IL-2Rβ, IL-2 receptor β-chain; scFv, single-chain variable fragment; TMD, transmembrane domain; VH, variable heavy chain; VL, variable light chain.

In first-generation CARs, the intracellular structure contains only one signaling domain, composed of the CD3ζ chain, which initiates T cell receptor signaling. Second-generation CARs introduced a co-stimulatory molecule, such as CD28 or 4-1BB (CD137), to improve the persistence and efficacy of CAR-T cells (7, 21). Third-generation CARs feature an intracellular domain containing two co-stimulatory molecules, commonly CD28 or 4-1BB as the first, and CD28, 4-1BB, or OXO40 (CD134) as the second (19, 22). This design aims to amplify T cell effector functions and cytotoxic activity upon antigen recognition. Fourth-generation CARs, also known as TRUCKs (T cells Redirected for Universal Cytokine-mediated Killing), incorporate a cytokine-inducing domain that promotes cytokine production after antigen recognition, helping to modulate immune responses (6, 10, 19, 23). Fifth-generation CARs, built on the second-generation design, include a truncated cytoplasmic IL-2 receptor β-chain (IL-2Rβ) domain, which provides a binding site for the transcription factor STAT3 and activates the JAK-STAT signaling pathway. Upon antigen recognition, these CARs trigger three synergistic signals through the T cell receptor (TCR) CD3ζ domain, the co-stimulatory domain, and the cytokine inducing JAK–STAT3/5 signaling (23, 24). Despite these advancements, none of the traditional CARs from the first to the fifth-generation can fully overcome the challenges associated with CAR-T cell therapy.




2.2 Multi-target approaches

There are several design options for CAR therapies to target multiple antigens concurrently (Figure 2). Multi-target CAR-T therapy can be achieved using either two pooled single CAR-T cell products with different antigen-binding specificities (through co-administration or co-transduction) or a single CAR-T cell product capable of targeting two different antigens (using bicistronic o tandem CAR-T designs) (25).
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Figure 2 | Multi-targeted CAR-T cell approaches. (A) Co-administration: a strategy involving a cocktail or sequential infusion of two single CAR-T cell products, each transduced independently with a different vector. (B) Co-transduction: a strategy generating a mixed population composed of two single CAR-T cells and one dual CAR-T cell, generated by the co-transduction with two vectors, each encoding a different CAR. (C) Bicistronic CAR: dual CAR-T cells produced by the transduction of a bicistronic vector, which introduces two separate CARs into a single cell. (D) Tandem CAR: bispecific CAR-T cells expressing a single CAR with two antigen-binding domains, where the VL-VH sequences of one scFv are directly linked to the VL-VH sequences of the other scFv. (E) Tandem Loop CAR: a variant of the tandem CAR, in which the VL-VH sequences of one scFv are intercalated with those of the other scFv, forming a bivalent loop CAR. CAR, chimeric antigen receptor; scFv, single-chain variable fragments; VH, variable heavy chain; VL, variable light chain.

For two pooled single CAR-T cell products approaches, one strategy is the co-administration of two or more cell populations, each expressing different single-target CARs. These populations can be infused either together or sequentially. Another approach is the co-transduction method, where T cells are simultaneously transduced with two different CAR constructs, resulting in three CAR-T cell subsets: dual CAR-expressing cells and two types of single CAR-expressing cells.

In the case of administering a single CAR-T product, one option is infusing T cells that express two different CARs in the same cell, known as bicistronic CAR-T cells. This approach uses a bicistronic vector that encodes two independent CAR molecules, separated by a ribosomal skip sequence. Alternatively, TanCAR-T cells, which encode two CARs within the same chimeric protein using a single vector, can also be infused (Figure 3). The tandem structure can take two forms: the classical tandem configuration, where the variable light chain (VL) and variable heavy chain (VH) sequences of one scFv are directly linked to the VL-VH sequences of a second scFv, or the loop structure, where the VL and VH sequences of one scFv are intercalated with those of the other scFv. Additionally, CAR-T cells can be bispecific or trispecific, meaning they can target two or three antigens simultaneously (26–30).
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Figure 3 | Relationship between TanCAR structure and functionality. TanCAR structure–function relationships involve understanding how changes to TanCAR components impact their performance. TanCARs consist of several key elements: two different target-binding domains like scFvs, a hinge or spacer region that extends the binding domain away from the cell surface and allows for structural flexibility, a transmembrane domain that embeds the receptor in the cell membrane, and costimulatory along with CD3ζ signaling domains responsible for transmitting activation signals. Alterations in the TanCAR structure can significantly influence TanCAR-T cell behavior, affecting factors such as the antigen density required for activation, cell persistence, efficacy, tonic signaling, TanCAR expression levels, and the likelihood of dimerization. scFv, single-chain variable fragments; VH, variable heavy chain; VL, variable light chain.

Multi-target CAR-T cells offer several advantages, including precise localization at the tumor site, high cytotoxicity towards tumor cells, reduced off-target effects, and more precise treatment (31). Pooled CAR-T cells, from co-administration, exhibit lower cytokine secretion and cytolysis compared to TanCAR-T cells and bicistronic CAR-T cells, but still higher than single CAR-T cells. It is worth noting that using two CAR-T cell lines concurrently exerts strong immune pressure on tumor cells, which may lead to the simultaneous escape of both target antigens. Besides the high cost of producing multiple vectors, the heterogeneity of the infused product can complicate clinical analysis (28). The simultaneous infusion of two CAR-T cell lines can result in an imbalance in the cell population (32). Co-administration and co-transduction methods are more expensive and labor-intensive compared to the production of bicistronic CAR-T or TanCAR-T cells (28). Preclinical studies indicate that dual-signaling CAR-T cells provide stronger anti-tumor responses than single-target CAR-T cells or mixed CAR-T products, potentially reducing recurrence due to downregulation or loss of target antigens in tumor cells (10).

Mechanisms that influence CAR T-cell efficacy are multifactorial and include tumor-related factors (e.g., antigen loss and intrinsic resistance to cytotoxicity), host-related factors, such as hostile tumor microenvironment, and product-related factors (inadequate CAR T-cells) (33). The simultaneous binding of both target antigens by TanCAR-T cells elicits an exponentially more potent response, indicating a synergistic effect of dual binding on their cytotoxic capabilities. This bivalency enhances CAR signal strength, potentially resulting in a superior antitumor functionality compared to other approaches. However, excessive CAR signal strength could lead to CAR-T cell exhaustion, reduced persistence, and an increased risk of adverse events (6). Tan-CARs have numerous therapeutic applications as they are as effective as conventional single antigen-specific CARs but are less toxic and highly effective in treating diseases with a higher frequency (3). Selecting appropriate targets is crucial to ensure that multispecific CARs are both safe and effective (26). Synergistic antitumor efficacy has been demonstrated when both antigens are simultaneously encountered. The formation of bivalent immune synapses during TanCAR-T cell exposure to tumors co-expressing both antigens is crucial for preventing antigen escape and improving antitumor efficacy (32). TanCARs demonstrate enhanced efficacy by targeting multiple antigens, allowing dual-targeted CAR-T cells to effectively recognize and eliminate tumor cells when one antigen is lost or downregulated. This improves the overall therapeutic response and reduces the risk of disease relapse and other adverse clinical outcomes. Furthermore, TanCARs also offer improved safety by requiring simultaneous engagement of both antigens for activation. This increases specificity and reduces the risk of off-target toxicities, such as cytokine release syndrome and neurological toxicity, thereby enhancing the safety profile of CAR-T cell therapy (4).





3 Tandem CAR-T cells: preclinical studies

There are preclinical data showing improved efficacy for dual-targeting compared to single-targeting CAR-T cells. The preclinical data on TanCAR-T cells in hematological malignancies and solid tumors are listed in Table 1.

Table 1 | Published data on preclinical studies of tandem CAR-T cells in cancer.
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3.1 Multiple myeloma

B-cell maturation antigen (BCMA) is highly expressed on the surface of MM cells, with low expression in normal cells and none in CD34+ hematopoietic cells (56). This selective expression has led to substantial interest in targeting BCMA for therapeutic purposes, especially given its presence in plasma cells (36). Anti-BCMA CAR-T cell therapies represent a promising treatment strategy with high response rates in MM (34). However, several clinical trials have noted patient relapses linked to downregulation or complete loss of BCMA in tumor cells, reducing CAR-T cell efficacy. To address this issue, some studies are investigating the development of TanCARs as a treatment strategy for MM. For this purpose, selecting another antigen widely expressed in MM cells is necessary (35, 57).

In the tumor microenvironment (TME), CD24 is an important checkpoint molecule regulating the innate immune response and is expressed in myeloma cells that relapse following BCMA-targeted CAR-T therapy. Consequently, CD24 may serve as a target for immunotherapy. Fumou et al. developed a dual-targeted BCMA/CD24 CAR-T therapy, comparing the efficacy of monospecific CAR-T, bicistronic CAR-T and TanCAR-T cells. However, they found that bicistronic CAR-T cells demonstrated superior in vitro activity over TanCAR-T cells, leading them to focus on bicistronic CAR-T cells for their in vivo experiments (34).

CD38 has also emerged as a promising antigen target for MM due to its high expression in MM cells, including therapy-resistant and myeloma-initiating cells. CD38-targeted CAR-T cells have shown anti-MM activity in preclinical studies (58). One study reports a TanCAR-T targeting both BCMA and CD38, which can induce robust cytotoxicity against target cells expressing either BCMA or CD38. In in vitro experiments, this study demonstrated that these TanCAR-T cells exhibited similar CAR expression, superior cytotoxicity, and antigen-stimulated T cell proliferation compared to monospecific CAR-T cells. Furthermore, these TanCAR-T cells achieved complete tumor clearance with no relapse observed, suggesting an effective solution to the challenge of antigen escape in BCMA CAR-T cell therapies (35).

CD19 is another potential target for MM treatment. In a patient with advanced MM treated with anti-CD19 CAR-T cells autologous stem-cell transplantation (ASCT), sustained remission was observed, highlighting its therapeutic potential. Kang et al. developed a TanCAR targeting both CD19 and BCMA antigens. They found that TanCAR-T cells targeting one or both antigens produced similar cytotoxic effects in vitro compared to conventional single-target CAR-T cells. Interestingly, in vivo studies suggested that TanCAR-T cells could eradicate mixed population of malignant cells expressing either CD19 or BCMA, leading to complete remission. These findings indicate that tandem dual-antigen targeting could offer an effective antineoplastic therapy and might prevent relapse due to the absence or loss of BCMA expression in MM cells (36).

G protein-coupled receptor class C group 5 member D (GPRC5D) has been identified as a plasma cell-specific target, making it another attractive candidate to pair with BCMA. Larrea et al. compared subtherapeutic doses of different forms of dual-targeted therapies against BCMA and GPRC5D, including pooled mono-targeted CAR-T, bicistronic CAR-T and TanCAR-T cells. They found that TanCAR-T cells were unable to induce as strong or durable response as pooled or bicistronic CAR-T cells. Although the long, flexible linker used in the TanCAR design is intended to optimize binding of different scFvs and antigens, further modifications, such as reversing the scFv order for BCMA and GPRC5D, might improve outcomes. In their study, the membrane-distal GPRC5D scFv in the TanCAR configuration was less efficacious than when positioned in its membrane-proximal location, as seen in the traditional bicistronic CAR and pooled CAR approaches (37).

CS1 (also known as SLAMF7 or CD319) is widely expressed in various MM types and has been detected in 90-97% of MM patient samples. Zah et al. proposed dual-targeting of BCMA and CS1 could enhance the effectiveness of BCMA-targeting therapies while providing a safeguard against tumor escape due to BCMA loss. Their study demonstrated that BCMA/CS1 TanCAR-T cells had superior CAR expression and functionality compared to T cells co-expressing individual BCMA and CS1 CARs. Additionally, combining CAR-T cell therapy with an anti-PD-1 antibody accelerated initial tumor clearance in vivo, while CAR-T cell treatment alone achieved sustained, tumor-free survival even after tumor rechallenge. These findings suggest that BCMA/CS1 bispecific CAR represents a promising strategy to prevent antigen escape in CAR-T cell therapy for MM (38).




3.2 T cell malignancies

Expanding the success of bispecific CAR-T therapies for treating r/r T cell leukemia and lymphoma remains challenging due to the heightened risk of CAR-T cell fratricide and potential safety concerns when targeting multiple T cell antigens. A key research focus is replacing the scFv with alternative molecules to construct bispecific CARs to overcome CAR-T therapy failure or disease relapse in T cell malignancies caused by epitope or antigen loss (39).

The expression patterns of CD5 and CD7 suggest that they are promising therapeutic targets for T cell malignancies. Dai et al. conducted a functional comparison of different bispecific CAR structures, including TanCARs and dual CARs, to identify the optimal construct for combating antigen escape in a clinical setting. In their study, they developed fratricide-resistant CD5/CD7 bispecific CAR-T cells by using CRISPR/Cas9 technology to disrupt the CD5 and CD7 genes in T cells prior to transduction. The results demonstrated that TanCARs targeting CD5 and CD7 were more effective than bicistronic CARs in preventing tumor escape and controlling leukemic cells with heterogeneous antigen expression. TanCAR-T cells eliminated neoplastic cells in mice and achieved significantly prolonged leukemia suppression compared to bicistronic CAR-T cells. Additionally, the study found that TanCAR-T cells maintained more durable in vivo expansion (39).

Natural killer/T cell lymphoma (NKTCL) is a highly aggressive lymphoma associated with Epstein-Barr virus (EBV) infection. Research on CAR-T cell therapy for NKTCL remains limited, though CD38-targeted CAR-T cells have been explored as potential immunotherapeutic agents. Latent membrane protein 1 (LMP1), encoded by EBV, has been shown to drive malignant transformation in B cells and epithelial cells. An in vitro study by Hongwen et al. with NKTCL cells revealed that CD38/LMP1 TanCAR-T cells exhibited significantly greater cytotoxicity than single-target CAR-T cells, with similar results observed in cytokine secretion. In vivo experiments showed that mice treated with CD38/LMP1 TanCAR-T cells had smaller tumor burdens than those treated with single-target CAR-T cells, highlighting the potential of TanCAR-T cell therapy for NKTCL (40).




3.3 B cell malignancies

CAR-T cell therapy has revolutionized the treatment of r/r B cell malignancies. However, challenges such as tumor antigen escape, severe cytokine release syndrome (CRS), and disease recurrence persist in some patients after treatment (42). Despite significant progress over the last decade in identifying leukemia-associated antigens as therapeutic targets, clinical results have not consistently met expectations. This may be due to the limitations of single-antigen targeting, which can fail to eliminate all AML blasts and pose a risk of fatal off-tumor, on-target side effects (41). To overcome these challenges, multi-targeted CAR-T approaches are being developed as alternatives to currently approved CAR-T therapies.

Following the success of CAR-T cell therapy in treating B cell hematologic malignancies, researchers are now exploring its application in AML, targeting antigens such as interleukin-3 receptor α (CD123), folate receptor beta (FRβ), CD33, Lewis Y, C-type lectin-like molecule-1 (CLL-1), NKG2D, and CD44v6 (42, 43).

Given the therapeutic potential of targeting both CD33 and CLL-1 in AML, dual-targeting CD33/CLL-1 CAR-T cells hold significant promise. Wang et al. constructed a CD33/CLL-1 TanCAR that demonstrated potent cytotoxicity against leukemia cell lines and primary AML cells in vitro. Co-culture of AML blasts with TanCAR-T cells led to robust proliferation and high levels of granulocyte-macrophage colony-stimulating factor (GM-CSF) and interferon-γ (IFN-γ) secretion. Notably, TanCAR-T cells showed minimal impact on normal hematopoietic stem cells (HSCs), supporting safety in vivo. In mouse models, these cells exhibited significant anti-leukemic activity, leading to tumor eradication and prolonged survival. These findings underscore the clinical potential of CD33/CLL-1 TanCAR-T cells as a safe and efficient therapeutic strategy for AML, potentially reducing the need for transplantation (41).

CD123 is a critical target expressed on CD19-negative blasts that relapse after CAR-T cell therapy. However, previous studies have shown that CD123-targeting agents alone have limited efficacy against leukemia cells (43). CD123 and CLL-1 are not only expressed in most leukemia cells but also highly expressed in leukemia stem cells (LSCs), making them promising targets for AML treatment. Wang et al. developed TanCAR-T cells targeting CD123 and CCL-1, which exhibited significant cytotoxic effects on CLL-1+CD123+ leukemia cell lines and primary AML cells. These in vitro experiments suggest that dual-target CAR-T cells broaden the therapeutic range compared to single-target CAR-T cells and enhance anti-tumor activity (42).

Another promising target is FRβ, expressed in approximately 70% of AML cases, with limited expression in normal tissues but high expression in B-AML blasts. A study demonstrated that TanCAR-T cells targeting FRβ and CD123 effectively lysed leukemia cell lines, similar to single CAR-T cells targeting these antigens individually. Moreover, the bispecific interaction resulted in significantly higher cytokine secretion by TanCAR-T cells compared to monospecific CAR-T cells. While exposure to a single antigen causes a decline in cytokine release at certain antigen densities in monospecific CAR-T cells, TanCAR-T cells maintained elevated cytokine levels, demonstrating enhanced functionality (43).

CD19 CAR-T cell therapy has achieved remarkable clinical outcomes in treating acute and chronic B cell malignancies, showing curative potential for relapsed B cell malignancies. However, these trials have also exposed vulnerabilities in current CAR technology, including susceptibility of tumor cells to antigen escape (44). Despite the overall success of CD19 CAR-T therapy, reports are emerging of patients relapsing with CD19-negative disease following CD19-directed treatment (45, 47). This presents a significant challenge for CD19-based therapies, emphasizing the importance of targeting additional antigens (49).

Given the ubiquitous expression of CD19 and CD20 on B cells, the simultaneous loss of both antigens is considered highly unlikely. Therefore, dual targeting of CD19 and CD20 offers a promising strategy to counter antigen escape in malignant B cells (44). The results obtained by Zah et al. from their in vitro and in vivo characterization experiments indicate that TanCAR targeting both CD19 and CD20 can prevent antigen escape by targeting malignant B cells through CD20 when CD19 expression is lost. Their findings demonstrate that optimized bispecific CARs can effectively control both wild-type B-cell lymphoma and CD19– mutants with equal efficiency in vivo (44).

Another study using TanCAR-T cells targeting CD19 and CD20 demonstrated that these tandem constructs efficiently killed the Raji cell line both in vitro and in vivo. Although TanCARs generated fewer cytokines compared to CD20 CARs, their cytokine levels were comparable to CD19 CARs. In co-culture experiments at low effector-to-target ratios, rapid down-modulation of full-length CD19 expression was observed, as well as partial down-modulation of CD22 and, to a lesser extent, CD20. The data also emphasize the extreme sensitivity of the NALM-6 cell line to general lymphocyte-mediated cytotoxicity. Under high-disease burden conditions, the TanCAR-T cells demonstrated superior efficacy and were less toxic than a mixture of transduced T cell populations expressing single CARs (45).

Chen et al. constructed TanCAR and loop CAR targeting CD19 and CD20 to assess their killing efficiency and therapeutic efficacy. Among the four bispecific CAR-T constructs tested, loop2019 CAR-T was the most effective in eradicating lymphoma cell lines and primary lymphoma or chronic lymphocytic leukemia (CLL) cells from patient samples at very low dose in vitro. In a xenograft NOD/SCID lymphoma mouse model, loop2019 CAR-T significantly prolonged mouse survival, highlighting its potential as a new treatment option for B cell malignancies, particularly CLL and lymphoma (46).

Martyniszyn et al. evaluated a TanCAR targeting CD19 and CD20, which effectively induced cell death in CD19+CD20+ CLL cells in vitro. When compared, both the bispecific CD20/CD19 CAR-T cells and monospecific CAR-T cells eliminated cells of the established Raji lymphoma line. In the context of heterogeneous leukemic cell populations, the bispecific CAR-T cells demonstrated an advantage by efficiently targeting CD19+CD20- ALL cells. These findings highlights the potential of TanCAR-T cells targeting both CD19 and CD20 for treating B-cell malignancies with a high probability of relapse over the long term (47).

CD79a and CD79b, components of the B-cell receptor (BCR) signaling complex, represent new targets for the treatment of B cell lymphoma (49). In total, 87.3% of CD79ab-positive tumors also co-expressed CD19. Leung et al. examined the strengths and limitations of targeting CD19 and CD79 with bispecific CAR-T cells. They developed tandem, bicistronic, and pooled products of CD79a/CD19 or CD79b/CD19 CAR-T cells. Data showed a trend toward better tumor control with tandem and bicistronic CAR-T cells. However, when tumor cells expressed only a single antigen (i.e., CD19 or CD79), bispecific CAR-T cells showed compromised efficacy compared to monospecific CAR-T cells, due to less efficient antigen binding and reduced downstream signaling. Thus, the added benefit of dual specificity comes at the expense of reduced sensitivity to each individual target antigen (48). Another study showed that TanCAR-T cells targeting CD79b/CD19 (but not targeting CD19/CD79b in the reverse order) successfully lysed CD19- lymphoma within a heterogeneous tumor. These CAR-T cells eliminated CD19+, CD19-, and mixed CD19-expressing lymphomas in xenograft models of lymphoma. These results suggest that TanCAR-T cells targeting CD79b and CD19 have the potential to treat both CD19- relapsed tumors and tumors that retain CD19 expression (49).

CD22, a pan-B cell antigen, has also shown promise in CAR-T strategies, though relapse due to CD22 loss or reduced surface expression has been observed. Qin et al. developed a CD19/CD22 CAR construct, based on two clinically validated single-CAR constructs. The optimized CAR construct induced comparable levels of IFN-γ and interleukin-2 (IL-2) in vitro compared to single CARs when tested against dual-antigen-expressing and single-antigen-expressing cell lines. T cells expressing the CD19/CD22 CAR eradicated xenografts from ALL cell lines and patient-derived xenografts (PDX), including a PDX generated from a patient who relapsed with CD19- disease following CD19-directed CAR therapy. This bivalent CAR offers an opportunity to reduce the risk of antigen loss and improve therapeutic durability (50).




3.4 Ovarian cancer

The antigens folate receptor 1 (FOLR1) and mesothelin (MSLN) are specifically and highly expressed in cancer tissues, with only 11.25% of samples negative for both antigens (15). Studies have shown that targeting FOLR1 or MSLN individually results in a 48-76% likelihood of near-complete tumor elimination, while simultaneous targeting of both proteins increases tumor cell killing to 88% in ovarian cancer (12). Liang et al. designed a novel third-generation TanCAR targeting both FOLR1 and MSLN, combined with IL-12 secretion, to reduce the likelihood of tumor antigen escape and enhance CAR-T cell infiltration and antitumor activity. TanCAR-T cells efficiently lysed antigen-positive ovarian cancer cells in vitro and secreted higher cytokines levels than single-target CAR-T cells. More importantly, in vivo experiments demonstrated that TanCAR-T cells significantly reduced tumor volume, exhibited enhanced antitumor activity, and prolonged survival in mouse models (15).

Other studies have shown that 80% of epithelial ovarian cancer express mucin 16 (MUC16), whose extracellular segment is cleaved and released into the peripheral blood, serving as a well-known tumor marker. Additionally, the programmed cell death protein-1 (PD-1) and its ligand, programmed death-ligand 1 (PD-L1), form the PD-1/PD-L1 signaling pathway, which plays an inhibitory role in T cell immunity. Therefore, it is reasonable to speculate that a TanCAR combining PD-1 and anti-MUC16 could be an effective strategy against epithelial ovarian cancer. Li et al. developed TanCAR-T cells targeting PD-L1 and MUC16. Although no significant differences were observed between TanCAR-T cells and single-target CAR-T cells in cytotoxicity and cytokine production against OVCAR-3 cells in vitro, TanCAR-T cells demonstrated a remarkable therapeutic effect in vivo, prolonging survival in tumor-bearing mouse models compared to single CAR-T cells. These findings suggest that TanCAR-T cells hold promising therapeutic potential, and the experimental data may support further research leading to clinical studies (17).




3.5 Lung cancer

Mucin 1 (MUC1) and prostate stem cell antigen (PSCA) are overexpressed in non-small cell lung cancer (NSCLC). Abnormal glycosylation in MUC1 commonly occurs in many epithelial cancers, including NSCLC. High MUC1 expression has been observed in 86.3% of lung adenocarcinoma cases and 39.1% of lung squamous cell carcinoma cases. Immunohistochemical staining of NSCLC tissue after surgery has been revealed to have a high PSCA expression in 68.8% of tumor tissues. Additionally, high MUC1 and PSCA expression in patients is often associated with a poor prognosis. Therefore, MUC1 and PSCA show potential as targets for lung cancer diagnosis and immunotherapy. Results obtained by Wang et al. indicate that TanCAR-T cells targeting both MUC1 and PSCA have a more effective tumor-killing effect than single-target CAR-T cells, with their antitumor efficacy further enhanced by anti-PD-1 antibody treatment. This study reports a previously unexamined therapeutic effect of TanCAR-T cells in NSCLC, providing a preclinical rationale for combining anti-PD-1 antibodies with TanCAR-T cells targeting MUC1 and PSCA in NSCLC treatment (16).

CD70, the ligand of CD27, exhibits aberrant expression in hematological malignancies and in some solid tumors. Several reports have provided evidence suggesting the therapeutic potential of CD70 CAR-T cells. In addition, B7-H3 (CD276), a type I transmembrane protein, is generally expressed at low levels in normal tissues but is overexpressed in a wide variety of cancers, including gastric cancer, pancreatic cancer, neuroblastoma, endometrial cancer, glioma, melanoma, lung cancer, ovarian carcinomas, and prostate cancer, positioning B7-H3 as a promising immunotherapeutic target. In a study by Yang et al., TanCAR-T cells targeting both CD70 and B7-H3 demonstrated enhanced antitumor functionality and addressed the issue of antigenic heterogeneity in lung cancer treatment. TanCAR-T cells showed increased cytolytic activity and cytokine release compared to monospecific CAR-T cells when encountering tumor cells expressing two target antigens. Furthermore, low doses of TanCAR-T cells effectively controlled lung cancer xenografts and improved overall survival (OS) in treated animals (51).




3.6 Melanoma

The TanCAR targeting CD70 and B7-H3, developed by Yang et al. for the treatment of lung cancer, was also validated in melanoma through both in vitro and in vivo studies. In a melanoma mouse model generated by injecting the A375 melanoma cell line, treatment with TanCAR-T cells led to a more pronounced reduction in tumor burden compared to controls and the single-target CAR (CD70 or B7-H3) groups. The results observed in melanoma were consistent with those observed in lung cancer, further supporting the efficacy of this dual-targeting approach (51).




3.7 Gastric cancer

It has been reported that claudin18.2 (CLDN18.2) is the most promising target for gastric cancer. Xu et al. constructed novel TanCAR-T cells, named KD-496, which simultaneously recognize NKG2D ligands (NKG2DL) and CLDN18.2. These KD-496 CAR-T cells demonstrated superior antitumor efficacy and safety in vitro and in vivo compared to monospecific CAR-T cells. These TanCAR-T cells showed antigen-specific activation though cytokine secretion and tumor cell cytotoxicity assays. When co-incubated with gastric cancer cells, NUGC4 and MKN-28-18.2, KD-496 CAR-T cells specifically upregulated IFN-γ and strongly lysed tumor cells, even at low effector-to-target ratios. Remarkably, in vivo studies showed that KD-496 CAR-T cells more efficiently eliminated xenograft tumors and did not exhibit significant treatment-related toxicity in treated mice. These results support the potential for future clinical trials of KD-496 TanCAR in patients with gastric cancer, where the need for effective treatment is substantial (52).




3.8 Glioblastoma

CAR-T cell therapy for glioblastoma (GBM) targets several antigens, including interleukin-13 receptor α2 (IL13Rα2), human epidermal growth factor receptor 2 (HER2), epidermal growth factor variant III (EGFRvIII), and erythropoietin-producing hepatocellular carcinoma A2 (EphA2) (18, 54). Among these, IL13Rα2 is considered the most suitable target for GBM, as it is overexpressed in approximately 50-80% of gliomas, while remaining undetectable in normal brain tissue (54, 55). In preclinical models of GBM, CAR-T cells have demonstrated robust antitumor activity and are currently being evaluated in phase I/II studies targeting glioma-specific, antigens IL-13Rα2, HER2, and EGFR. A mathematical model analyzing the expression hierarchy of three validated glioma antigens (HER2, IL13Rα2, and EphA2) predicted an increased likelihood of tumor elimination when any two of these three antigens are targeted (59).

Hedge et al. developed a TanCAR specific to two glioma-associated antigens, HER2 and IL13Rα2, and found that TanCAR-T cells could simultaneously engage both antigens by inducing HER2-IL13Rα2 heterodimers, which promoted superadditive T cell activation when both antigens were encountered concurrently. TanCAR-T cell demonstrated more sustained activity without increased susceptibility to exhaustion, compared to T cells that co-expressed HER2 and IL13Rα2 CARs, monospecific CAR-T cells, or pooled products. In a murine GBM model, TanCAR-T cells mitigated antigen escape, exhibited enhanced antitumor efficacy, and improved animal survival. These findings suggest that TanCAR-T cells have therapeutic potential to improve GBM control by co-engaging HER2 and IL13Rα2 in an enhanced, bivalent immune synapse that strengthens T cell functionality and reduces antigen escape (53). However, HER2 scFv-based CAR-T cells can harm normal cells due to off-target recognition of HER2, which are also expressed in some healthy cells (54).

In contrast to other GBM-associated surface antigens, such as HER2, EGFRvIII and IL-13Rα2 are unique because they are frequently expressed in GBM cells but are absent or present at very low levels in somatic tissues, reducing the likelihood of on-target, off-tumor toxicity. Recent studies indicate that IL-13Rα2 and EGFRvIII expression is significantly heterogeneous in glioma tissues, suggesting that strategies targeting both antigens simultaneously could achieve broader tumor coverage. Schimdt et al. developed TanCAR-T cells targeting both EGFRvIII and IL-13Rα2, which showed superior cytotoxicity in vitro against heterogeneous GBM populations, including patient-derived tumor cultures. TanCAR-T cells also exhibited faster and more complete cytotoxicity compared to monospecific CAR-T cells, and importantly, did not exhibit higher off-target effects than CAR-T cells targeting only EGFRvIII. In mouse models of GBM, including PDX models, TanCAR-T cells led to complete and durable responses, demonstrating superior activity against heterogeneous tumors compared to their monospecific CAR counterparts (18).

EphA2 is also overexpressed in GBM and, unlike EGFRvIII, is not associated with the development of antigen loss variants, making it a safer target for CAR therapy. Consequently, EphA2 represents another promising target for GBM treatment. Muchammad et al. developed a TanCAR that targets both IL13Rα2 and EphA2, with the potential to more selectively kill heterogeneous gliomas and address antigen escape in CAR-T cell therapy for GBM. The third-generation TanCAR-T cells exhibit more selective killing of heterogeneous GBM, with a reduced likelihood of antigen escape when both targets are encountered and can enhance the persistence of CAR-T cells at the tumor site. This novel TanCAR demonstrates superior antitumor activity compared to single-specificity CARs. Additionally, the bispecific TanCAR has the potential to reduce off-target cytotoxicity and mitigate tumor antigen escape (54).

Transforming growth factor-beta (TGF-β), commonly overexpressed in solid tumors, plays a significant role in the GBM TME by promoting the tumorigenicity of glioma-initiating stem cells, tumor-cell proliferation, and invasiveness. Additionally, TGF-β modulates immune cell composition and function, facilitating tumor evasion of immune responses and making it a promising therapeutic target. A recent study engineered a TanCAR targeting both IL-13Rα2 and TGF-β, designed to reprogram tumor-specific T cells to convert TGF-β from an immunosuppressant to an immunostimulant. These TanCAR-T cells were evaluated for efficacy and safety in both patient-derived GBM xenografts and syngeneic murine glioma models. Treatment with IL-13Rα2/TGF-β CAR-T cells resulted in increased T-cell infiltration and reduced levels of suppressive myeloid cells in the tumor-bearing brain compared to conventional IL-13Rα2 CAR-T cells, leading to improved survival in both patient-derived GBM xenografts and syngeneic murine models. These findings demonstrate that by reprogramming tumor-specific T-cell responses to TGF-β, bispecific IL-13Rα2/TGF-β CAR-T cells can counter and remodel the immunosuppressive TME, driving potent anti-tumor responses in GBM (55).





4 Tandem CAR-T cells: clinical trials

Clinical studies employing TanCAR-T cells are still limited and are currently in early clinical stages, with only a few studies providing preliminary data. Table 2 presents TanCAR strategies that have been translated into sixteen clinical trials targeting various antigen combinations, including BCMA/CD38, BCMA/CD19, BCM/CS1, CD19/CD20, CD19/CD22 and NKG2DL/CLDN18.2. More research and clinical trials are still needed to improve the effectiveness and safety of these therapies and determine the best ways to combine them with other treatments. CAR-T cell therapies represent some of the most advanced cancer treatments available today. Their development and success have led to FDA approval for the treatment of blood cancers, while research is ongoing to expand their use for solid tumors. The role of tandem CAR-T cell therapy in current treatment algorithms must be carefully considered before implementing it in clinical practice. Tandem CAR-T cells may be used as a rescue treatment for hematologic malignancies when single-target CAR-T treatments have failed because of antigen escape, or as a frontline therapy for patients with high-risk disease characteristics. To improve overall treatment efficacy, tandem CAR-T therapy may be used in solid tumors in conjunction with other modalities like checkpoint inhibitors or traditional chemotherapy. Many targeted therapies are becoming standard treatment for cancer. However, success rates can vary depending on multiple factors, including the type of cancer and the individual’s response to therapy (1). There have been 16 clinical trials investigating TanCAR-T cells with varying statuses: prospective registration (n = 1), recruiting (n = 5), active but not recruiting (n = 2), completed (n = 3), and studies with unknown status (n = 4) (www.clinicaltrials.gov). Table 3 provides a summary of the clinical data from these clinical trials, including their results.

Table 2 | Published data of tandem CAR-T cells clinical trials.
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Table 3 | Published results of efficacy and safety of TanCAR-T cells in clinical trials and preclinical studies.
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4.1 Multiple myeloma



4.1.1 TanCARs targeting BCMA and CD38

Mei et al. constructed a humanized TanCAR targeting both BCMA and CD38 (BM38 CAR) and evaluated its anti-myeloma activity both in vitro and in vivo. BM38 CAR-T cells demonstrated enhanced cytotoxicity in vitro and showed potent anti-myeloma activity in xenograft mouse models. Subsequently, twenty-three patients with r/r MM received BM38 CAR-T cell infusions in a phase 1 dose-escalation and expansion study (ChiCTR1800018143). Notably, BM38 CAR-T cells were detectable in 77.8% of evaluable patients at 9 months and in 62.2% at 12 months. This study was the first to demonstrate that humanized bispecific BM38 CAR-T cells are feasible, safe and significantly effective in patients with r/r MM, showing substantial in vivo persistence, deep and durable responses, and effective elimination of extramedullary disease (58). The TanCAR achieved an overall response rate (ORR) of 87%, with minimal residual disease negativity in 87.5% of cases and a median progression-free survival (PFS) of 17.2 months (60). These preliminary results require confirmation in future multicenter clinical trials.

There is another study examining tandem CD38/BCMA targeting CAR-T cells in r/r MM (NCT03767751) (61). It is a phase 1/2 study aiming to determine the safety of dual-specificity CD38 and BCMA CAR-T cells, as well as the feasibility of producing enough cells to treat patients with r/r MM. However, to date, no data has been published regarding the results of this clinical trial.




4.1.2 TanCARs targeting BCMA and CD19

Plasma cells can lose CD19 antigen expression during differentiation; however, neoplastic plasma cells may retain this expression, supporting the potential use of anti-CD19 CAR-T cell therapy in MM. Consequently, bispecific CAR-T cells targeting both BCMA and CD19 have been developed to enhance tumor cell killing (60). In one study, a TanCAR-T targeting BCMA and CD19 (BC19 CAR) was designed and tested for its anti-myeloma activity in vitro and in vivo. Preclinical results indicated that BC19 CAR-T cells selectively killed cancer cells expressing either BCMA or CD19 and demonstrated potent antigen-specific anti-tumor activity in xenograft mouse models. Based on these preliminary findings, an open-label, single-arm, phase 1/2 study of BC19 CAR-T cells was conducted in 50 patients with r/r MM (ChiCTR2000033567). BC19 CAR-T cells were well tolerated and showed significant clinical efficacy, with grade 3 or higher CRS observed in 8% of patients and grade 1 neurotoxic events in 4% of patients. The ORR in this population was 92% with a median PFS of 19.7 months and a one-year OS rate of 85%. Overall, the study reported that BC19 bispecific CAR-T cell infusion is a viable, safe, and effective strategy for managing patients with r/r MM (62).




4.1.3 TanCARs targeting BCMA and CS1

CS1 is highly expressed in MM cells both at diagnosis and relapse stages, and anti-CS1 therapy with elotuzumab, is approved for the treatment of r/r MM. Irreversible loss of BCMA has been observed in some relapsed patients after BCMA-targeted CAR-T cell infusion, although their MM cells retained CS1 expression. To enhance targeting of BCMA along with CS1, Li et al. developed a tandem bispecific CS1/BCMA CAR containing a novel anti-CS1 scFv (clone 7A8D5) and a novel anti-BCMA scFv (clone 4C8A). They reported preliminary data on the safety, efficacy, and kinetics of tandem CS1/BCMA CAR-T cells in 16 patients with r/r MM in a phase 1 clinical trial (NCT04662099). Among the responders, the ORR was 81%, with one year OS and PFS rates of 72.73% and 56.26%, respectively. Four patients experienced BCMA+ and CS1+ relapse or progression, and one patient responded after treatment failure with anti-BCMA CAR-T cells. These results suggest that tandem CS1/BCMA CAR-T cells have clinical activity and a favorable safety profile in patients with r/r MM (63).





4.2 B cell malignancies



4.2.1 TanCARs targeting CD19 and CD20

CAR-T cells targeting CD19 represent a breakthrough treatment for r/r B cell malignancies. However, despite impressive outcomes, relapse with CD19-negative disease remains a challenge. Shah et al. addressed this limitation in a first-in-human trial of bispecific CD20/CD19 (LV20.19) CAR-T cells for r/r B cell malignancies. Twenty-two adult patients with B cell non-Hodgkin lymphoma (NHL) or CLL were treated in a phase 1 dose-escalation and expansion trial (NCT03019055) to evaluate the safety of TanCAR-T cells and the feasibility of on-site manufacturing using the CliniMACS Prodigy system. Treatment at the target dose of 2.5 × 106 cells/kg (n = 16) resulted in an ORR of 88%, with a complete response (CR) rate of 75%, on day 28. Notably, CD19 antigen loss was not observed in patients who relapsed or experienced treatment failure. The study concluded that on-site manufacturing and infusion of non-cryopreserved LV20.19 CAR-T cells is feasible, safe and highly effective with low toxicity. Bispecific CARs may enhance clinical responses by reducing the likelihood of relapse through target antigen downregulation (64). Subsequently, Shah et al. reported two-year survival outcomes and identified predictors of early response, late relapse, and survival in patients treated at the target dose (2.5 × 106 cells/kg, n = 16). This trial of LV20.19 CAR-T demonstrates promising long-term outcomes for patients with r/r B cell malignancies. Bispecific LV20.19 CAR-T cells achieve high response rates in B-cell NHL and CLL, with two-year PFS and OS rates of 44% and 69%, respectively, across all patients, and 50% and 75%, respectively, in CAR-naïve diffuse large B-cell lymphoma (DLBCL) patients. As with other CARs constructs, the efficacy of the LV20.19 CAR was impacted by high metabolic tumor volume (65).

To address the limitations observed and improve clinical outcomes, a new trial with LV20.19 CAR T-cells in r/r NHL (NCT04186520) was designed incorporating key modifications in lymphodepletion and manufacturing. As part of the ongoing phase 1/2 multi-cohort trial, fourteen patients with r/r Richter’s Transformation and CLL received LV20.19 CAR-T cells, with initial safety and outcomes reported. Although LV20.19 CAR-T cells demonstrated efficacy in both CLL and RT, their use was limited by high rates of immune effector cell-associated hemophagocytic lymphohistiocytosis (IEC-HS), particularly among CLL patients. Thus, further studies are needed to understand how CLL biology contributes to CAR IEC-HS and, due to two dose-limiting toxicities (DLTs) in the CLL cohort, the dose for future CLL patients has been reduced to 1 × 106 cells/kg (66). In this ongoing clinical trial, Shah et al. also examined the effect of using interleukin-7 (IL-7) and interleukin-15 (IL-15), instead of IL-2 as used in their prior study, and different manufacturing durations on the safety and efficacy of LV20.19 CAR T-cell. CAR-T cells expanded with IL-7 and IL-15 were found to be safe and effective for r/r B-cell NHL, showing a high ORR with low rates of grade 3 or higher CRS or immune effector cell-associated neurotoxic syndrome (ICANS). Early results demonstrated immunophenotypic differences and improved responses in patients treated with a shorter, 8-day manufacturing process (67). The study also reported that tandem LV20.19 CAR-T cells, expanded with IL-7 and IL-15 and manufactured onsite, were safe and effective for r/r MCL, achieving a 100% ORR at day 90, with only one relapse to date and a median follow-up of nearly two years. Thus, dual targeting of CD19 and CD20 with CAR-T cells may improve outcomes in patients with r/r MCL (68).

Another TanCAR targeting CD20 and CD19 (pLTG1497) was developed, and preclinical evaluations demonstrated improved anti-lymphoma activity. This led to the initiation of a first-in-human, phase 1 clinical study of autologous pLTG1497-transduced CAR-T cells (MB-CART2019.1, also known as Zamtocabtagene autoleucel) in patients with r/r B-NHL (NCT03870945). The goal of this phase 1 prospective multicenter trial was to determine the maximum tolerated dose (MTD) of MB-CART2019.1 in 12 adult patients with CD20- and CD19-positive r/r B-NHL, based on DLTs. No DLTs, nor CRS or neurotoxicity grade 3 or higher were observed, demonstrating excellent feasibility and safety in this cohort of elderly patients with r/r B-NHL. Sustained expansion of TanCAR-T cells was accompanied by efficacy: all patients (6/6) treated at dose level 2 (2.5 x 106 cells/kg) responded, and all five patients with completed remission (5/5) remain in ongoing remission as of this report. Based on this favorable risk-benefit ratio, MB-CART2019.1 is now being evaluated at a dose of 2.5 x 106 cells/kg in clinical trials for patients with relapsed aggressive B-NHL (69).

These promising results of zamtocabtagene autoleucel support the rationale for the ongoing randomized phase 2 trials, DALY 2-EU (NCT04844866) and DALY 2-USA (NCT04792489). DALY 2-EU, is a pivotal randomized, multicenter, open-label study and two arms, designed to evaluate the efficacy and safety of MB-CART2019.1 compared to standard of care (SoC) therapy in participants with r/r DLBCL who are not eligible for high-dose chemotherapy (HDC) and ASCT (70). DALY 2-USA, currently enrolling patients, investigates MB-CART2019.1 in adults with r/r DLBCL following at least two prior lines of therapy (71).

Tong et al. designed tandem CD19/CD20 CAR-T cells (TanCAR7-T cells) that form superior and stable immunological synapse structures, potentially contributing to their robust antitumor activity. In an open-label, single-arm phase 1/2a trial (NCT03097770), they enrolled 33 patients with r/r NHL, with 28 patients receiving an infusion following conditioning chemotherapy. CRS occurred in 14 patients (50%), with 36% experiencing grade 1 or 2, and 14% experiencing grade 3. One patient died from a treatment-associated severe pulmonary infection. The ORR was 79%, with a CR rate of 71%, and a PFS rate of 64% at 12 months. Notably, TanCAR7-T cells elicited a potent and durable antitumor response without causing grade 3 or higher CAR-T cell-related encephalopathy syndrome (CRES) in patients with r/r NHL (13). To further confirm these promising results and explore key covariates affecting response rates, relapse rates, and safety of TanCAR7-T cell therapy, the first 28 patients in the interim report were followed up for an extended period, and an additional cohort was recruited. These two cohorts were combined, with updated findings presented. In this trial, 87 patients with r/r NHL, including 58 with aggressive DLBCL and 24 with high tumor burden, received an infusion at doses of 0.5–8 × 106 TanCAR7-T cells/kg after conditioning chemotherapy. The best ORR was 78%, with consistent response rates across prognostic subgroups. The median follow-up was 27.7 months and the median PFS was 27.6 months. CRS occurred in 61 patients (70%), with 60% of cases being grade 1 or 2, and 10% grade 3 or greater. Grade 3 CRES observed in 2 patients (2%). Three patients died due to treatment-associated severe pulmonary infections or CRS-related pulmonary injury within 1-3 months post-infusion. Long-term remissions were achieved with TanCAR7-T cells in r/r NHL, demonstrating a durable antitumor response in a heavily pretreated population, with a manageable safety profile that included CRS but few cases of CRES (72).

In another study, the efficacy and safety of autologous tandem CD19/20 CAR-T cells were investigated in eleven adult patients with r/r B cell NHL in an open-label, single-arm trial (NCT04723914). Most patients achieved a complete response. Post-infusion, the TCR repertoire diversity of CAR-T cells decreased, with expanded TCR clones in vivo primarily derived from those in the infusion product and showing increased expression of genes linked to immune-related signaling pathways. In vivo CAR-T cells kinetics were associated with upregulated genes related to immune response and cytotoxicity. In summary, this phase 1/2 trial demonstrates the safety and strong clinical efficacy of autologous CAR-T therapy targeting CD19 and CD20 in r/r NHL, underscoring the potential of dual-antigen targeting in cell-based immunotherapy. However, due to the small sample size, a larger cohort is needed to further validate the long-term efficacy and safety of this approach (14).




4.2.2 TanCARs targeting CD19 and CD22

While CAR-T cell therapies targeting either CD19 or CD22 individually have shown strong anti-lymphoma effects, relapses due to antigen escape remain common. CAR-T cells targeting both CD19 and CD22 may help overcome this limitation (76).

A phase 1 clinical trial (NCT03185494) assessed the safety and feasibility of autologous CD19/CD22 CAR-T cell therapy in adult patients with r/r B-ALL. The study demonstrated that bispecific CD19/CD22 CAR-T cells could elicit a robust cytolytic response against target cells. All six enrolled patients achieved minimal residual disease-negative CR, with autologous CD19/CD22 CAR-T cells proliferating in vivo and being detectable in blood, bone marrow, and cerebrospinal fluid. No neurotoxicity was observed in any of the patients. However, one patient relapsed approximately five months post-treatment with blast cells lacking CD19 expression and showing reduced CD22 density. In summary, autologous CD19/CD22 CAR-T cell therapy is feasible, safe, and mediates potent anti-leukemic activity in patients with r/r B-ALL. Nevertheless, the emergence of target antigen loss and downregulation highlights the critical need to anticipate antigen escape. The clinical responses in this initial cohort have prompted expansion of the phase 1 study to evaluate the success rate, response durability, and toxicity events in a larger patient population. These results suggest that bispecific CD19/CD22 CAR-T cells help prevent antigen escape without increasing toxicity (73).

Spiegel at al. tested a bispecific CAR targeting CD19 and CD22 in a phase 1 clinical trial (NCT03233854) involving adults with r/r B-ALL and DLBCL. The primary endpoints were manufacturing feasibility and safety, with efficacy as a secondary endpoint. These primary endpoints were achieved: 97% of products met the protocol-specified dose, and no DLTs occurred during dose escalation. In B-ALL (n = 17), 100% of patients responded, with 88% achieving minimal residual disease-negative complete remission. In DLBCL (n = 21), 62% of patients responded, with 29% achieving complete remission. Relapses were CD19-/lo in 50% (5/10) of patients with B-ALL and 29% (4/14) of patients with DLBCL but were not associated with CD22-/lo disease. CD19/22 CAR products demonstrated reduced cytokine production when stimulated with CD22 compared to CD19. These results further implicate antigen loss as a major cause of CAR-T cell resistance, highlight the challenge of engineering multi-specific CAR-T cells with equivalent potency across targets, and identify cytokine production as an important quality indicator for CAR-T cell potency (74).

Zhang et al. conducted a prospective, single-arm study of bispecific CD19/22 CAR-T cells in 32 patients with r/r B-NHL (NCT03196830) to evaluate safety, efficacy, and the kinetic profiles of the CAR-T cells. The ORR was 79.3%, with a CR rate of 34.5%. The PFS and OS rates at 12 months were 40% and 63.3%, respectively. Among patients who achieved CR at 3 months, PFS and OS rates at 12 months were 66.7% and 100%, respectively. Severe CRS of grade 3 or higher occurred in nine patients (28.1%) and grade 3 or higher neurologic events occurred in four patients (12.5%). One patient died due to irreversible severe CRS-associated acute kidney injury. Responders exhibited higher maximum concentration and prolonged long-term persistence of CAR-T cells in peripheral blood. Additionally, CAR-T cell expansion within the first 28 days was associated with CRS, a key adverse event. This study highlights the safety and potential clinical efficacy of bispecific CD19/22 CAR-T cells in patients with r/r B-NHL and underscores the importance of measuring peripheral blood kinetic parameters to predict efficacy and safety in clinical applications of CAR-T cell therapy (75).

Wang et al. compared the characteristics and clinical outcomes of CD19 single-target (ChiCTR-ORN-16008948, n = 35) and CD19/CD22 bispecific-targeted (ChiCTR1800015575, n  =  15) CAR-T cells in a retrospective study of 50 patients with r/r ALL. They found that CD19/CD22 dual-target CAR-T cells had slightly lower CRS toxicity, potentially making them more suitable for elderly patients, those with severe disease, or patients with high tumor burdens. However, CD19/CD22 dual-target CAR-T cells showed a comparable CR rate to CD19 CAR-T cells and did not reduce the recurrence rate in r/r ALL (77). This CAR-T therapy was also evaluated in the same trial for r/r aggressive B cell lymphoma. They found that dual-targeted CAR-T therapy was effective, with 14 (87.5%) patients achieving an objective response and 10 (62.5%) achieving CR among the enrolled patients. The 2-year OS and PFS rates were 77.3% and 40.2%, respectively. Bispecific CAR-T therapy was safe, with only one patient experiencing severe CRS and no patients developing ICANS. These results suggest that CD19/CD22 CAR-T cells may offer a safe and potent cell-based immunotherapy for anti-lymphoma treatment (76).

Another study conducted a phase 2 clinical trial to evaluate the efficacy and toxicity of CD19/CD22 dual-targeted CAR-T therapy in patients with r/r NHL (NCT03196830). Among the enrolled patients, 33 with r/r DLBCL patients who had received DFC (decitabine, fludarabine, and cyclophosphamide) lymphodepletion chemotherapy and tandem CD19/CD22 CAR-T cells were evaluated for efficacy and toxicity. With a median follow-up of 10.9 months, the best ORR and complete remission rates were 90.9% and 63.6%, respectively. The median PFS was 10.2 months and OS was not reached. The 2-year OS and PFS rates were 54.3% and 47.2%, respectively. No grade 4 CRS was observed, grade 3 CRS occurring in 7 patients and 3 patients experienced mild ICANS. All toxicities were transient and reversible, with no CAR-T-related mortality. This study suggests that CD19/CD22 dual-targeted CAR-T therapy with a decitabine-containing lymphodepletion regimen may be a safe and effective approach for r/r DLBCL patients (78).





4.3 Solid tumors



4.3.1 TanCARs targeting CLDN18.2 and NKG2D ligands

KD-496, a bispecific CAR-T cell therapy that simultaneously recognizes NKG2D ligands (NKG2DL) and CLDN18.2, has demonstrated superior antitumor efficacy and safety both in vitro and in vivo studies compared to monospecific CAR-T cells. KD-496 CAR-T cells have shown potent responses against gastric cancer, exhibiting more efficient tumor elimination than single-target CAR-T cells in a PDX model, with a favorable safety profile. A phase 1, single-arm, single-center, open-label study (NCT05583201) is currently underway to evaluate the safety and efficacy of KD-496 CAR-T cell infusion in patients with advanced NKG2DL/CLDN18.2-positve solid tumors (79).






5 Advantages and challenges for TanCAR-T cell therapy

Despite the compelling results, most patients treated with CAR-T cells ultimately experience disease progression. This can occur due to an initial lack of response, known as primary resistance, or as a result of relapse following an initial, transient response, referred to as secondary resistance. Several mechanisms of resistance to CAR-T cell immunotherapy have been identified, including CAR-T cell dysfunction, tumor-intrinsic mechanisms and immunosuppressive TME. Understanding these mechanisms is essential to developing more effective strategies that can provide durable responses in patients. Notably, the features of primary and secondary resistance after CAR-T cell therapy vary depending on the specific product and disease (80). The complex and immunosuppressive nature of the TME, tumor antigen heterogeneity, challenges in cell trafficking, CAR-T cell exhaustion, and reduced cytotoxicity at the tumor site are significant factors that limit the effectiveness of CAR-T cell therapy. These challenges underscore the need for continued advancements to enhance the performance and applicability of this treatment (81).

Advancements in technology have made bispecific CAR-T cell therapy more accessible. TanCARs offer numerous therapeutic applications, showing similar efficiency to conventional single antigen-specific CARs while being less toxic and highly effective in areas with a high disease burden (3). Key advantages include reduced manufacturing costs and greater homogeneity of cell products, which can help prevent relapses causes by target antigen loss, tumor heterogeneity, and on-target, off-tumor toxicities (25, 82).

A challenge with the simultaneous infusion of CAR-T cells is the preferential expansion of certain CAR-T cells populations targeting specific antigens, which can limit the expansion of others and impair overall efficacy. Co-transduction often results in a heterogeneous mixture of cells expressing either single CARs or dual-transduced CARs, making it difficult to achieve uniform expression levels for both CARs. Although achieving high transduction efficiencies for bicistronic CARs and TanCARs is more challenging than for monospecific CARs due to their larger construct size, this approach ensures comparable expression levels for both CARs across all transduced cells (83). When two types of CAR-T cells are co-cultured in vivo, they may grow disproportionately due to competition between cell populations. Connecting the two scFvs in tandem within a single CAR can prevent this growth competition. Moreover, bispecific CARs reduce the cost of producing multiple GMP-grade vectors and separately transduced T-cell lines (29, 42). A significant concern with multi-target CAR-T therapy is the high production cost. Approaches like co-administration and co-transduction involve additional viral transductions and manufacturing steps, which, when commercialized, can substantially increase the cost of therapies that are already extremely expensive (27). Therefore, compared to traditional mixed-expression CAR-T cells infusions, bispecific CAR-T cells can significantly reduce treatment costs and improve production efficiency.

Antigen escape is one of the major limitations of CAR-T cell therapy, and targeting multiple antigens with TanCARs is a potential strategy to overcome this issue (11). Antigen escape occurs when tumor cells evolve to express reduced levels of the target antigen, preventing CAR-T cells from effectively recognizing and binding to the intended target. This phenomenon can occur during or after CAR-T cell infusion and poses a significant clinical challenge. Consistent and sufficient expression of the target antigen in cancer cells is critical for optimal CAR-T cell therapy outcomes, as it affects binding affinity, activation, and cytotoxicity. When antigen loss occurs, CAR-T cells may lose their ability to effectively recognize and target tumor cells (4). Antigen escape has been identified as a mechanism of disease relapse after CAR-T cell therapy in 20-28% of patients with B-cell lymphoma, 16-68% of patients with B-ALL, and at lower rates in those with MM (84). Solid tumors have also shown evidence of antigen loss or tumor escape (85). Furthermore, certain antigens are more susceptible to loss than others. For instance, while BCMA loss in MM after CAR-T treatment is rare or only suspected, target antigen loss in solid tumors has been documented (82). Studies suggest that dual-antigen targeting, compared to single-antigen targeting, may produce synergistic responses in solid tumors, enhancing response rates and reducing the risk of antigen escape (73). Several preclinical and clinical studies have demonstrated the potential of dual-targeted CAR-T cells in addressing antigen loss. These studies have shown promising results, including improved response rates, prolonged remission, and reduced relapse rates compared with single-targeted CAR-T cell therapies (4).

However, current results are limited to small trials without comparator arms. Antigen loss still occurs in a small subset of patients, indicating that even multispecific targeting may not fully prevent target antigen loss. The role of multi-target CAR-T cell therapies in the era of immunotherapy, including bispecific antibodies and antibody-drug conjugates such as blinatumomab, loncastuximab, and inotuzumab, requires further investigation. These drugs can modify antigen expression and contribute to diseases with heterogeneous phenotypes, potentially affecting CAR-T cell therapy outcomes. Larger studies with extended follow-up are needed to evaluate safety and long-term efficacy of multispecific CARs and their ability to prevent antigen loss (26).

Despite the advantages of TanCAR-T cell therapy, challenges remain, as it does not address other resistance mechanisms beyond target antigen loss. Evidence on the safety profile and in vivo activity of bispecific CAR-T cells is still limited, and optimizing these complex constructs remains an unsolved task (25). This approach may also lead to excessive CAR signaling, which could promote CAR-T cell exhaustion, limit persistence, and increase the risk of adverse events. Additional limitations include the size of the TanCAR transgene, which may exceed the cargo capacity of lentiviral vectors used for transduction, as well as potential cross-linking events involving the light and heavy chain variable domains of a given TanCAR (6).

It is challenging to bind two different antigens, as the corresponding antigen-binding fragments must be effectively engineered into T cells to produce a bispecific CAR structure in the T cell membrane. This process involves designing appropriate CAR constructs, generating viral packaging vectors, producing viruses for transduction, and establishing bispecific CAR-T cells through viral transduction. Transduction efficiency is a major issue that requires improvement (42). The design and construction of CAR-T cells in both bicistronic CAR and TanCAR strategies face obstacles, and the size of the constructs is limited by the packaging capacity of the viral vector (29). The length of co-stimulatory domains and linkers needed to create a bispecific CAR construct requires a large-sized vector, complicating viral packaging and reducing transduction efficiency. Poor transduction efficiency results in reduced expression of bispecific CAR constructs on the T cell membrane (25). For bicistronic CARs, one challenge is that expressing two CAR molecules in a viral bicistronic plasmid may require codon optimization of duplicated DNA sequences (e.g., CD3ζ) to reduce the risk of DNA recombination. TanCARs offer an alternative, fusing two scFvs with different antigen specificities in the extracellular domain and connecting to a single intracellular signaling module. TanCARs have the advantage of a smaller transgene size (approximately 40% shorter than bicistronic CARs), which is particularly beneficial when incorporating additional transgenes, such a safety switches or cytokines, into the CAR plasmid. This is critical, as previous studies have shown that construct size impacts viral vector packaging and transduction efficiency (44).

Constructing a TanCAR requires additional considerations, such as potential cross-pairing between the VL and VH sequences of different scFvs and the length of the extracellular spacer. Besides transduction efficiency, the spatial arrangement of the two scFvs also influences bispecific CAR-T cell activity, making it necessary to explore optimal CAR-T cell structure for recognizing specific targets cells. In constructing CD19/CD20 TanCARs, Zah et al. proposed arranging the CAR construct as scFv1 (VL-VH)-scFv2 (VH-VL) to minimize potential cross-pairing in the VL and VH domains between the two scFvs. Regarding the extracellular spacer length, shorter spacers demonstrated better activity in anti-CD19 CARs, whereas longer spacers were most effective for CD20. Therefore, the spacer length and targeted epitope position must be adjusted based on the specific antigen characteristics (29). Other studies on CD19/CD20 and CD19/CD22 bispecific CAR-T cells have shown that a shorter distance between the scFv and the target on the cell membrane can lead to higher CAR-T cell activity, supporting the development of a bivalent vector encoding a short linker to connect the two scFvs in bispecific CARs (25). TanCAR design requires fine-tuning of spacer length and linker sequence between scFvs, as well as careful orientation to optimize antigen recognition and T cell activation. Computational modeling can assist in the design of these TanCARs, improving their structural predictions and facilitating their development (74, 86).

The findings and recent research on TanCARs could have significant implications for future research directions, including the development of next-generation CAR-T cells and combinatorial therapies. Multiple biological limitations of currently approved CAR-T cells can potentially be addressed through innovative engineering strategies and combination therapies. Combining CAR-T cells with treatments that sustain target antigen expression on the tumor surface is a promising strategy to prevent antigen downregulation. Additionally, new-generation CAR-T cells are being engineered to secrete molecules such as cytokines to enhance antitumor activity (80). To the best of our knowledge, advances in CAR-T cell combination therapies with other therapeutic approaches have opened promising horizons for more effective cancer treatments, particularly for solid tumors. Various studies have supported this idea, demonstrating that combination therapies significantly improve the effectiveness of CAR-T cell therapy while reducing its side effects (81). Furthermore, novel CAR designs, coupled with advancements in gene transfer and editing technology, hold the potential to increase access to engineered cell therapies and improve their potency in solid tumors. Remarkable progress in molecular biology, immunology, gene editing, synthetic biology, and computational analysis provide powerful new tools for CAR T cell development. These advances are critical to achieving a greater therapeutic success and expanding the use of CAR-T cell therapies to a broader range of cancer types (86).

In summary, challenges in TanCAR-T cell manufacturing include the complex optimization process to selecting suitable vectors, inconsistencies in batch viral vector manufacturing, low transduction efficiency in bispecific CAR-T cells, and a high manufacturing failure rate due to the size of the bivalent and bicistronic vector. These issues need to be resolved (25).




6 Conclusions

Dual-targeting CAR-T cell therapy, a rapidly advancing form of tumor immunotherapy, offers new hope for patients beyond the era of monospecific CAR-T cell therapy. The clinical efficacy of TanCAR-T therapy has been validated in several trials; however, the data on multi-targeting strategies remain limited, and many challenges still need to be addressed. An optimal bispecific CAR structure has yet to be established, highlighting the need for further optimization. This process should focus on identifying appropriate targets for different indications, designing an optimal spatial arrangement of the two distinct scFvs, selecting suitable linker for the scFvs, and ensuring efficient transduction using patient-derived T cells to enhance the efficacy and persistence of TanCAR-T cells. The absence of a perfect bispecific CAR structure underscores the importance of collaboration among research groups to develop solutions that benefit the global community. Integrating clinical and preclinical data into predictive models can guide the design of an ideal vector for TanCAR therapy. Although current results are promising, additional clinical trials are underway. Ongoing collaborative research and development efforts aim to improve TanCAR-T cell therapy, making it a more accessible and effective treatment option for cancer.
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Chimeric antigen receptor (CAR)-T cell therapy, which utilizes genetic engineering techniques to modify T-cells to achieve specific targeting of cancer cells, has made significant breakthroughs in cancer treatment in recent years. All marketed CAR-T products are second-generation CAR-T cells containing co-stimulatory structural domains, and co-stimulatory molecules are critical for CAR-T cell activation and function. Although CD28-based co-stimulatory molecules have demonstrated potent cytotoxicity in the clinical application of CAR-T cells, they still suffer from high post-treatment relapse rates, poor efficacy durability, and accompanying severe adverse reactions. In recent years, researchers have achieved specific results in enhancing the anti-tumor function of CD28 by mutating its signaling motifs, combining the co-stimulatory structural domains, and modifying other CAR components besides co-stimulation. This paper reviewed the characteristics and roles of CD28 in CAR-T cell-mediated anti-tumor signaling and activation. We explored potential strategies to enhance CAR-T cell efficacy and reduce side effects by optimizing CD28 motifs and CAR structures, aiming to provide a theoretical basis for further clinical CAR-T cell therapy development.
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1 Introduction

CAR-T therapy has achieved remarkable results in treating hematological tumors and has become a “star therapy” for treating a variety of hematological tumors (1). In addition to the first signal provided by the T-cell receptor (TCR), the activation of T cells requires the activation of co-stimulatory molecules to activate co-stimulatory signals (2, 3). Activation of T cells by signaling through binding CD28 to its ligand is the major co-stimulatory pathway (4–7). The co-stimulatory effect of CD28 depends on its key signaling motifs (8, 9). The activated signaling pathways include the phosphoinositide 3-kinase (PI3K)- protein kinase B (AKT) pathway and the growth factor receptor-bound protein 2 (GRB2)- rat sarcoma virus oncogene (Ras) pathway, which regulate the activation and function of T cells (10, 11). The use of CD28 in CAR structures to provide co-stimulatory signals addressed the problem of the lack of activation of first-generation CAR-T cells. It became one of the most popular and widely used co-stimulatory molecules.

Although CD28-based CAR-T has significantly improved the clinical efficacy of hematological tumors, there are still challenges, such as poor in vivo durability and high recurrence rates in patients with hematological tumors and limitations in treatment and safety in solid tumors (12). Resolving these issues is critical to further enhancing CD28-based CAR-T therapies’ efficacy. Currently, optimization strategies for modulating CD28- based CAR-T include altering CD28 intrinsic signaling by mutating CD28 amino acid motifs, exploring combinatorial modes with other co-stimulatory molecules to achieve complementary co-stimulatory signaling, and optimizing CAR structural elements other than the co-stimulatory structural domains, in addition to modulation of the metabolic pathway and the use of artificial intelligence, which have also provided new ideas for optimization. This review summarizes the limitations associated with the application of CD28-based CAR-T cells, evaluates the efficacy of current optimization strategies for CD28-based CAR design, and discusses future perspectives on its clinical and therapeutic potential.




2 CD28 signaling function and problems in CAR-T application



2.1 CD28 signaling motif and function

Earlier studies have shown that CD28 is expressed in approximately 80% of CD4+ T cells and 50% of CD8+ T cells (13, 14). It consists of a transmembrane structural domain, an intracellular signaling structural domain, and a variable structural domain-like V-set structural domain connecting the transmembrane structural domain to the signaling structural domain (15). The CD28 signaling structural domain is located in the cytoplasmic structural domain and consists of 41 amino acids, including membrane-proximal YMNM (tyrosine-rich) and proline-rich PRRP and PYAP motifs. These signaling motifs activate downstream signaling pathways by either undergoing phosphorylation or binding to kinases, connexins GRB2 and GADS, and regulate T cell activation, differentiation, cell proliferation, and interleukin-2 (IL-2) secretion (16). For example, upon TCR activation or interaction with the ligand B7 protein, the tyrosine in the YMNM motif undergoes phosphorylation and binds to the p85 subunit of PI3K, which activates PI3K. PI3K can activate the nuclear factor of activated T-cells (NF-AT) transcription factor by activating AKT or regulating protein kinase C (PKC) activity through 3-phosphoinositide-dependent protein kinase-1(PDK-1) (17, 18). PRRP and PYAP bind lymphocyte-specific protein tyrosine kinas (LCK), further activating PKCθ, which shares a downstream signaling pathway with YMNM (19). In addition, PRRP binds to the interleukin-2-inducible T-cell kinase (ITK), which then activates the phospholipase C gamma, (PLCγ), Ca2+, and extracellular signal-regulated kinase (ERK)-mediated signaling pathways. For GRB2, GRB2-related adaptor protein downstream of Shc (GADS), YMNM can bind to the SH2 structural domain of GRB2 and activate Ras by bringing son of sevenless (SOS) to the plasma membrane, further activating the downstream mitogen-activated protein kinase (MAPK) pathway (20–25). GADS interacts with SH2 domain-containing leukocyte protein of 76 kDa (SLP-76), an articulatory protein for TCR signaling, through SH3, regulating PLCγ, ERK activation, and Ca2+ pathways, synergistically enhancing NF-AT activity (26–28). However, PRRP and PYAP bind SH3 of GRB2 and GADS and activate downstream signaling pathways. In addition, PYAP recruits and binds Actin protein (Filamin A), which recruits Filamin A to the T-cell membrane, and Filamin A synergistically integrates the signaling pathway with Vav guanine nucleotide exchange factor 1 (VAV1), leading to actin polymerization, mobilization of lipid rafts, and facilitation of CD28 aggregation at the immune synapse (Figure 1) (29–32).
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Figure 1 | CD28 signaling motifs mediate co-stimulatory signaling to regulate T cell function. After CD28 binds to ligands CD80 or CD86, different signaling motifs activate downstream signaling pathways by binding to specific protein kinases or bridging proteins, which can functionally complement TCR signaling.




2.2 Problems with CD28-based CAR-T

Despite the encouraging results of CD28-based CAR-T in treating hematologic tumors, severe toxic side effects are an essential challenge (Figure 2) (33–35). A clinical study in non-Hodgkin’s lymphoma showed that CD28-based CAR-T and 4-1BB-based CAR-T cells exhibited similar anti-tumor effects at 3 months post-treatment, but CD28-based CAR-T cells induced more severe cytokine release syndrome (CRS) and immune effector cell-associated neurotoxicity syndrome (ICANS) (NCT03528421) (36). In addition, in patients with B-cell acute lymphoblastic leukemia (B-ALL) with a high rate of tumor load, CD28-based CAR-T induced a higher incidence of CRS and neurotoxicity, shorter long-term survival, and ineffective resistance to disease recurrence (NCT01044069) (37). Results from clinical trials for relapsed/refractory B-ALL also showed that CD19-CAR-T cells using CD28 as a co-stimulatory molecule triggered a high level of pro-inflammatory cytokine production early after infusion to the patients (NCT01593696, NCT02186860, NCT01044069) (5, 38, 39), which is also consistent with preclinical data on CD28-based CAR-T (40, 41).
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Figure 2 | Limitations of CD28-based CAR-T cells in cancer therapy. CD28-based CAR-T cells tend to induce higher levels of cytokine release, triggering CRS and neurotoxicity in patients. In addition, the signaling pathway activated by CD28 leads to reprogramming CAR-T to the glycolysis pathway, which promotes the differentiation of CAR-T to effector T cells and reduces the proportion of memory T cells. This results in poor anti-tumor activity, insufficient persistence in vivo, and ineffective resistance to tumor recurrence.

The CD28 signaling pathway and its metabolic profile are important factors contributing to the poor persistence of CD28-based CAR-T cells in vivo, which often leads to cancer recurrence (37). It has been shown that activation of the PI3K-AKT pathway by CD28 induces an increase in the expression of glucose transporter 1 (Glut1) to promote glucose uptake on the one hand and, on the other hand, enhances the activity of PDK1, which inhibits the decarboxylation of pyruvate and the entry of glucose into the tricarboxylic acid cycle (TCA) cycle, and in turn increase the activity of adenosine triphosphate (ATP)-producing enzymes involved in glycolysis, resulting in cells showing glycolysis-biased metabolic reprogramming (42, 43). The glycolytic pathway promotes the transformation of CAR-T to CD45RO+ CCR7+ effector memory cells, tending to be short-term effector cells, which, in addition to increasing CAR-T expansion and interferon-gamma (IFN-γ) and IL-2 secretion, often leads to poor CAR-T persistence, which is consistent with the clinical trials showing that in vivo survival time after CD28-based CAR-T treatment in patients with hematological tumors tends to be less than three months (44–46). In vitro inhibition of PI3K in CD8+ T cells delays terminal differentiation, maintains the memory phenotype in CD8+ T cells, and may improve the in vivo anti-solid tumor therapeutic activity of adoptive CD8+ T cells (47). In the CAR-T in vitro culture phase, modulating metabolic reprogramming and increasing the percentage of memory cells by pharmacological or gene editing means has yielded promising results in the preclinical study phase, which may provide lessons for solid tumor therapy (48, 49).





3 CD28-based CAR structure optimization strategy



3.1 CD28 signaling motif optimization

Based on the role of CD28 signaling motifs in mediating CD28 signaling and initiating T-cell function, studies targeting the antitumor effects of CAR-T generated by mutations in the YMNM, PRRP, and PYAP motifs have been conducted (50). In a pancreatic tumor xenograft model, mutation of CD28 YMNM to YMFM in CD28-based CAR-T cells reduces the binding of GRB2 to CD28, decreasing VAV1 signaling, decreasing calcium in-flow, and decreasing NFAT over-activation, thereby decreasing T-cell exhaustion and dysfunction, and increasing the persistence and antitumor efficacy of CAR-T cells in a pancreatic tumor xenograft model (51). Mutating CD28-based CAR-T with PRRP based on mutated YMNM enhances the secretion of IFN-γ and tumor necrosis factor-alpha (TNF-α), reduces the expression of the exhaustion-related transcription factor Nur77, and significantly enhances the cytotoxicity of CAR-T within 48 hours of treatment, demonstrating a superior survival advantage in tumor-bearing mice (52). However, whether CAR-T with mutated YMNM has clinical efficacy needs further exploration.

Moreover, mutating the PYAP signaling motif can potentially enhance CAR-T cell functionality in both hematologic malignancies and solid tumors (53). For example, David M Kofler et al. demonstrated that mutating the PYAPP of CD28 to AYAAA eliminated the ability of PYAP to bind to LCK to eliminate IL-2-induced signaling, reduced the promotion of IL-2 to intratumor regulatory T cell (Treg), and achieved enhanced function of CD28-based CAR-T cells by decreasing the solid Treg cell infiltration in the tumor to achieve the functional enhancement of CD28-based CAR-T, which significantly improved the anti-tumor activity of solid tumors with a large number of Treg infiltration (54). In addition, this PYAP-mutated CD28 construct described above still significantly enhanced T cell proliferation, metabolism, activation, and target cell killing in FAP-targeted CAR-T cells and showed promising efficacy and durability with few side effects in conjunction with a programmed cell death protein 1 (PD-1) blocker in humanized mice suffering from tumors and the first malignant pleural mesothelioma (MPM) patients (55). These studies suggest that CD28-based CAR-T cells with PYAP mutations lacking LCK binding may optimize CAR-T functionality by reducing IL-2-mediated support for Treg cells within the tumor microenvironment, thereby enhancing therapeutic efficacy against solid tumors.




3.2 Separating CD28 and CD3ζ signaling

Few tumor-specific antigens (TSAs) and tumor-associated antigens (TAAs) are available for solid tumors, and targeting a single TAA may lead to off-target toxicity of CAR-T to target lowly expressed antigens in healthy tissues (56). Based on this, researchers proposed dual-targeting CAR-T that separates the CD3ζ and the co-stimulatory molecules, which means the CD3ζ-CAR provides suboptimal activation signals upon binding one antigen, and the chimeric co-stimulatory structural domain containing the co-stimulatory receptor provides T-cell co-stimulatory signals upon recognition of the second antigen (57). This design enhances the responsiveness of CAR-T cells to double-positive tumor cells and reduces the risk of off-targeting and tumor antigen escape. For example, Evripidis Lanitis developed the mesothelin (Meso) single chain variable fragment (scFv)-CD3ζ and folate receptor alpha (FRα) scFv-CD28-based CAR, which had no potent activity against normal tissues expressing only mesothelin; meanwhile, they showed potent anti-solid tumor activity and persistence in vivo (58). Another study of the glypican 3 (GPC3)-CD3ζ and asialoglycoprotein receptor 1 (ASGR1)-CD28-41BB- against hepatocellular carcinoma (HCC) CAR-T cells study also demonstrated that CAR-T cells separating CD28 and CD3ζ signals had potent antitumor activity and safety against tumor cells carrying both antigens. However, the design depends on recognizing the two antigens, and its complex engineering may increase the production cost. Its effectiveness in solid tumor microenvironment (TME) still needs to be further explored, and the discovery of novel tumor antigens may promote the application of this strategy in solid tumors.




3.3 Combination of CD28 and other co-stimulatory molecules

Second-generation CARs, with the addition of co-stimulatory molecules, have significantly enhanced in mediating T cell proliferation, cytokine release, and in vivo antitumor function compared with first-generation CARs, illustrating the importance of co-stimulatory molecules. However, different co-stimulatory molecules have advantages and disadvantages in cell activation, cell differentiation, proliferation, metabolism, and in vivo safety (59). Based on this, researchers have proposed combining different costimulatory molecules to achieve complementary benefits (Figure 3 and Table 1).
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Figure 3 | Current modes of combining co-stimulatory molecules of CARs containing CD28. (a) A common tandem mode of co-stimulatory molecule involves linearly fusing CD28 with other costimulatory molecules, such as 4-1BB or OX40, within a CAR that targets a single antigen; (b) Another tandem mode entails T cells carrying two CARs: one CAR contains two linearly fused co-stimulatory molecules but lacks the CD3ζ domain, while the other is a first-generation CAR targeting a different antigen utilizing the CD3ζ domain for intracellular signaling but without costimulatory molecules; (c) One of the co-stimulatory molecules in parallel mode involves T cells carrying two second-generation CAR that recognizes the two antigens; (d) Another parallel mode consists of T cells expressing a second-generation CAR with CD28 while simultaneously expressing another CAR that lacks the CD3ζ domain but recognizes a different antigen; (e) T cells express a second- or third-generation CAR containing CD28 and simultaneously express a ligand for other co-stimulatory molecules.

Table 1 | Optimization strategies for combinatorial modes targeting CD28 with other co-stimulatory molecules.


[image: A table with four columns labeled: Combined model, Co-stimulatory molecules/ligand, Target, Tumor, and Reference. It categorizes targets and tumors for tandem, parallel, and ligand-based combined models. Entries include CD19, PSMA for cancers like leukemia, prostate, and multiple myeloma, with references in brackets.]


3.3.1 Tandem mode

The tandem mode of co-stimulatory molecules is characterized by constructing two or more co-stimulatory molecules in a single CAR by tandem mode. The most studied mode is the tandem combination of CD28 and 4-1BB (60). A CAR containing CD28 triggers rapid and high-intensity lysis of target cells, while a CAR containing 4-1BB triggers a low-intensity and long-lasting response (61, 62). However, preclinical studies of CAR-T cells tandeming CD28 and 4-1BB have shown that the effect of tandem combination is not a simple signaling superposition. The effect of tandeming is related to both tumor type and programmed death-ligand 1 (PD-L1) expression level (63–65). For example, tandem mode in combination with blockade of PD-L1/PD-1 or secretion of anti-PD-L1 scFv enhances the killing activity of tumor cells targeting high levels of PD-L1. It reduces the exhaustion of CAR-T cells (66). In addition, other co-stimulatory molecules tandemly associated with CD28 are OX40 and inducible T-cell costimulator (ICOS) (67). CAR-T cells containing tandem CD28-OX40 showed significantly higher T-cell expansion and IL-2 secretion levels than CD28-based CAR-T cells. The mechanism is that OX40 signaling inhibits the secretion of IL-10 by CAR-T cells and reduces the inhibition of other T-cell functions in the TME (68). However, comparing the antitumor activity of the tandem mode of CD28-4-1BB versus CD28-OX40 has shown inconsistent results in different studies (69, 70). ICOS is a co-stimulatory molecule belonging to the CD28 family, and the CAR-T antitumor activity of ICOS in tandem with other co-stimulatory molecules may be related to other structures in the CAR. For example, studies have shown that CD28 in tandem with ICOS significantly enhances the persistence of CD8+ CAR-T cells, and ICOS and 4-1BB tandem have an antitumor advantage in solid tumors (71, 72). ICOS-OX40 tandem maintains high target cytolysis toxicity despite multiple rounds of tumor stimulation in vitro (73). Overall, the combination of co-stimulatory molecules targeting CD28 is influenced by tumor type, tumor microenvironment, and CAR structure, and the optimal mode of co-stimulatory molecule tandem will need to be determined in the future based on specific tumors.




3.3.2 Parallel mode

Parallel mode refers to the mode of CAR carrying two different co-stimulatory molecules in a single T cell (74, 75). Studies have shown that”two co-stimulatory molecules sharing one CD3ζ” has better antitumor efficacy than the parallel mode of “two co-stimulatory molecules sharing two CD3ζs”. Separate activation of CD3ζ by dual-targeted CAR resulted in the overactivation of CAR-T cells and induced cellular exhaustion, possibly a reason for its poor effectiveness (76, 77). In addition, for the parallel mode of CD28 and 4-1BB, it was demonstrated that dual-targeted CAR-T carrying CD28 and 4-1BB sharing one CD3ζ had higher tumor-killing activity, dividing and proliferating ability and durability than the parallel mode of dual co-stimulatory molecules sharing two CD3ζ (76). The problem with this model is that if two individual CARs are transduced into T cells, it cannot be guaranteed that both CARs are expressed at the same level in all the transduced cells, and if it is a single double cis-trans vector containing two individual CARs, the transduction efficiency of the double CAR may be affected due to the large size of the vector. Moreover, the current co-stimulatory molecules in parallel combination are only CD28 and 4-1BB, and the antitumor potential of other co-stimulatory molecules in parallel combination remains to be explored.




3.3.3 Combined patterns of co-stimulatory molecules and ligands

In addition, simultaneously expressing a co-stimulatory molecule with a ligand for another co-stimulatory molecule in T cells can generate synergistic co-stimulatory signaling (78). For example, the combination of CD28-4-1BBL can continuously complement 4-1BB signaling after CD28 signaling activation. The concurrently activated interferon regulatory factor 7 (IRF7)/IFNβ signaling pathway initiates DCs in the TME and inhibits Treg activation. CD28-4-1BBL-based CAR-T has shown safe and effective results in targeting CD19 hematologic tumors in both preclinical and clinical trials (NCT03085173) (79, 80), and even effective anti-tumor effects in solid tumors targeting B7-H3 (81). These results illustrate that the combination of CD28 and 4-1BBL can spatiotemporally and spatially differentially activate both CD28 and 4-1BB co-stimulatory signaling and that this synergistic co-stimulatory signaling may surpass CAR target antigens and activate the host immune system, which provides a new strategy for modulating TME to enhance CAR-T function. Based on the role of the CD40 pathway in improving anti-tumor response, some researchers combined CD28 with CD40L in CD19 CAR-T, which up-regulate the proliferation of T cells, the expression of CD80 and CD40 of dendritic cells after co-culture with CD40-positive tumor cells, increase the recruitment of endogenous effector T cells by DC, and enhance the immunogenicity of CD40-expressing tumor cells. However, clinical safety needs to be investigated as the CD40L/CD40 pathway may induce a systemic inflammatory response (82, 83).





3.4 Optimization of CD28 upstream and downstream structural domains

Single-chain variable fragments are the antigen-binding domains of CAR structures, and it has been shown that lowering the affinity of scFV for antigen binding can reduce reactivity to antigens expressed at physiological levels while maintaining potent antitumor activity, thereby attenuating off-target toxicity (84). Common CAR hinge domains/spacer regions consist of the IgG1 or IgG4 hinge regions and the CH2-CH3 structural domains of immunoglobulin G fragment crystallizable (IgG Fc). The length and composition of the hinge domain is an important factor in designing CARs with optimal antitumor activity or low toxicity (85–87). Although no reports show the relationship between CD28 and the function of the scFV and hinge region, CAR is a combinatorial entity, and exploring CD28 optimization strategies for specific scFV and hinge region patterns is expected to improve the application of CAR-T. The transmembrane structural domain anchors CAR to the T cell membrane and transduces ligand recognition signals to the cytoplasmic signals of the TCR, which plays a critical role in CAR expression or structural stability (72). Studies have shown that both extracellular and transmembrane structural domains of CD28 can partially induce T cell activation (88), providing more choices of CAR transmembrane domains. CD3ζ instead of FcRγ has been widely used as a CAR signaling structural domain (89). The cytoplasmic tail of CD3ζ contains three immunoreceptor tyrosine-based activation motifs (ITAMs), and CD28-based CAR studies have shown that the number and position of ITAMs are related to CAR-T cell function (90, 91). For example, retaining only the second position of ITAMs in CD3ζ reduces apoptosis of CD28-based CAR-T cells that target ErbB2 (92). For CD19-CAR, placing ITAM1 or ITAM3 of CD3ζ in CD28-based CAR close to the proximal membrane position of CARs targeting CD19 or inserting an IL-2Rβ structural domain between CD28 and CD3ζ, and inserting a YXXQ motif in the distal region of the CD3ζ structural domain can improve the persistence and therapeutic efficacy of CAR-T cells (2, 93). In summary, the scFV, hinge region, transmembrane region, and signal transduction region can be comprehensively optimized in combination with tumor specificity and individual patient differences to develop a CD28-based CAR with the best overall performance.





4 Conclusion and prospective

CD28 has been widely used in preclinical and clinical studies (Figure 4). CAR-T cells with CD28 as a co-stimulatory structure suffer from rapid exhaustion and poor durability in therapy, accompanied by more significant adverse effects and higher relapse rates. Studies have shown that optimizing the CD28-based CAR structure—through approaches such as mutating the CD28 signaling motif, combining it with other co-stimulatory molecules, and modifying its upstream and downstream structures—is expected to improve the durability and anti-tumor efficacy of CAR-T cells by enhancing their ability to regulate T cell proliferation and survival, with a relatively optimistic safety profile (Figure 5, Table 2). Currently, the existing CD28 modifications have been successful, but CD28-based CAR-T cells face much greater complexity in real human tumor environments compared to in vitro or mouse tumor models. Moving forward, there is a need to develop more accurate CAR-T evaluation models to assess the anti-tumor efficacy of CD28-modified CAR-T cells, including metrics such as tumor-killing ability, differentiation, persistence, and exhaustion. In the future, leveraging the latest advancements in synthetic biology and gene editing technologies will help optimize logic-gate CARs and develop more rational combinations of CD28 mutations or co-stimulatory molecules.
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Figure 4 | Structural Evolution of CD28-Based CARs. The first-generation CARs contain only the CD3ζ chain as the signaling domain. The second-generation CARs, built upon the first-generation design, incorporate CD28 as a co-stimulatory domain. Further optimization of CD28-based CARs includes combinations of CD28 with other co-stimulatory molecules such as 4-1BB, as well as mutated/truncated CD28 and "AND" or "OR" logic-gated CARs.

[image: Diagram illustrating future research directions for CD28-based CARs, divided into segments. Central text lists: combinatorial costimulation, synthetic biology approaches, gene editing, and artificial intelligence. Surrounding sections include anti-apoptotic protein, cytokine secretion, combination with therapies, anti-solid tumor potential, more rational CAR design, cytotoxicity, off-target effects, anti-tumor persistence, and tumor cell lysis, with related icons and labels.]
Figure 5 | Optimization schemes for CD28-based CAR structures. Strategies to optimize the CD28-based CAR structure include mutating the signaling motif of CD28, combining it with other costimulatory molecules, separating the CD3ζ and CD28 signaling motifs or optimizing other modules in the CAR structure to regulate the activation, differentiation, survival, proliferation, and antitumor activity of CAR-T cells to enhance the durability and antitumor efficacy of CAR-T cell therapy, which offers potential to expand the application of CAR -T therapy in hematological or solid tumor applications.

Table 2 | The CRS and toxicity levels of CD28-based CARs following structure optimization in clinical trials.


[image: A table presents various studies on cancer treatments with details including study authors and year, patient population, target, costimulatory domain, complete response rates, cytokine release syndrome (CRS) rates, and neurotoxicity rates. It compares treatments targeting CD19, GD2, and other markers across different patient groups with specific focus on CRS and neurotoxicity rates. Each study lists the patient number, treatment target, treatment domains, and results.]
CAR optimization strategies based on mutated CD28 signaling motifs indicate that CD28 participates in multiple signaling pathways. Selective manipulation of these pathways can achieve long-term persistence and anti-tumor activity of CAR-T cells, which is attributed to the application of gene editing technology in CAR structure design, which is expected to provide further space for mutation or modification of CD28 structural domains. Various combination modes of CD28 with other co-stimulatory molecules have been developed, demonstrating promising effects by synergizing multiple co-stimulatory signals. Multiple co-stimulatory signals have mobilized the host’s immune response by complementing each other’s strengths and even modulating dendritic cells (DCs), Treg cells, and immunosuppressive PD-L1/PD-1 in TMEs, increasing the potential of CAR-T therapies to be applied in solid tumors.

An important reason for the poor treatment of CAR-T solid tumors is the presence of multiple metabolic inhibitors (lactate, reactive oxygen species, prostaglandin E2) in the TME (94–97), which severely impairs CAR-T cells’ antitumor activity. Strategies to overcome this obstacle are mainly to express relevant molecules or enzymes resistant to metabolic inhibitors in TME (catalase) on CAR-T cells through gene editing (98, 99) or to express genes that enhance mitochondrial biogenesis and function (PGC1α) (100). Current modification strategies engineering CD28-based CAR-T resistance to TME are primarily limited to incorporating TME-resistant response elements, attenuation of PD-L1/PD-1 inhibitory signaling, and combination of metabolic regulatory drugs to orchestrate CD28 signaling to enhance CAR-T cell activity, and no modification of CD28 signaling or sequence has been reported. In the future, exploring the antitumor efficacy of resistance to TME triggered by CD28 mutation strategies in the construction of ex vivo TME models that mimic the hypoxic, high-lactate, glucose-competitive, and immunosuppressive features of TME (101, 102) could further develop TME-induced enhanced CD28, or design response elements targeting the inhibitory signaling on the basis thereof, offering the possibility of CAR-T therapy for broader application to cancer and improved efficacy.

Combining metabolic regulation with strategies to increase resistance to the tumor microenvironment can effectively enhance CAR-T cells’ survival and anti-tumor ability in the tumor microenvironment. A deeper understanding of the mechanisms of metabolic regulation can help to tailor tumor immunotherapy regimens to individual patients. For instance, considering the differences in the tumor microenvironment and T-cell status of different patients and selecting the most suitable CD28-based CAR design and metabolic regulation strategies to improve therapeutic efficacy and reduce adverse effects, may offer hope for CAR-T precision therapy. However, we must also be concerned about the possible toxicity risks of adding multiple co-stimulatory molecules. For example, a clinical trial treating 11 patients with non-Hodgkin’s lymphoma showed that tandem of a Toll-like receptor 2 (TLR2) TIR structural domain in a CD28-based CAR structure targeting CD19 resulted in severe CRS in 2 patients (18%) and severe ICANS in 1 patient (9%) (NCT04049513) (103). With the help of new technological tools, dynamic regulation of CD28 and other signaling intensities might provide safety for the combination of co-stimulatory molecules.

Currently, the application of artificial intelligence (AI) in CAR-T is at the frontier of exploration. The application of AI in CAR-T cancer therapy mainly focuses on AI-assisted prognosis of clinical efficacy of patients (104), establishment of toxicity prediction models, and assessment of side effects after CAR-T treatment (105, 106). Studies directly applying AI technology to optimize the structure of CARs have only focused on designing antibodies against cancer targets by using the protein design tool RFdiffusion to create antibodies against cancer targets (107) or using AI to design protein conjugates with high affinity for cancer antigens to replace scFV (108). AI has accelerated the development of CAR-T products by designing candidate proteins for binding to the target antigens of CAR-T. However, whether the antibodies or protein conjugates can be safely applied to humans without inducing immune responses requires further validation through experiments. In addition, for optimizing CAR signaling, including prediction and optimization of CAR-T tonic signaling using CAR-Toner’s AI tools (109), prediction of unnatural combinations of specific signaling motifs combinations and configurations affecting T-cell phenotypes (110). However, AI-based prediction of optimized CD28 signaling has not yet been reported. In the future, perhaps it may be possible to use the AI algorithms to construct virtual models for predicting CAR-T functional effects due to mutated CD28 signaling sites, accelerating the understanding of CD28 signaling mechanisms, based on which, combined with existing databases, may be able to provide personalized CD28-based CAR optimization solutions for cancer patients. Through AI’s learning of large amounts of data and the development of additional AI algorithms, it may be possible to predict the effects of different molecular combinations or modifications on CD28 co-stimulatory activity and further expand to predict the efficacy of changes including modification of scFV, hinge region, transmembrane region, and CD3ζ, which is expected to provide a basis for optimizing CAR-T cell therapy.
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Sodium citrate pretreatment enhances CAR-T cell persistence and anti-tumor efficacy through inhibition of calcium signaling
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Introduction

Chimeric antigen receptor T cell (CAR-T) therapy has shown success in treating hematological malignancies, but its effectiveness against solid tumors is hindered by T cell exhaustion. During in vitro expansion, tonic signaling induced by CAR expression contributes to CAR-T cell exhaustion, which can be mitigated by inhibiting calcium signaling. Given that sodium citrate can chelate calcium ions and inhibit calcium signaling, in this study, we investigated whether sodium citrate could reduce exhaustion and enhance CAR-T cell function.





Methods

We constructed anti-CD70 CAR-T cells and cultured them in the presence of sodium citrate. The characteristics and functionality of sodium citrate-pretreated CAR-T cells were assessed through in vitro and in vivo experiments. To further validate our observation, we also treated anti-mesothelin (MSLN) CAR-T cells with sodium citrate and detected the phenotypes and anti-tumor function of CAR-T cells.





Results

We found that sodium citrate-pretreated anti-CD70 CAR-T cells exhibited reduced exhaustion, increased memory T cell proportions, and enhanced anti-tumor efficacy both in vitro and in vivo. Notably, sodium citrate treatment improved the in vivo persistence of CAR-T cells and prevented tumor recurrence. These beneficial effects were also observed in anti-MSLN CAR-T cells. Transcriptomic and metabolite analyses revealed that sodium citrate inhibited calcium signaling, mTORC1 activity, and glycolysis pathways, thus modulating T cell exhaustion and differentiation.





Discussion

Our findings suggest that sodium citrate supplementation during CAR-T cell expansion could be a promising strategy to improve CAR-T therapy for solid tumors by preventing exhaustion and promoting memory T cell formation.
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1 Introduction

Chimeric antigen receptor (CAR) T cells, or CAR-T cells, are genetically engineered T cells that express CARs on their surface, enabling them to directly recognize and bind to specific antigens, triggering T cell activation (1–3). CAR-T cell therapy has demonstrated remarkable success in treating hematological malignancies, including acute lymphoblastic leukemia (ALL), chronic B-lymphocytic leukemia (B-CLL), and lymphoma (4–7). However, its effectiveness in treating solid tumors has been more limited (8–10). A major obstacle to the success of CAR-T therapy in solid tumors is T cell exhaustion, a phenomenon that impairs the long-term function of CAR-T cells (11–14). T cell exhaustion was first identified in CD8+ T cells during chronic lymphocytic choriomeningitis virus (LCMV) infection and has since been recognized as a significant barrier to CAR-T efficacy, particularly in solid tumors (5, 15). Compared to hematological malignancies, solid tumors present a more challenging environment due to their immunosuppressive microenvironment, which accelerates T cell exhaustion (16–18). Overcoming T cell exhaustion is regarded as one of the effective ways to enhance anti-solid tumor activity of CAR-T cells.

T cell exhaustion is closely linked to the differentiation state of T cells (19). T cells can be classified into five stages based on their differentiation: naïve T cells, T stem cell-like memory (Tscm) cells, central memory T (Tcm) cells, effector memory T (Tem) cells, and effector T (Teff) cells. In CAR-T therapy, cells in the naïve, Tscm, Tcm, and Tem states are less prone to exhaustion than Teff cells, making the promotion of a memory-like phenotype in CAR-T cells critical for enhancing their persistence and long-term anti-tumor activity (20). Tonic signaling, which occurs in the absence of antigen stimulation, can drive terminal differentiation and exhaustion of CAR-T cells, limiting their effectiveness in vivo. Therefore, strategies to modulate the differentiation state of CAR-T cells and minimize tonic signaling are essential for improving CAR-T therapy outcomes in solid tumors (21–26).

Recent studies have explored the use of metabolic regulators, epigenetic modifiers, and pharmacological inhibitors to redirect CAR-T cell differentiation toward a memory-like state, thereby reducing exhaustion (27). As key second messengers, calcium ions (Ca2+) have been reported to play a pivotal role in inducing T cell exhaustion (23, 28, 29). Sodium citrate is a sodium salt of citric acid used in food and can function as a chelating agent to inhibit intracellular calcium signaling in various tumor cells (30, 31). Therefore, we hypothesized that through calcium inhibition, sodium citrate supplementation during CAR-T cell culture could inhibit tonic signaling, reduce exhaustion, and enhance the long-term anti-tumor activity of CAR-T cells.

To test this hypothesis, we constructed CD70-specific CAR-T cells, as CD70 is highly expressed in solid tumors (32, 33). Sodium citrate was added to the culture media, and the effects on CAR-T cell exhaustion and anti-tumor activity were assessed. Our results demonstrated that sodium citrate supplementation prevented terminal differentiation and exhaustion of CAR-T cells, while enhancing their anti-tumor efficacy against human renal clear cell adenocarcinoma (786–0) and glioma (U251) cells, both in vitro and in vivo. Additionally, the beneficial effects of sodium citrate were also verified in anti-mesothelin (MSLN) CAR-T cells. Further analysis revealed that sodium citrate inhibited calcium signaling, blocked mTOR signaling, and induced metabolic reprogramming in CAR-T cells, thereby preventing exhaustion and enhancing their anti-solid tumor potential. These findings suggest that sodium citrate supplementation during CAR-T cell expansion could improve the efficacy of CAR-T cell therapy in solid tumors by reducing exhaustion and enhancing long-term persistence.




2 Materials and methods



2.1 Cell lines and cell culture

The human renal clear cell adenocarcinoma 786-0, glioma U251, pancreatic adenocarcinoma Capan-2, triple-negative breast cancer HCC1806 cells were obtained from the American Type Culture Collection (ATCC). Stable cell lines expressing green fluorescent protein (GFP) and firefly luciferase (ffLuc) were generated through lentiviral transduction. CD70 knockout 786-0 cells (CD70 KO 786-0) were generated using the CRISPR/Cas9 system. The 786-0 and 1806 cells were cultured in RPMI 1640 medium (Gibco) supplemented with 10% fetal bovine serum (FBS; Gibco). U251 cells were cultured in DMEM medium (Gibco) with 10% FBS. Capan-2 cells were cultured in McCoy’s 5a medium (Gibco). All cells were maintained in a 37°C incubator with 5% CO2.




2.2 The generation of CAR-T cells

The generation of anti-CD70 CAR-T cells was carried out following protocols described in our previous studies (34–37). Briefly, human CD70 scFv was obtained through laboratory screening (patent application number: 202410495812.1) (38). The anti-CD70 CAR was constructed by linking the human CD70 scFv with the intracellular CD28/CD3ζ signaling domain, CD8α transmembrane region, CD8α hinge region, and a CD8α signaling peptide. The resulting anti-CD70 CAR was cloned into a pCDH lentiviral vector, and the CAR-expressing plasmid was transfected into HEK293T packaging cells to produce lentiviral particles. Human peripheral blood mononuclear lymphocytes (PBMCs; HYCELLS, hPB050C) were isolated using the Easytep™ Human T Cell Isolation Kit (Stemcell, 17951) and activated with Dynabeads™ Human T-Expander CD3/CD28 beads (Thermo Fisher Scientific, 11141D). Activated T cells were then transduced with the lentiviral particles to generate anti-CD70 CAR-T cells. The generation of anti-MSLN CAR-T cells was established according to our previous research (39). The CAR-T cells were cultured in X-VIVO medium (LONZA) supplemented with IL-2 (100 IU/mL), and the medium was refreshed every 2-3 days to maintain a cell density of 0.5–1×106 cells/mL. Sodium citrate was obtained from Merck (PHR1416) and supplemented in the culture medium 2 days post CAR transduction.




2.3 Flow cytometry analysis

T cells or CAR-T cells were collected and labeled with fluorescently conjugated antibodies, followed by a 30-minute incubation. Fluorescein isothiocyanate (FITC)-labeled human CD27 Ligand protein (Acro, CDL-HF249) and PE-labeled human MSLN/Mesothelin protein (Kactus Biosystems, MSL-HM480P) were used to detect the expression of the anti-CD70 and anti-MSLN CAR on CAR-T cells, respectively. FITC anti-CD70 antibody (BioLegend, 355105) was used to assess CD70 antigen expression on tumor cells. To identify CAR-T cell subtypes, APC anti-CD45RA antibody (BioLegend, 304111) and PE anti-CD197/CCR7 antibody (BioLegend, 353203) were utilized. After incubation, cells were washed to remove unbound antibodies, and stained cells were analyzed using a CytoFLEX flow cytometer (Beckman Coulter Life Sciences). Flow cytometry data were processed and analyzed with CytExpert software.




2.4 Western blotting

Protein samples were prepared by lysing similar numbers of CAR-T cells from each group with RIPA lysis buffer (Beyotime Biotechnology, P0013B). The lysates were then boiled and denatured before being separated by SDS-PAGE on a 10% acrylamide resolving gel. Following electrophoresis, the proteins were transferred to a polyvinylidene difluoride (PVDF) membrane, blocked in TBS with 5% milk at room temperature for 1 hour, and incubated at 4°C overnight with primary antibodies: anti-Phospho-CamkII (Abclone, AP1386), anti-β-Actin (Abclone, AC026), anti-rpS6 (Cell Signaling, #2217), anti-p-rpS6 (Cell Signaling, #4858) and anti-TBB5 (Abcepta, AW5051). All the primary antibodies were diluted in TBS with 5% BSA at a ratio of 1:1000. After washing, the membrane was incubated with a secondary antibody (diluted in TBST with 5% BSA at a ratio of 1:5000) at room temperature for 1 hour. Protein expression levels were detected using radioautography and quantified using ImageJ.




2.5 Cytokine release detection by enzyme-linked immunosorbent assay

Approximately 1×106 anti-CD70 CAR-T cells were resuspended in 500 μL of IL-2-free X-VIVO culture medium and seeded into 24-well flat-bottom plates. After incubating for 24 hours, supernatants were collected for ELISA analysis. ELISA was performed using an ELISA kit (R&D Systems, DIF50C, DTA00D) following the manufacturer’s instructions.




2.6 Cytotoxicity detection

The cytotoxicity of CAR-T cells was assessed using the one-lite luciferase assay system (Vazyme, DD1203-02; listed on the manufacturer’s Chinese website) and the real-time cell analysis (RTCA) assay. In the one-lite luciferase assay, T cells or CAR-T cells were co-cultured with tumor cells at different effector-to-target ratios. In the one-lite luciferase assay, after co-culture, 100 μL of luciferase substrate was added to each well and incubated for 5 minutes. Subsequently, the contents of the 96-well plates were transferred to a 96-well ELISA plate, and luminescence intensity, which indicates the viability of tumor cells, was measured using a microplate reader. The cell killing rate was calculated using the formula: Cytotoxicity = (control value - experimental value)/control value × 100%.

In the real-time cell analysis (RTCA) assay, 100 μL of 10 mM L-cysteine was added to each well of an electrode plate, followed by overnight incubation at 37°C. The electrode plate was washed twice with 200 μL/well of sterile water, and 100 μL/well of complete medium was added to zero the analyzer. After emptying the electrode plate, 4×104 tumor cells/well were seeded into the plate, which was placed on a CP96 Real-Time Label-Free Cell Growth Analyzer (USA) for 24 hours to establish a stable cell growth plateau. T cells or CAR-T cells were then added to the electrode plate at the indicated effector-to-target ratios. Data acquisition continued for 80 hours, and data analysis was performed using the acquisition software CP96A. The Cell Index value was recorded, which reflects the number of adherent tumor cells. As CAR-T killed tumor cells, the detached cells resulted in a decrease in the cell index, indicating cytotoxicity.




2.7 RNA-sequencing analysis

CAR-T cells were cultured with or without sodium citrate (12 mM) for 10 days. After incubation, the cells were collected, resuspended in TRIzol, and sent for RNA sequencing (RNA-seq), which was performed by Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). Gene Ontology (GO) enrichment analysis was conducted using the Profiler R package. GO terms with P values < 0.05 were considered significantly enriched.




2.8 Animal experiments

Animal experiments were conducted at the animal laboratory of Nanjing Normal University in accordance with protocols approved by the Animal Welfare Committee of the university (Approval number: 2020-0047). Immunocompromised B-NDG mice were purchased from Biosetu (Beijing, China) and were ethically bred and maintained in specific pathogen-free (SPF) conditions. Six- to eight-week-old female mice were subcutaneously injected with 5×106 786-0 cells. When the tumor volume reached approximately 100 mm3, the mice were randomly assigned to four treatment groups: PBS group, mock T cell group, control CAR-T cell group, and sodium citrate-pretreated CAR-T cell group, with nine mice in each group. Each group received 200 μL of PBS, 5×106 T cells, 5×106 control CAR-T cells, or 5×106 sodium citrate-pretreated CAR-T cells by tail vein injection. Seven days after injection, three mice from each group were sacrificed for subsequent immunohistochemistry (IHC) and hematoxylin-eosin (H&E) staining experiments. Tumor size and body weight were measured every three days. Tumor volume was calculated using the formula: tumor volume = (length × width2)/2. Mice were sacrificed when the tumor size reached approximately 1800 mm3.




2.9 Immunohistochemistry and hematoxylin-eosin staining

For immunohistochemistry (IHC) staining, tumor tissues were extracted, fixed in 4% paraformaldehyde (PFA), and stained with an anti-CD3 antibody. Tissues from the heart, liver, spleen, lungs, kidneys, and brain were dissected, fixed in 4% PFA, and sent for hematoxylin and eosin (H&E) staining. The staining experiments were carried out by Servicebio Technology Co., Ltd. (Wuhan, China).




2.10 Statistical analysis

GraphPad Prism software (version 8.0, GraphPad, Inc., San Diego, CA, USA) was used to analyze data and generate graphs. Data are presented as means ± standard error of the mean (SEM). One-way analysis of variance (ANOVA) and two-way ANOVA with Dunnett’s post-hoc test were used for comparisons among different groups. A t-test was applied for comparisons between two groups. A p value of less than 0.05 was considered the threshold for statistical significance in all analyses.





3 Results



3.1 Tonic signaling induced exhaustion and reduced tumor-killing ability in anti-CD70 CAR-T cells

To specifically target CD70-positive tumor cells, anti-CD70 CAR-T cells were generated by transducing human PBMCs with a lentiviral vector encoding an anti-CD70 CAR construct (Supplementary Figure S1A). The expression of the anti-CD70 CAR, as well as CD4 and CD8 on the surface of the CD70-specific CAR-T cells, was confirmed to ensure the quality of the generated CAR-T cells (Supplementary Figures S1B-C). Human renal clear cell adenocarcinoma 786-0 cells and glioma U251 cells were selected as target cell lines due to their high expression of CD70 (Supplementary Figure S1D). To verify the specificity of the CAR-T cells, we knocked out CD70 in 786-0 cells using the CRISPR/Cas9 system to create CD70 knockout (KO) 786-0 cells (Supplementary Figure S1E). Co-culture experiments demonstrated that anti-CD70 CAR-T cells selectively targeted and killed 786-0 cells but showed minimal cytotoxicity against CD70 KO 786-0 cells (Supplementary Figure S1F). Additionally, unmodified T cells (mock T) displayed negligible cytotoxicity against cancer cells, further confirming the specificity of the anti-CD70 CAR-T cells (Supplementary Figures S1G-I).

During in vitro expansion of T cells, tonic signaling is progressively activated with increasing culture time. To explore its effects on CAR-T cells, we assessed the phenotypes of CAR-T cells cultured for 3 and 10 days. Compared to day 3, CAR-T cells on day 10 exhibited a reduced proportion of memory cells and a marked shift toward terminal differentiation (Figures 1A–D). Consistent with previous studies, we identified memory T cells based on the expression of CD45RA, CCR7, and CD62L (40, 41). While a more comprehensive phenotype includes CD45RO, CD27, and CD28 (42), we focused on the core markers to define this subset in our study. Prolonged culture also led to excessive activation of CAR-T cells, as evidenced by increased expression of activation markers CD25 (Figure 1E; Supplementary Figure S2A) and CD69 (Figure 1F; Supplementary Figure S2B), and higher levels of tumor necrosis factor α (TNF-α) and interferon γ (IFN-γ) in the culture medium (Figure 1G). Additionally, exhaustion markers including programmed cell death protein 1 (PD-1), T-cell immunoglobulin and mucin-domain containing-3 (TIM-3), and lymphocyte-activation gene 3 (LAG-3) were upregulated (Figures 1H–J; Supplementary Figures S2C-E), alongside impaired tumor-killing capacity of CAR-T cells at all effector-target ratios (Figures 1K–M). These findings confirm that tonic signaling during in vitro culture leads to terminal differentiation, excessive activation, exhaustion, and compromised anti-tumor function of CAR-T cells. Improved culturing conditions are needed to generate CAR-T cells with superior therapeutic efficacy.
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Figure 1 | Long-term culture induced CAR-T cell exhaustion, excessive activation and reduced cytotoxicity. (A) Representative flow cytometric profile showing the expression of CCR7 and CD45RA on CAR-T cells. (B) Proportions of Tscm (CCR7+CD45RA+), Tcm (CCR7+CD45RA-), Tem (CCR7-CD45RA-), and Teff (CCR7-CD45RA+) subsets in anti-CD70 CAR-T cells as measured by flow cytometry. (C) Representative flow cytometric profile showing the expression level of CD62L on CAR-T cells. (D) Histogram plot showing the percentage of CD62L+ CAR-T cells. (E, F) Mean fluorescence intensity (MFI) of CD25 (E) and CD69 (F) expression on CAR-T cells. (G) Levels of TNF-α and IFN-γ released by CAR-T cells at different time points, measured by ELISA. (H–J) MFI of exhaustion markers PD-1 (H), TIM-3 (I), and LAG-3 (J) in anti-CD70 CAR-T cells. (K–M) Cytotoxicity of anti-CD70 CAR-T cells against 786-0 cells after co-culture at the indicated effector-to-target (E:T) ratios for 24 hours (K), 48 hours (L), and 72 hours (M). Data were expressed as mean ± SD from at least 3 independent donors. Statistical significance was determined by t-test (D–F, H–J) and two-way ANOVA (G, K–M). ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001.




3.2 Sodium citrate inhibited terminal differentiation, activation and exhaustion of anti-CD70 CAR-T cells in vitro

Activated calcium signaling has been linked to T cell exhaustion (23, 28). To assess its role in CAR-T cells, we measured intracellular Ca²+ levels in CAR-T cells cultured for 3 and 10 days. Consistent with increased exhaustion and terminal differentiation, intracellular calcium levels were elevated in CAR-T cells cultured for 10 days (Figure 2A; Supplementary Figure S3A). To further investigate the effects of elevated calcium on CAR-T cells, we treated them with CaCl2. As a result, CaCl2 treatment reduced the percentage of memory T cells (Tscm + Tcm) and increased the levels of activation and exhaustion markers, confirming the correlation between intracellular calcium and T cell exhaustion (Figures 2B–D; Supplementary Figures S3B-D).
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Figure 2 | Sodium citrate treatment reduced exhaustion and preserved the memory phenotype of CAR-T cells. (A) Intracellular Ca2+ levels in CAR-T cells cultured for 3 or 10 days. (B to D) CAR-T cells treated with 6 mM CaCl2 for 72 hours, with flow cytometry analysis of memory phenotype (B), excessive activation (C), and exhaustion (D) markers. (E) Intracellular Ca2+ levels in CAR-T cells and CAR-T cells cultured with the supplementation of 12 mM sodium citrate (CITR CAR-T) measured by flow cytometry. (F, G) Representative flow cytometric profile (F) and histogram (G) of CAR expression on CAR-T cells. (H, I) Representative flow cytometric profile (H) and histogram (I) showing the proportion of Tm cells in CAR-T cells (Tscm + Tcm). (J, K) Histogram plots showing the MFI of CD62L (J) and CD25 (K) in CAR-T cells. (L) TNF-α and IFN-γ release levels by CAR-T cells measured by ELISA. (M) Positive rates of exhaustion markers in CAR-T and CITR CAR-T cells. Results were expressed as mean ± SD from at least 3 independent donors. Statistical significance was determined by t-test (A–E, G, I–K) and two-way ANOVA (L, M). ns, not significant, ***p < 0.001.

Given that high intracellular Ca2+ levels contribute to T cell exhaustion, we explored calcium signaling inhibition as a strategy to modulate CAR-T cell fate. Among the available inhibitors, sodium citrate was chosen due to its oral availability and minimal safety concerns when applied to CAR-T cells. We next assessed whether sodium citrate supplementation during CAR-T cell culture could mitigate the negative effects of tonic signaling. To identify an optimal sodium citrate concentration—high enough to inhibit intracellular calcium signaling but not adversely affect CAR-T cell proliferation—we first screened a broad range of concentrations (0 to 160 mM) over three days. Sodium citrate concentrations below 10 mM had no significant effect on CAR-T cell proliferation, while concentrations above 20 mM significantly inhibited proliferation (Supplementary Figure S4A). We then refined the concentration range (10 to 18 mM) and cultured CAR-T cells for 13 days. A concentration of 12 mM sodium citrate did not significantly impair CAR-T cell proliferation (Supplementary Figure S4B), so this concentration was selected for subsequent experiments.

Anti-CD70 CAR-T cells were treated with 12 mM sodium citrate for 7 days, and as expected, intracellular Ca²+ levels were reduced in sodium citrate-pretreated CAR-T cells (CITR CAR-T) (Figure 2E; Supplementary Figure S5A). Sodium citrate treatment did not affect CAR expression (Figures 2F, G). Further analysis revealed that sodium citrate-pretreated CAR-T cells had a higher proportion of memory T cells (Figures 2H–J) and increased expression of the memory T cell marker L-selectin (CD62L) (Figure 2J; Supplementary Figure S5B). Additionally, CITR CAR-T cells showed reduced expression of the activation marker CD25 (Figure 2K; Supplementary Figure S5C) and lower secretion of cytokines TNF-α and IFN-γ without antigen stimulation (Figure 2L), suggesting a reduction in excessive activation. Sodium citrate also mitigated CAR-T cell exhaustion, as evidenced by decreased positive rates of exhaustion markers PD-1, TIM-3, and LAG-3 (Figure 2M). In conclusion, sodium citrate supplementation improved CAR-T cell characteristics by reducing terminal differentiation, excessive activation, and exhaustion, while promoting a memory phenotype. Further studies to assess in vitro and in vivo anti-tumor activity are required.




3.3 Sodium citrate-pretreated CAR-T cells showed enhanced in vitro tumor-killing ability

To evaluate the effect of sodium citrate pretreatment on the tumor-killing ability of CAR-T cells, we co-cultured CAR-T cells with tumor cells and assessed their interactions using real-time cell analysis (RTCA) and a luciferase reporter assay. In both assays, CITR CAR-T cells exhibited significantly higher cytotoxicity compared to untreated CAR-T cells, confirming the pro-killing effect of sodium citrate on CAR-T cells (Figures 3A, B). Furthermore, the expression of CD107a, a marker positively correlated with T cell degranulation and cytotoxicity (43), was higher in CITR CAR-T cells upon co-culture with 786-0 cells (Figure 3C).
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Figure 3 | Sodium citrate pretreatment enhanced the anti-tumor cytotoxicity of CAR-T cells. (A) Real-time cell analysis was performed to monitor the cytotoxicity of CAR-T cells. Cell index value reflects the viability of tumor cells. 786-0 cells were allowed to attach for 24 hours, and mock T or CAR-T cells were then added and co-cultured with 786-0 cells until 80 hours. (B) Cytotoxicity of CAR-T or mock T cells co-cultured with 786-0 cells at E:T ratios of 3:1, 1:1, and 1:3 for 24 hours, measured by One-Lite Luciferase Assay. (C) CD107a expression in CAR-T cells after 0.5 and 1 hour of co-culture with 786-0 cells. (D) Schematic of multiple rounds of antigen stimulation. (E–K) Proliferation (E), memory phenotype (CCR7+) (F, I), IFN-γ secretion (G, J), and exhaustion markers (H, K) of CAR-T cells after each round of stimulation. (L, M) Cytotoxicity of CAR-T cells after three rounds of stimulation, co-cultured with 786-0 (L) or U251 (M) cells at indicated E:T ratios, assessed by One-Lite Luciferase Assay. Results were expressed as mean ± SD from at least 3 independent donors and statistical significance was determined by two-way ANOVA (B, C, F–M) and t-test (E). ns, not significant, **p < 0.01, ***p < 0.001.

Repetitive antigen stimulation in the tumor microenvironment is a key factor responsible for T cell dysfunction. To assess the long-term effects, we repeatedly stimulated CAR-T cells with 786-0 and U251 cells and analyzed their features and functions (Figure 3D). CITR CAR-T cells demonstrated significantly higher proliferative capacity than untreated CAR-T cells in response to repeated antigen stimulation (Figure 3E). Moreover, after multiple rounds of stimulation, CITR CAR-T cells displayed a high proportion of memory T cells, increased cytokine secretion, and reduced exhaustion in both 786-0 (Figures 3F–H) and U251 stimulation models (Figures 3I–K). In terms of anti-tumor activity, CITR CAR-T cells exhibited more effective tumor cell killing than untreated CAR-T cells after three rounds of antigen stimulation, as shown by the luciferase reporter assay (Figures 3L, M). Thus, sodium citrate pretreatment enhanced the anti-tumor efficacy of CAR-T cells in both short-term and long-term models in vitro.




3.4 Sodium citrate supplementation enhanced the in vivo anti-tumor activity of CAR-T cells and inhibited cancer recurrence

To assess the in vivo tumor-killing ability of CITR CAR-T cells, we established a mouse subcutaneous tumor model using 786-0 tumor cells and injected mock T, untreated, or CITR CAR-T cells via the tail vein (Figure 4A). Both CAR-T and CITR CAR-T cells effectively inhibited tumor growth during the first 16 days post-injection. However, mice treated with CITR CAR-T cells showed a significantly lower tumor burden, as indicated by bioluminescence imaging (BLI) radiance (Figures 4B, C) and tumor volume measurements (Figure 4D). While local recurrence occurred in all mice in the untreated CAR-T cell group, tumors in the CITR CAR-T cell group remained inhibited throughout the experiment, suggesting superior persistence of CITR CAR-T cells in vivo.
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Figure 4 | Sodium citrate-pretreated CAR-T cells exhibited enhanced anti-solid tumor activity and reduce cancer relapse in mice. (A) Experimental setup: 786-0 tumor cells were subcutaneously injected into NKG mice on day 0. PBS, mock T cells, untreated anti-CD70 CAR-T cells, or sodium citrate-pretreated anti-CD70 CAR-T cells were injected via tail vein on day 16. (B, C) BLI images (B) and tumor growth quantification (C) at indicated time points (n = 5). (D) Tumor volumes over time for each group (n = 6). (E, F) Flow cytometry analysis of CAR-T cell number (E) and percentage (F) in peripheral blood at day 6 (n = 6). (G) CD62L expression in CAR-T cells from peripheral blood (n = 6). (H) PD-1 and LAG-3 expression in CAR-T cells from peripheral blood (n = 6). (I) Representative IHC staining for CD3 in tumor tissues from NKG mice treated with untreated or sodium citrate-pretreated CAR-T cells. Scale bar = 100 μm. (J) Body weight changes of mice throughout the experiment (n = 6). (K) Representative H&E staining of heart, liver, spleen, lungs, kidneys and brain from mock T, untreated CAR-T, and sodium citrate-pretreated CAR-T groups. Scale bar = 100 μm. Results were expressed as mean ± SD. Statistical significance was determined by t-test (E–G) and two-way ANOVA (H). ***p < 0.001.

Six days after CAR-T cell injection, peripheral blood was collected from mice for flow cytometry analysis. The results revealed that the number and proportion of CAR-T cells were significantly higher in the CITR CAR-T group compared to the untreated CAR-T group (Figures 4E, F). Further analysis showed increased expression of the memory T cell marker CD62L (Figure 4G), reduced expression of exhaustion markers PD-1 and LAG-3 in CITR CAR-T cells (Figure 4H), and enhanced CAR-T cell infiltration in the tumors of the CITR CAR-T group (Figure 4I).

To evaluate the safety of CITR CAR-T cells, we monitored the body weight of mice throughout the study. Mice in the CITR CAR-T group maintained relatively higher body weights compared to those in the other groups (Figure 4J). Additionally, H&E staining of major organs, including heart, liver, spleen, lung, kidney and brain) revealed no significant organ damage in the CITR CAR-T group compared to the mock T cells (Figure 4K). In summary, sodium citrate supplementation enhanced the anti-tumor efficacy, particularly the anti-recurrence ability, of CAR-T cells, without compromising their safety.




3.5 Sodium citrate reduced exhaustion and increased anti-tumor capacity of anti-MSLN CAR-T cells

In previous work, we developed anti-MSLN CAR-T cells for the treatment of mesothelin-positive cancers (Figure 5A) (39). To assess whether the beneficial effects of sodium citrate observed in anti-CD70 CAR-T cells could be extended to anti-MSLN CAR-T cells, we treated these cells with sodium citrate. Supplementation with sodium citrate did not significantly affect the CAR-positive rate (Figure 5B). As seen in anti-CD70 CAR-T cells, sodium citrate treatment upregulated CD62L expression in anti-MSLN CAR-T cells (Figure 5C) and reduced the expression of exhaustion markers (Figures 5D–F). Furthermore, when sodium citrate-pretreated CAR-T cells were co-cultured with Capan-2 and HCC1806 cells, they exhibited enhanced tumor-killing activity, particularly at lower E:T ratios (Figures 5G, H). Together, the role of sodium citrate in reducing exhaustion and enhancing anti-tumor activity is verified in both anti-CD70 and anti-MSLN CAR-T cells.
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Figure 5 | Sodium citrate alleviated exhaustion and enhanced anti-tumor activity of anti-MSLN CAR-T cells. (A) Schematic representation of the anti-MSLN CAR construct. (B) Representative flow cytometric analysis of anti-MSLN CAR expression in CAR-T cells with or without sodium citrate treatment. (C–F) Positive rates of CD62L (C), PD-1 (D), LAG-3 (E), and TIM-3 (F) in CAR-T and CITR CAR-T cells. (G, H) Cytotoxicity of CAR-T and CITR CAR-T cells co-cultured with Capan-2 (G) and 1806 (H) cells at indicated E:T ratios for 6 hours, assessed by one-lite luciferase assay system. Results were expressed as mean ± SD from at least 3 independent donors. Statistical significance was determined by t-test (C–F) and two-way ANOVA (G, H). ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001.




3.6 Sodium citrate impeded CAR-T cell terminal differentiation via inhibition of mTOR and glycolysis pathways

To explore the mechanisms underlying the sodium citrate-induced reduction in CAR-T cell exhaustion, we collected anti-CD70 CAR-T cells cultured with or without sodium citrate supplementation and performed RNA sequencing (RNA-seq) to compare the gene expression profiles and identified differentially expressed genes (DEGs) (Figure 6A). Gene ontology (GO) enrichment analysis of these DEGs revealed that several immune response-related pathways, as well as the calcium-mediated signaling pathway, were affected by sodium citrate (Figure 6B). Additionally, markers of exhaustion and effector T cells, such as eomesodermin (EOMES), interleukin-10 (IL10), cytotoxic T-lymphocyte-associated protein 4 (CTLA4), and granzyme B (GZMB), were also reduced. In contrast, genes associated with memory T cells, including lymphoid enhancer-binding factor 1 (LEF1) and C-C motif chemokine receptor 7 (CCR7), were upregulated in CITR CAR-T cells (Figure 6C).
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Figure 6 | Sodium citrate blocked mTOR signaling and glycolysis pathways through calcium inhibition in CAR-T cells. (A) Volcano plot showing differentially expressed genes (DEGs) in sodium citrate-pretreated CAR-T cells compared with untreated CAR-T cells, with significance defined by fold change >2 or <0.5 and -Log10Pvalue > 2. (B) Gene ontology (GO) term enrichment analysis of DEGs between CAR-T and CITR CAR-T cells. (C) Heatmap of DEGs involved in calcium signaling and T cell function. (D) Western blot analysis of Camk2 phosphorylation in CAR-T cells stimulated with PMA and ionomycin, treated with PBS or sodium citrate (10 mM, 12 mM, 14 mM) for 3 days. (E) Gene set enrichment analysis (GSEA) plot showing mTORC1 signaling enrichment in CITR CAR-T cells. (F) (left) Western blot analysis of rpS6 and P-rpS6 levels in untreated and sodium citrate-pretreated CAR-T cells. (right) The relative level of P-rpS6 to total rpS6 was quantified using ImageJ. (G–J) Extracellular acidification rate (ECAR) measurement in CAR-T cells with or without sodium citrate pretreatment, with calculated values for glycolysis (H), glycolytic capacity (I), and glycolytic reserve (J). Results were expressed as mean ± SD from at least 3 independent donors. Statistical significance was determined by t-test. *p < 0.05, **p < 0.01.

We next assessed the phosphorylation levels of calcium/calmodulin-dependent protein kinase II (CamkII) by western blotting and confirmed that sodium citrate inhibited calcium signaling in a dose-dependent manner (Figure 6D). To further investigate the functional differences between CITR CAR-T cells and untreated CAR-T cells, we performed gene set enrichment analysis (GSEA). This analysis revealed that genes related to the mechanistic target of rapamycin complex 1 (mTORC1) signaling pathway were significantly downregulated in sodium citrate-treated CAR-T cells (Figure 6E). Consistently, western blotting results showed reduced phosphorylation of ribosomal protein S6 (rpS6), a marker of mTORC1 activity (Figure 6F).

Since inhibition of the mTOR pathway has been shown to decrease glycolysis and prevent T cell terminal differentiation and exhaustion (44), we used Seahorse assays to assess the glycolytic activity of CAR-T cells. CITR CAR-T cells exhibited a significant reduction in glycolysis, glycolytic capacity, and glycolytic reserve compared to untreated CAR-T cells (Figures 5G–J). Together, these findings suggest that sodium citrate reduces the calcium level in CAR-T cells and inhibits calcium signaling, which in turn blocks mTOR signaling and glycolysis in CAR-T cells, thus reducing their exhaustion and promoting the formation of memory T cells (Figure 7). Supplementing sodium citrate in the culture medium could therefore enhance CAR-T cell functionality.
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Figure 7 | Mechanism diagram of the effects of sodium citrate on CAR-T cells. Sodium citrate chelates Ca2+, reducing intracellular Ca2+ levels. This inhibition of calcium signaling decreases CamkII phosphorylation, which in turn blocks mTORC1 activity and glycolysis. These effects prevent T cell exhaustion and promote the generation of memory T cells, enhancing CAR-T cell function.





4 Discussion

Numerous clinical cases have demonstrated the effectiveness of CAR-T cell therapy in hematological malignancies, but challenges remain in treating solid tumors. One major obstacle is T cell exhaustion, induced by the immunosuppressive tumor microenvironment, which limits the efficacy of CAR-T therapy. Evidence has shown that T cell exhaustion reduces the tumor-killing capacity of CAR-T cells (11, 21). Tonic signaling in CARs, which leads to T cell terminal differentiation and exhaustion, further impairs CAR-T efficacy (45). Our findings show that tonic signaling induces terminal differentiation, excessive activation, exhaustion and reduced tumor-killing ability in anti-CD70 CAR-T cells during in vitro culture (Figure 1). Addressing tonic signaling in CAR-T cells is thus considered a promising strategy to overcome T cell exhaustion and improve the clinical effectiveness of CAR-T therapy for solid tumors (46).

The calcium signaling pathway plays a crucial role in regulating immune responses, influencing cytokine release, differentiation, and metabolism in T cells (47, 48). Previous study found that calcium signaling was activated by tonic signaling in CAR-T cells, while a store-operated calcium entry (SOCE) inhibitor BTP-2, but not the calcium chelator BAPTA-AM enhanced the anti-leukemia efficacy of CAR-T cells (23). Consistently, we observed that tonic signaling increased the level of Ca2+ in CAR-T cells, and we further verified that inhibition of calcium signaling could improve the cytotoxicity of CAR-T cells against solid tumors. However, different from the previous study, we found that the calcium chelator, sodium citrate, displayed beneficial effects on CAR-T cells. Sodium citrate is a widely used and safe organic acid salt, which is readily accessible and cost-effective (49, 50). In our study, we identified an optimal sodium citrate concentration for treating CAR-T cells and employed a simple in vitro treatment method. Sodium citrate pretreatment promoted the expression of memory T cell markers and reduced the expression of activation and exhaustion markers in both anti-CD70 and anti-MSLN CAR-T cells, as well as the anti-solid tumor activity. Particularly, sodium citrate-pretreated CAR-T (CITR CAR-T) cells outperformed untreated CAR-T cells in persistence in vivo. Mice infused with untreated CAR-T cells experienced tumor recurrence, while mice treated with CITR CAR-T cells showed sustained tumor inhibition throughout the experiment. These findings indicate that sodium citrate supplementation could advance the clinical application of CAR-T cells for treating solid tumors.

Inhibition of the mTOR pathway and glycolysis has been shown to promote the generation of memory T cells and reduce T cell exhaustion (51–53). Previous studies have demonstrated that citrate suppresses tumor growth by inhibiting calcium signaling, mTOR and glycolysis pathways (30, 54). Consistent with these findings, our study revealed that both RNA-seq and Western blot analysis confirmed the suppression of calcium signaling and the mTOR pathway in CITR CAR-T cells. Furthermore, seahorse assays indicated that glycolysis in CAR-T cells was inhibited following sodium citrate treatment. Based on these results, we propose that sodium citrate pretreatment reduces intracellular Ca2+ levels in CAR-T cells, leading to the inhibition of CamkII phosphorylation. This, in turn, suppresses mTORC1 signaling and glycolysis, thereby promoting the differentiation of memory T cells and mitigating exhaustion. This mechanism enhances the anti-tumor function of CAR-T cells in solid tumors, particularly improving the persistence of CAR-T therapy.

Since a cell-derived xenograft (CDX) model was used in this study, it may not fully replicate the tumor microenvironment observed in patients. Future studies should consider using patient-derived xenograft (PDX) models, which may provide more clinically relevant insights. Additionally, given that sodium citrate has direct tumoricidal effects, a combination therapy of CAR-T cells with sodium citrate could be explored to enhance the overall anti-tumor response.

In conclusion, our findings demonstrate that sodium citrate plays a crucial role in preventing CAR-T cell exhaustion and terminal differentiation. By inhibiting calcium signaling, mTOR activity, and glycolysis, sodium citrate enhances CAR-T cell persistence and promotes the development of memory T cells, which improves their anti-tumor efficacy. These results provide a promising strategy for enhancing the clinical application of CAR-T cell therapy in treating solid tumors.
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Background

Chimeric Antigen Receptor (CAR) T-cell therapy has emerged as a revolutionary approach to cancer treatment. Given the rapid expansion of new indications addressed by newly developed CAR T-cell products, it is essential to standardize analytical methods for the characterization/monitoring of apheresis materials, drug products, and post-infusion patient samples.





Methods

The T2Evolve Consortium, part of the European Union's Innovative Medicines Initiative (IMI), conducted an extensive anonymous online survey between February and June 2022. Comprising 36 questions, the survey targeted a wide range of stakeholders involved in engineered T-cell therapies, including researchers, manufacturers, and clinicians. Its goal was to address the current variability within the CAR T-cell field, focusing on analytical assays for quality control of apheresis materials, drug products, and post-infusion immunomonitoring. Another objective was to identify gaps and needs in the field.





Results

A total of 53 respondents from 13 european countries completed the survey, providing insights into the most commonly used assays for apheresis material and drug product characterization, alongside safety and efficacy tests required by the Pharmacopeia. Notably, a minority of respondents conducted phenotypical characterization of T-cell subsets in the drug product and assessed activation/exhaustion T cell profiles.





Conclusion

The survey underscored the necessity to standardize CAR T-cell functional potency assays and identify predictive biomarkers for response, relapse, and toxicity. Additionally, responses indicated significant variability in CAR T-cell monitoring during short-term patient follow-up across clinical centers. This European survey represents the first initiative to report current approaches in different stages of CAR T-cell therapies via a survey, from drug product quality controls to post-infusion immunomonitoring. Based on these findings, and with input from T2EVOLVE experts, the next step will be to address harmonization in the identified areas. These efforts are anticipated to significantly enhance cancer patients' access to engineered T cell therapy safely and effectively throughout Europe.
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Introduction

In recent years, the groundbreaking application of genetically modified T cells using Chimeric Antigen Receptor (CAR) has revolutionized the treatment landscape of patients with B cell acute lymphoblastic leukemia (B-ALL) or B-cell non-Hodgkin lymphoma, as well as with multiple myeloma. This innovation has led to the market approval of seven products by the U.S. Food and Drug Administration (FDA), with the most recent being obecabtagene autoleucel, and six products by the European Medicines Agency (EMA) (1–7).

Several studies, both academic and company-driven, are exploring the use of CAR T cells in different other indications, including relapsed/refractory T-cell acute lymphoblastic leukemia (T-ALL)/T cell lymphoblastic lymphoma (T-LBL) (8), acute myeloid leukemia (AML) (9, 10), and solid tumors (11–15).

Recent impressive data have also emerged regarding the use of anti-CD19 CAR T-cell therapy for the treatment of selected non-malignant diseases, namely systemic lupus erythematosus (SLE) (16–18), Myasthenia gravis (19) and other autoimmune conditions (20), taking into account the role played by autoreactive B cells in its pathogenesis (21, 22).

Considering the emerging worldwide scenario of new CAR T-cell development and clinical trials, it could be anticipated that a significant number of these innovative CARs will soon reach the approval by regulatory bodies.

However, to enable comparison of the clinical data collected in the current trials and in the outcoming ones, it is essential to standardize the characterization of the leukapheresis material, CAR T-cell drug products and patient’s immunomonitoring. Specifically, there is an urgent need to reach a global consensus on quality control assays to be performed for in-process controls (during manufacturing process) and for the characterization and release of the drug product (23). In addition, it is also necessary to harmonize and standardize the methods and timing of immunomonitoring of patients treated with CAR T cells across different involved laboratories, and hopefully, provide a rationale for pre-selecting groups of patients with high probability of benefiting from CAR T cell infusion.

In 2021, the T2EVOLVE consortium was established under the European Union’s Innovative Medicines Initiative (IMI) with the aim of aiding Europe in expediting the development of engineered T-cells and enhancing patient access to innovative medical treatments (https://t2evolve.com/). Among the objectives of T2EVOLVE, there is the harmonization of analytical methods employed for evaluating the quality of leukapheresis, characterizing drug products, and monitoring the immune response of patient’s post-infusion.

In 2022, T2EVOLVE launched an anonymous online survey to comprehensively capture the diverse pre- and post-infusion CAR T analytical assays conducted across Europe. It sought to identify gaps and requirements for enhancing the comparability of clinical trials and standardizing quality controls. The survey was inclusive, welcoming participation from a broad spectrum of stakeholders, including contract research organizations (CROs)/contract manufacturing organizations (CMOs), physicians, biologists, biotechnologists, pharmacists, leukapheresis centers, and experts in patient immunomonitoring.

The outcomes of the survey lay the groundwork for a prioritized list of analytical methods aimed at standardizing procedures, particularly focusing on the starting material and drug products. Notably, the survey responses underscored the urgency of standardizing CAR T-cell potency assays and identifying predictive biomarkers for response, relapse, and toxicity. Additionally, the findings highlighted substantial variability in the practices of CAR T-cell monitoring during short-term patient follow-up across different clinical centers. The valuable insights obtained from the survey are instrumental in steering global initiatives towards advancing standardization, promoting comparability, and ultimately improving the overall efficacy within the field of engineered T-cell therapies.





Methods




Survey platform

The start-up “Information Technology for Translational Medicine” (ITTM), a partner of the T2Evolve, developed a digital health web interface for conducting an anonymous survey. The T2Evolve survey content was prepared by the T2Evolve experts participating to the WP5 (a project working package dedicated to “Gold standard analytical methods in manufacture and monitoring of CAR T cells”), and was then shared across the whole consortium to be validated for its comprehensiveness and applicability.





Survey design

The survey consisted of 36 questions (including both multiple choice and open-ended questions) distributed across six sections (Supplementary Tables S1-2) and related to: 1) demographic information (Supplementary Table S2 section A), 2) apheresis product collection and quality control procedures (Supplementary Table S2 section B), 3) quality control assays for raw materials used in engineered T cell manufacturing (Supplementary Table S2 section C), 4) in-process and release quality control assays for the drug product (Supplementary Table S2 section D), 5) lympho-depletion regimen (Supplementary Table S2 section E), and 6) post-infusion immunomonitoring (Supplementary Table S2 section F). Although queries were suitable for both autologous and allogeneic settings, participants exclusively reported experiences with autologous products. Thus, we focused the analysis solely on autologous CAR T-cell products.





Survey diffusion

The survey was specifically targeted at European stakeholders actively involved in the field of CAR T-cell immunotherapy. The primary audience included biotech, CROs, CMOs, as well as academic institutions, including public and private hospitals, leukapheresis centers, GMP facilities, development labs, and immunomonitoring units. The survey was launched in early February 2022 and concluded at the end of June 2022. It was distributed via a web survey link and quick-response (QR) code provided through the T2Evolve website, and further disseminated through international scientific conferences and email campaigns. Responses were monitored biweekly throughout the five-month period.





Survey analysis and statistics

The anonymous replies were analyzed using in-house downstream analysis pipelines based on Jupyter Notebook and Python programming language (version: python#3). All anonymous responses are available in Comma-Separated Values (CSV) and JavaScript Object Notation (JSON) text format, with the latter serving as the input format for the downstream analysis pipeline. Results were expressed as an absolute number of respondents or as a percentage of respondents among all participants who answered the given question.

To ensure the validity of the survey results, stringent acceptability criteria were implemented to minimize the risk of representational bias among respondents. Specifically, a maximum acceptability threshold of 5% was enforced for responses received from the same organization within a single country. However, this restriction was not applied when the same organization participated across different countries. No minimum number of respondents was required to represent a country. Each respondent was uniquely identified by three key elements: country, city, and organization name. For the evaluation, only surveys that were at least 50% completed were considered valid, and responses were assessed for consistency with the questions posed.






Results




Demographic information of responding centers

In 2021, more than 3000 patients had been treated with CAR T-cell therapy in Europe. By comparison, more than twice the number of patients (6,343) were treated in the United States (US). Additionally, in the same year, 16% of patients in Europe and 14% in the US received CAR T-cell therapy in the context of a clinical trial. Regarding geographic distribution, the European Society for Blood and Marrow Transplantation (EBMT) Registry, reported that the access to CAR T-cell therapy is higher in Western Europe than in Eastern Europe in 2022 (Figure 1A, EBMT website). This scenario appears to align with the distribution of respondents in the current survey, with the exception of UK and Spain, for which only one and three survey participants, respectively, were recorded. Moreover, data from the ClinicalTrials.gov platform indicate that, at the time of the survey, there were 36 interventional clinical trials in Europe related to CAR T therapy, with 86% focusing on hematologic indications (including ALL, lymphoma, multiple myeloma, T-ALL, and AML) and 14% targeting solid tumor indications (such as renal carcinoma, neuroblastoma, sarcoma, and undefined metastatic advanced solid cancers) (Figure 1B).

[image: Map of Europe showing the number of patients reported by country, color-coded from light purple to dark blue indicating varying patient counts. Grey indicates data not available. Below, a donut chart shows 86% of trials in hematologic settings and 14% in solid tumor settings, with corresponding blue and orange colors.]
Figure 1 | Distribution of CAR T-cell treated patients across Europe. (A) Map representing the distribution of CAR T-cell treated patients per country in Europe based on the EBMT Registry (as of March 2022, i.e. at the time of the survey distribution). Number of treated patients is reflected by the color intensity. (B) Distribution of recruiting or active clinical trials as of the end of the survey in June 2022, sourced from ClinicalTrials.gov, in the field of CAR T-cell therapy for the treatment of hematologic indications (including ALL, lymphoma, multiple myeloma, T-ALL, and AML) and solid tumor indications (such as renal carcinoma, neuroblastoma, sarcoma, and unspecified metastatic advanced solid cancers).

The T2EVOLVE Consortium launched a European anonymized online survey consisting of 36 questions, and covering all the most relevant topics related to CAR T-cell therapy.

A total of 58 participants took part in the survey, including 53 from Europe, 4 from the United States, and 1 from Israel. Since the dissemination plan primarily targeted European countries, the response rates from the US and Israel were deemed too low to accurately represent these countries’ involvement in the field. As a result, respondents from the US and Israel were excluded from the analysis.

The 53 European participants who responded to the T2EVOLVE survey represented 13 European countries. The majority of responses came from Italy (30%, n=16), France (17%, n=9), and Germany (17%, n=9) (Figure 2, Supplementary Table S3). Among the Italian and French respondents, more than half was concentrated in Rome (9 out of 16) and Paris (6 out of 9), respectively, while respondents from other countries were more evenly distributed (Supplementary Table S3).
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Figure 2 | Distribution of T2Evolve survey responding centers across Europe. Map representing the number of the survey responding centers per country in Europe. Number of respondents is reflected by the color intensity.

A significant majority of respondents (77%, n=41) were affiliated with either public or private hospitals, while 17% (n=9) represented pharmaceutical companies (Table 1). Additionally, 2 respondents (4%) were from CROs or CMOs, and one respondent (2%) was from an applied research organization. In terms of professional role, most respondents were clinicians (42%, n=22), followed by preclinical researchers (30%, n=16) and GMP manufacturing operators (26%, n=14) (Table 1).

Table 1 | Survey respondents’ affiliation.
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The majority of responding centers declared their involvement in the development or administration of CAR T-cells for hematologic malignancies (89%, n=47) (Figure 3A), while only 30% (n=16) reported use of CAR T-cells for solid tumors. Notably, 19% of participants (n=10) indicated that their centers were involved in both hematologic and solid tumor therapies. Additionally, 1 center reported using CAR T-cells for the treatment of autoimmune diseases. Interestingly, 45% of respondents (24 out of 53) reported to work with both commercial and investigational CAR T-cells (Figure 3B). Among the 45 respondents working with investigational CAR T-cells, 27% of centers (12 out of 45) were exclusively involved in academic clinical trials (Figure 3C). The survey questions did not enable the recording of additional details regarding the CAR T-cell product type or the specific indications for which it is used at the respondents’ sites.
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Figure 3 | CAR T-cell application expertise for the survey respondents. (A) Venn diagram representing the number of respondents and their expertise in the field of CAR T-cells for hematological malignancies, and/or in solid tumors, and/or in auto-immune diseases. (B) Bar graph representing the number of respondents divided for their expertise in the use of commercial and/or investigational CAR T-cell products. (C) Bar graph representing the number of respondents divided for their involvement in context of academic or/and industrial-driven clinical trials.





Quality controls of the apheresis product intended for the manufacture of autologous CAR T-cell drug product

Among the 53 respondents, 72% (38 out of 53) indicated that they routinely perform quality control assays for apheresis products. Of these, 76% (29 out of 38) reported conducting sterility tests, viability assays, total cell counts, and assessments of the percentage and absolute count of T-lymphocytes (CD3+ cells) (Figure 4).
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Figure 4 | Survey responses regarding analytical assays performed on the apheresis product. The bar chart illustrates the number of respondents performing the specified analytical assays on the apheresis product. The lighter-colored bars represent the frequency of assays currently performed, while the darker-colored bars indicate the number of respondents who believe these assays should be performed to optimize leukapheresis characterization. The data highlight the gap between current practices and perceived needs for improving apheresis product analysis.

In response to an open-ended question regarding improvements needed in the analytical control of apheresis products to standardize practices, 35 respondents highlighted the importance of standardizing both the apheresis process and its associated quality controls. Indeed, they specifically emphasize the importance of standardizing the characterization of the apheresis via flow cytometry. In addition, respondents call for greater consensus on the protocol for apheresis collection in case of cryopreservation and the identification of predictive biomarkers associated with successful manufacturing.





CAR T-cell manufacturing and release

In the context of CAR T-cell manufacturing process, we did not capture the scenario of centers that use only commercial setting, so it is luckily that the data provided in this section refer to the manufacturing of academic products, or of industrial investigational products in early clinical trial development. All respondents reported using viral vector-transduced CAR T-cells, specifically retroviral or lentiviral vectors. Regarding the raw materials, 75% (30 out of 40) of participants in this survey section, reports that they did not perform any analytical tests on the raw materials, relying solely on the certificate of analysis provided by the suppliers.

When it comes to the analytical methods used for the release and characterization of autologous CAR T-cell drug products, only 34% of survey participants (18 out of 53) were directly involved in the manufacturing or release of an engineered autologous T-cell product and provided details on the assays routinely performed. Among these respondents, at least 83% (15 out of 18) conducts safety and identity tests, including viability, sterility, cell count, endotoxin, mycoplasma, and CAR expression by flow cytometry, all in accordance with the European Pharmacopeia and Good Manufacturing Practice (GMP) guidelines. However, only a small portion (16.67%; 3 out of 18) carries out an in-depth characterization of the drug product, focusing on T-cell subsets and activation/exhaustion profiles (Figure 5), and no one of the Respondents is performing integration site analysis.
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Figure 5 | Survey responses regarding analytical assays performed to release CAR T-cell drug product. The bar chart illustrates the number of respondents performing the specified analytical assays on the drug product. The darker-colored bars represent the frequency of assays currently performed, while the lighter-colored bars indicate the number of respondents who believe these assays should be performed to optimize drug product characterization. The data highlight the gap between current practices and perceived needs for improving drug product analysis.

In response to the open-ended question, regarding the major needs in terms of standardization in the release of engineered T-cell products, 21 respondents emphasize the necessity of establishing gold-standard methods for assays assessing replication-competent lentivirus (RCL) or replication-competent retrovirus (RCR), vector copy number (VCN), potency, and drug product characterization by flow cytometry panels.

Additionally, respondents highlighted the positive impact of developing and validating rapid sterility assays to shorten the release time of autologous CAR T-cell products. They also stressed the importance of identifying and implementing predictive biomarkers closely associated with patient response and potential toxicity.





Lymphodepletion regimens for patients undergoing CAR T-cell infusion

Regarding lymphodepletion (LD) regimens prior to CAR T-cell infusion, 100% (29 out of 29) of participants report using fludarabine and cyclophosphamide (Flu/Cy) as part of pre-conditioning protocols. Additionally, 3 out of 29 respondents also use bendamustine (of the three centers, one declared the use of only academic products, whereas a second one of industrial CAR T cells in investigational trial), while 2 respondents (one of which declaring the use of only academic products) do not perform LD in patients who are already cytopenic at time of treatment. Lastly, two respondents—possibly from the same institution, as they indicated being from the same city and exclusively infusing industrial CAR T-cells in early development—reported using a different lymphodepletion regimen involving Alemtuzumab.

For the characterization of patient samples collected before LD, 56% of respondents (20 out of 36) reports performing immunophenotyping of peripheral blood leukocytes, 31% (11 out of 36) assesses the expression of the CAR target antigen on tumor cells, and 36% respondents (13 out of 36) does not conduct any analysis prior to LD. Notably, 1 respondent monitors cytokine levels in patient samples before LD.

After LD but before CAR T-cell infusion, 53% of respondents (20 out of 38) reports performing immunophenotyping of leukocytes and lymphocytes in peripheral blood, 24% (9 out of 38) monitored cytokine levels, and 42% (16 out of 38) does not carry out any analysis following LD.

In response to the open-ended question regarding the major needs in terms of standardization of assays in pre- and post- LD timing, 33 out of 38 respondents (86.84%) emphasize the need for consensus on biological markers associated with toxicity. They also underscore the necessity for standardized guidelines on the optimal LD regimen, including the choice of chemotherapy drugs and their respective doses.





Immunomonitoring of patients following CAR T-cell infusion

Lastly, the survey included 13 additional questions focused on the types of immunomonitoring performed after CAR T-cell infusion by clinical centers across Europe. In particular, 97% (28 out of 29) of respondents in this survey section, reported their experience with CAR T-cell monitoring, while only 3% (1 out of 29) had experience with other engineered T cells, namely T cells engineered with a specific T Cell Receptor (TCR).

The first set of questions aimed to determine the most common methods used for monitoring the persistence of CAR T-cells and the assays used to characterize these cells. The majority of respondents (27 out of 29; 94%) reported using flow cytometry to evaluate the persistence of infused CAR T-cells, regardless the use of commercial or investigational drug products in the academic or industrial setting. Additionally, 45% (13 out of 29) utilizes molecular assessments, including real-time PCR (25%) and digital droplet PCR (ddPCR) (16%). Notably, 34% (10 out of 29) conducts both molecular and flow cytometric evaluations. While 77% of participants limits their quantitative assessments to peripheral blood, 23% extends their analyses to other samples, such as bone marrow, cerebrospinal fluid, lymph nodes, and tumor tissues. Most respondents characterize engineered T cells in detail, focusing on CD4+/CD8+ subsets (80%), memory cell profiles (67%), exhaustion status (60%), activation status (50%), and cytokine production (37%). Interestingly this characterization is performed also by centers that declare the solely use of commercial products. Fewer respondents perform integration analysis (17%), TCR repertoire analysis (17%), or ex-vivo functional assays (13%).

Given the risk for severe toxicity events associated with CAR T-cell therapy, such as cytokine release syndrome (CRS) and immune effector cell-associated neurotoxicity syndrome (ICANS), early detection and appropriate management are crucial. To this end, 41% of respondents reported conducting additional tests to monitor for CRS and/or ICANS, while 33% retains biological samples for future analysis without performing immediate additional tests. The remaining 26% does not collect or analyze further samples.

In cases of tumor relapse, 52% of respondents undertake additional analytical measures to characterize relapsed tumors, 28% keeps samples for future analysis, and 21% neither conduct further analyses nor collect additional samples.

Regarding potential anti-CAR immunity, which can affect the persistence and efficacy of engineered T cells, only 13% (3 out of 23) of respondents performs tests for Human Anti-Mouse Antibodies (HAMA).

The frequency of the CAR T-cells monitoring significantly varied among respondents, with 43% checking infused CAR T-cells once a week, 21% twice a week, and 11% 3 to 6 times a week. The remaining 25% conducts monitoring sporadically or on clinician demand (Figure 6A). The length of the immunomonitoring period across respondents suggests a lack of consensus, ranging from two weeks to years after the CAR T-cell infusion.
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Figure 6 | Survey responses regarding immunomonitoring schedule of patients following CAR T-cell infusion. (A) The bar chart illustrates the frequency of immunomonitoring performed by the respondents. Percentage of respondents has been calculated on the 29 total respondents for this survey section. (B) The bar chart illustrates the frequency of immunomonitoring performed by the respondents following the occurrence of CRS/ICANS/other toxicities (after infusion of CART cells). (C) The bar chart illustrates the duration of immunomonitoring performed by the respondents following the occurrence of CRS/ICANS/other toxicities. Percentage of respondents has been calculated on the 11 total respondents for this survey section.

Half of the respondents (48%, 12 out of 25) performed additional monitoring following CAR T-cell infusion to investigate CRS/ICANS or other toxicities. The frequency and duration of monitoring for these toxicities varied significantly: 33% adjusts monitoring based on the patient’s clinical status (Figure 6B), 8% performs daily blood sampling, 17% monitors 3 to 6 times a week, 17% twice a week, and another 17% once a week. Most respondents monitor patients for 7 to 14 days (Figure 6C), though 27% extends monitoring up to one year or based it on the patient’s condition.

When asked about improvements for immunomonitoring in the first 12 months post-infusion, 38 out of 53 respondents (71.7%) emphasize the need to identify and validate specific biomarkers to predict clinical outcomes, toxicity, and early relapse. They also advocate for proficiency testing programs to ensure consistent pharmacokinetic results across laboratories. Some respondents suggest implementing longitudinal sampling and deep immune phenotyping (of apheresis products and blood pre- and post-CAR T-cell infusion) using flow cytometry and single-cell RNA sequencing (scRNAseq). Additionally, they recommend establishing a general flow-cytometry antibody panel to include markers for exhaustion, activation, and differentiation on CAR T-cells, as well as evaluating changes in non-CAR cell populations to monitor bystander effects.






Discussion

T2Evolve, an alliance of academic and industry leaders in cancer immunotherapy under the European Union’s IMI, has the goal of accelerating the development and expanding access to immunotherapies involving T cells genetically engineered with CARs or TCRs for cancer patients.

To gain insights into immunotherapy practices in Europe and support the harmonization of analytical methods for assessing leukapheresis quality, characterizing drug product, and post-infusion patient immuno-monitoring, T2Evolve conducted an anonymized online survey between February and June 2022. The survey aimed to provide a comprehensive overview of the current state of CAR T-cell therapy in Europe. Despite being open for only five months, the survey garnered 58 responses, 53 of which from European centers. As expected, most responses originated from EU countries with high volumes of CAR T-cell treatments, namely Italy, Germany, and France. In contrast, despite their active role in the field, the UK and Spain showed lower participation in the survey. Notably, CAR T-cell administration is not evenly distributed within individual countries, with the majority of patients being treated in a limited number of highly specialized centers. This uneven distribution makes it challenging to fully address the potential geographical bias inherent in this European survey. Nevertheless, the coverage of the survey in terms of treated indications aligned with the expected one, as for the data retrieved from clinicaltrial.gov showing that in Europe, at the time of the survey, 86% of the trials were recruiting/active to infuse CAR T cells in patients with hematologic disease. The vein-to-vein process of autologous CAR T-cell manufacturing, which is governed by strict laws and regulations, starts with the collection of the patient’s leukapheresis (24, 25). Although leukapheresis is a critical step in ensuring the quality and success of CAR T-cell production, various protocols are currently employed to collect sufficient T cells for drug product manufacturing (26). Previous studies have highlighted that efficient mononuclear cell collection via apheresis, which preserves T-cell cytotoxic functions, is a critical step in the CAR T-cell manufacturing process (25, 27). This survey confirms the importance of this critical aspect.

Several studies have highlighted various factors that may influence the efficiency of T-cell collection for CAR T-cell manufacturing (27). Efforts have also been made to identify predictors of the total number of target cells collected. Despite these studies and the numerous ongoing clinical trials, consensus protocols for apheresis collection remain limited, and phenotypic and functional characterizations are inconsistently applied. Indeed, the survey revealed that only a few centers using commercial CAR T-cell products conduct a characterization of leukapheresis products in terms of white blood cells, red blood cells, and platelets. In contrast, such analyses are more commonly performed at centers administering investigational products, whether from academic or industrial sources. This variability can lead to inconsistent product quality, potentially affecting therapeutic outcomes.

Among the manipulations performed on apheresis collections, cryopreservation offers significant advantages. It provides scheduling flexibility, enabling leukapheresis to be conducted when the patient’s health is optimal for obtaining higher-quality T cells. Cryopreservation also mitigates the impact of shipping delays and removes time constraints before manufacturing, as noted by Tyagarajan et al. (28)

While there have been discussions about standardizing protocols for cryopreservation (e.g., ensuring the process is completed quickly, ideally within 24 hours of collection), no global consensus has been established. The need to harmonize practices to ensure that every patient receives a product of consistently high quality, regardless of where or when the apheresis takes place, have been confirmed also in this survey, since 66% of respondents emphasized the need for better standardization of the apheresis process and cryopreservation procedures.

Additionally, there is a growing demand for the identification of specific biomarkers associated to the aphaeresic product that could predict the success of the manufacturing. Biomarkers could provide early indicators of cell yield and quality, enabling clinicians to optimize the apheresis procedure on a per-patient basis. This would be particularly beneficial in tailoring the procedure to individual patients, potentially improving the efficiency of CAR T-cell manufacturing and enhancing clinical outcomes (29, 30).

Moving on following steps of CAR T-cell manufacturing, leukapheresis is transferred to a GMP-facility, where CAR T-cells are generated by viral or non-viral transduction (31). Regarding T-cell transduction, all survey’s respondents indicated that the production of CAR T-cells for the drug products used in their experience, is based on viral transduction, and that retroviral or lentiviral vectors are applied.

Prior to release for clinical use, CAR T-cell drug products have to address specific release criteria confirming that product’s identity, purity, safety, and effectiveness align with required standards (32). While no significant differences in the quality control methods applied to drug products were reported, 52% of respondents emphasized the need for establishing standardized methodologies for release assays, including the quantification of RCR/RCL, determining Vector Copy Number, conducting potency assays, and implementing standardized flow cytometry panels for CAR T-cell characterization. The use of standardized release tests would allow comparison between drug products produced in different centers, facilitating the comparison of data generated across drug products and centers/countries.

The production of CAR T-cells requires rigorous quality control evaluations to monitor the entire process and ensure that the final product is safe and effective for patient administration. However, when dealing with fresh CAR T-cell drug product that need to be infused into patients shortly after production, or when implementing an accelerated production timeline (ranging from 14 days to just a few days) (33), quality control testing can present significant challenges. These challenges stem from the time-consuming nature of traditional quality control tests, which may hinder the ability to adapt the production process in real-time (34). To address this issue, there is a strong emphasis on developing faster quality control methods, such as rapid sterility tests, to ensure the safety and quality of CAR T-cell products before they are administered to patients. Implementing these faster testing procedures would help streamline the production process, reducing the vein to vein time, while maintaining the high standards necessary for clinical use.

LD regimens has been identified as a critical factor in the success of CAR T-cell treatment (35), because it 1) reduces patient’s lymphocytes to allow CAR T-cell expansion, 2) prevents CAR T-cell depletion through tumor cell reduction 3) reprograms the microenvironment after CAR T-cell infusion (36).

Data reported in the literature currently consider the combination of Flu and Cy to be the most commonly used LD regimen (37). Most survey participants confirmed the use of this regimen in Europe, for both the commercial and the investigational setting, and the hematologic and solid tumors indications. Indeed, current lymphodepletion regimens are primarily based on experience maturated in hematologic malignancies, which have driven the clinical development of CAR T-cell therapy. However, clinical data on the impact of lymphodepletion for CAR T-cell therapy in solid tumors are limited. These regimens should be specifically tailored for solid tumors to address the unique changes in the tumor microenvironment (TME), a factor that differs from hematologic malignancies. For example, Srivastava et al. demonstrated in a xenograft model of lung adenocarcinoma that incorporating oxaliplatin into the Cy lymphodepletion regimen, administered prior to CAR-T cell infusion, activates lung tumor macrophages to produce T cell-recruiting chemokines. This approach leads to enhanced CAR-T cell infiltration, remodeling of the TME, and increased tumor sensitivity to anti-PD-L1 (38). In line with this consideration, the majority of the participants underlined the need to define the best LD regimes based on the patient profile/disease, able to generate a favorable cytokine milieu, but preventing hematological and non-hematological toxicities, as well as infections. Recently, Ghilardi et al, reported that in refractory or relapsed large B-cell lymphomas, bendamustine for LD before tisagenlecleucel has similar efficacy to Flu/Cy with reduced toxicities, including CRS, ICANS, infectious and hematological toxicities, as well as reduced hospital utilization (39). The survey captured the use of bendamustine for patient conditioning in three participating centers. Despite broad consensus on the use of LD prior to CAR T-cell therapy, respondents also emphasized the need to standardize pre-infusion immuno-monitoring and optimize LD regimens. This includes establishing consistent timing, which typically occurs within a week before CAR T-cell infusion, ensuring at least two resting days to mitigate any potential negative impact of chemotherapy (40), as well as standardizing the type and doses of chemotherapy for different cancer types.

CAR T-cells are ‘living drugs’ with an unpredictable ability to expand in vivo that changes from one patient to another. For this reason, the recent best practices of EBMT and JACIE for the management of CAR T-cell therapy recommend close monitoring of medium- and long-term CAR T- cell persistence (41).

In post-infusion immunomonitoring, CAR T-cell persistence can be assessed using various methods, depending on the CAR T-cell product, the knowledge of the CAR genome sequence, and the availability of appropriate trackable markers (42). The commercial availabilities of appropriate antigen-based (43) and antibody-based (idiotypic) (44) detection methods have enabled the study of CAR(+) T-cells both before and after their adoptive transfer. The survey revealed high variability in immuno-monitoring practices, including sample types, timing, and duration, making it challenging to compare persistence data across studies. Among the different techniques, the large number of respondents conducts immunomonitoring by flow-cytometry; however, also ddPCR and real-time PCR have been used. This finding is in line with the current literature that considers real-time PCR and flow cytometry as the most valuable assays for longitudinal monitoring of CAR T-cells, as they are well established and widely available (45, 46). Moreover, Berger et al, demonstrated the correlation between results obtained by ddPCR and flow-cytometry, emphasizing the importance of using complementary assays for more accurate evaluation (47).

A notable finding was that less than half of respondents conducted additional monitoring in case of occurrence of CRS, ICANS, or other post-infusion toxicities. This highlights a lack of consensus on specific biomarkers for managing CRS/ICANS, despite evidence linking soluble biomarkers like IL-6 (48), IFN-γ (49) and IL-1 (50) to toxicity grading.

Overall, the significant heterogeneity in the daily practices of leukapheresis characterization, CAR T-cell product analysis, and patient immunomonitoring strategies highlights the urgent need for standardization to achieve an ideal “nice-to-have” scenario in this field (Figure 7), enhancing drug product characterization and improving patient management. Establishing standardized practices would benefit both patients and healthcare professionals by ensuring more reliable results and generating robust data to guide clinical decision-making.

[image: Quality control and immunomonitoring chart with four sections: Apheresis, Drug Product, Immunomonitoring, and CRS/ICANS. Each includes “must have” and “nice to have” criteria like sterility, cell counts, CAR-T detection, and cytokine monitoring. Graph and symptoms illustration included.]
Figure 7 | Overview of the current practice and ideal “nice-to-have” scenario of assays intended for apheresis, drug product and immunomonitoring characterization.
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Introduction

Chimeric antigen receptor (CAR) T-cell therapies have achieved remarkable success in treating B-cell malignancies, including acute lymphoblastic leukemia (B-ALL). However, despite high remission rates, relapse due to antigen escape remains a significant challenge. To overcome this, designing CAR T-cells targeting multiple cancer antigens simultaneously is a promising strategy. NKG2D ligands (NKG2DL) are eight stress-induced ligands expressed by cancer cells but largely absent on healthy cells.





Methods and Results

We hypothesized that simultaneous targeting of NKG2DL (using the NKG2D extracellular domain) and CD19 can prevent CD19 antigen escape and improve long-term remission rates in B-ALL patients. We developed three tandem CARs targeting both CD19 and NKG2DL and demonstrated that two tandem candidates were highly effective against both CD19+ and CD19- cancer cell lines. Importantly, when compared to CD19 CAR T-cells, tandem CAR T-cells exhibited comparable cytokine secretion, cytolytic activity and proliferation levels when incubated with cancer cells expressing CD19 and were still effective when incubated with cancer cells lacking CD19. Moreover, T-cells transduced with the selected CD19/NKG2DL tandem CAR were functional against CD19+ primary B-ALL samples and controlled tumor growth in a highly challenging xenograft model representing a CD19- B-ALL relapse.





Discussion

These findings provide proof-of-concept that NKG2D-based tandem CARs offer a promising approach to overcome antigen escape and enhance anti-tumor efficacy in B-cell malignancies.
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Introduction

CD19-targeting chimeric antigen receptor (CAR) T-cells are now approved for treating specific relapsed/refractory (r/r) B-cell malignancies such as B-cell acute lymphoblastic leukemia (B-ALL), B-cell non-Hodgkin lymphoma (B-NHL) and B-cell chronic lymphocytic leukemia (B-CLL) (1–5). However, despite impressive clinical activity, some patients are refractory, and others eventually relapse. Mechanisms of relapse in B-cell malignancies, including B-ALL, have been extensively studied, with CD19 escape identified as a major cause, along with the lack of CAR T-cell persistence (6–8). During oncogenic transformation, genetic instability creates tumor variants with different adaptation levels to their environment (9). Thus, the immune pressure exerted by a monospecific or single CAR-T therapy can lead to the emergence of antigen-negative or antigen-low tumor cells. This can occur through two main mechanisms: 1) lineage switch, where patients relapse with a genetically related but phenotypically different malignancy (10, 11), and 2) acquired mutations or splice variants leading to CD19 isoforms lacking the target epitope or to the absence of CD19 on the cell surface (12). Patients relapsing with a CD19-negative disease have very poor prognosis, hence there is an urgent need to develop novel CAR T-cell therapies targeting alternative antigens or targeting multiple antigens simultaneously.

Recognition of multiple antigens can be achieved through various strategies. The first consists in co-infusing or infusing sequentially several monospecific CAR T-cell products. The second consists in the infusion of T-cells transduced with two viral vectors, giving rise to a mix of single and multispecific CAR T-cells. Alternatively, T-cells can be transduced with a single viral vector encoding tandem or dual (bicistronic) receptors. In the tandem design, two antigen-binding moieties (often in the form of scFv’s) are connected via a linker and incorporated into a single CAR protein. In the dual approach, two independent monospecific CAR proteins are co-expressed on the surface of T-cells.

Preliminary clinical results with CD19 multispecific CARs highlight areas for improvement in the design of next-generation tandem CAR T-cells. First, the ideal second antigen should be highly expressed. Next, the selected engager should bind this antigen with sufficient affinity. Finally, tandem designs should minimize steric hindrance between the two engagers and ensure accessibility of each engager to its target epitope (13–15).

NKG2D ligands (NKG2DL) represent an attractive family of targets for multispecific CAR approaches. This family is composed of eight different stress-induced ligands (MICA, MICB and ULBP1-6) that are induced upon cellular damage, cell transformation or viral infection but are largely absent from the surface of healthy cells (16, 17). NKG2DL recognition by the NKG2D receptor expressed by NK cells and some subsets of T-cells allows for the surveillance against oncogenic transformation and viral infection (18–20). NKG2DL were shown to be expressed in hematological indications such as acute myeloid leukemia (AML) (21, 22), B-cell leukemias and lymphomas (20, 23–26). In addition, the susceptibility of primary B-ALL cells to NK cell activity was also shown to be dependent on the NKG2D-NKG2DL axis (20, 27), suggesting that CD19/NKG2DL multispecific CAR T-cells might represent an interesting approach to prevent CD19 antigen escape in B-cell malignancies.

Although autologous CAR T-cell therapies proved to be effective in B-cell malignancies, the time, cost, and manufacturing failure risk associated are significant disadvantages. Off-the-shelf allogeneic approaches offer a solution to these challenges and should increase the accessibility of CAR T-cell treatments to a larger population cohort.

Here, we demonstrate that allogeneic CAR T-cells expressing tandem receptors targeting CD19 and NKG2DL show equivalent efficacy to CD19 single-targeting CAR T-cells against CD19+ cancer cell lines and primary B-ALL samples. Importantly, this antitumor activity was fully conserved in the absence of the CD19 antigen. Overall, we provide the proof-of-concept that NKG2D can be combined with a CD19-targeting scFv in the context of a tandem receptor to overcome antigen escape, as an alternative to currently evaluated tandem receptors.





Material and methods




Study design

The objective of this study was to evaluate the functionality of different CD19/NKG2DL tandem candidates against CD19+ and CD19- cancer cell lines and CD19+ primary B-ALL samples in vitro and to demonstrate their anti-tumor efficacy in CD19- B-ALL relapse model in vivo. All in vitro experiments, otherwise mentioned, were performed with CAR T-cells produced from PBMCs isolated from five healthy donors. For the in vivo study, a total five NSG mice (except in the control group, n=3) were randomized into treatment groups before T-cell injection based on body weight and tumor load. With this model, previous experiments have shown that this number of mice is sufficient to ensure reproducibility and to highlight significant differences.





Cell lines and primary samples

Nalm-6 cells (human B-cell precursor leukemia) were purchased from DSMZ. HeLa (human cervix adenocarcinoma), Phoenix ECO (human embryonic kidney) and PG13 cells (mouse embryonic fibroblast) were purchased from American Type Culture Collection (ATCC). Nalm-6 were cultured in RPMI-1640 (21875091, ThermoFisher) supplemented with 10% heat-inactivated fetal bovine serum (10438026, Life technologies), 1% GlutaMAX™ (3505006, ThermoFisher), 1% penicillin/streptomycin (15140148, ThermoFisher). HeLa were cultured in DMEM (DMEM-HA, Westburg) supplemented with 10% heat-inactivated fetal bovine serum (10438026, ThermoFisher), 1% GlutaMAX™ (3505006, ThermoFisher), 1% penicillin/streptomycin (15140148, ThermoFisher). Nalm-6 Luciferase/GFP (Luc/GFP) were generated by transduction of Nalm-6 with a lentiviral vector coding for a GFP tag, a firefly luciferase and a puromycin resistance (System Biosciences). HeLa NucLight Red were generated by transduction with a lentivirus coding for a nuclear-restricted Red Fluorescent protein (NucLight Red) and a puromycin resistance (4625, Sartorius). Nalm-6 CD19 KO cells were generated by nucleofection of the Alt-R® Cas9 enzyme, the Alt-R® Cas9 electroporation enhancer and the crRNA:tracrRNA duplex targeting human CD19 locus (target sequence: 5’-CGGGCCACAGCTCAAGACGC-3’) (Integrated DNA Technologies) with the 4D Nucleofector™ System (Lonza). HeLa NucLight Red CD19 were generated by transduction of HeLa NucLight Red with a γ-retrovirus coding for a truncated form of CD19 together with an hygromycin resistance gene. Cells were maintained in a humidified atmosphere containing 5% CO2 at 37°C. Deidentified primary human B-ALL bone marrow specimens were obtained from the CHU UCL Namur site Godinne. Additional information regarding the primary samples is provided in the table below.





Plasmid construction

Retroviral vectors were generated using the pSFG backbone. CD19 CAR was generated using the CD19 specific FMC63 scFv fused to hinge (55 aa) and transmembrane domains from CD8α. NKG2DL CAR was generated using the ectodomain of NKG2D (aa 82-216) fused to a short hinge (12 aa) and transmembrane domain of CD8α. In CD19/NKG2DL tandem CAR constructs, FMC63 scFv and NKG2D ectodomain were linked via 3, 4 or 5 repetitions of a glycine-serine linker (G4S)3, itself fused to the transmembrane domain of CD8α via a short hinge (12 aa) derived from IgG4, a short hinge (12 aa) derived from CD8α or a long hinge (55aa) from CD8α. All receptors carry the intracellular domain of 4-1BB and CD3ζ as co-stimulatory and stimulatory domains and a truncated CD34 (tCD34) as selection marker. All CAR-encoding constructs also contained a shRNA duplex targeting MICA/B and CD3ζ transcripts.





Retroviral vector production

Retroviral vectors were generated in two steps. Phoenix ECO packaging cells were transiently transfected with the retroviral plasmid of interest and the retroviral vector obtained was used to infect the PG13 packaging cells. Stable PG13 producer cells were seeded, and final retroviral vector was collected 48 and 72 hours post seeding.





CAR T-cell production

PBMCs from healthy donors were activated with TransAct (130-111-160, Miltenyi) on day 0 and transduced on retronectin (T100B, Takara Bio Europe)-coated plates with a retroviral vector in presence of Akt inhibitor (5773/50, R&D Systems). On day 6, transduced T-cells were enriched with a CD34 selection (130-046-702, Miltenyi) and then expanded until day 10 in presence of AKTi. Finally, TCRα/β positive cells were depleted (130-133-896, Miltenyi) and the final product was cryopreserved. Cultures were performed in X-VIVO™15 (02-60Q, Lonza) supplemented with 5% Human Male AB serum (515-HI, Access cell culture), 1% GlutaMax (3505006, ThermoFisher) and IL-2 (170-076-147, Miltenyi).





Flow cytometry

Flow cytometry experiments were performed using antibodies directed against human CD4 (560158, BD Biosciences), CD8 (561453, BD Biosciences), CD19 (562441, BD Biosciences), CD25 (53-0259-42, ThermoFisher), CD34 (343516, Biolegend), CD45RA (564552, BD Biosciences), CD62L (25-0629-42, ThermoFisher), CD69 (555533, BD Biosciences), CD107a (328620, Biolegend), CD279 (12-2799-42, ThermoFisher), TIGIT (372714, Biolegend) and TCRα/β (130-113-527, Miltenyi). NKG2DL were detected using antibodies directed against human MICA (FAB1300P, R&D systems), MICB (FAB1599P, R&D systems), ULBP1 (FAB1380P, R&D systems), ULBP3 (FAB1517P, R&D systems), ULBP2-5-6 (FAB1298P, R&D systems) or using a recombinant human NKG2D (rhNKG2D-Fc, 1299-NK-050, R&D systems) detected with an anti-human IgG-Fc antibody (12-4998-82, ThermoFisher). CD19-binding domain was detected using a recombinant human CD19 tagged with a human Fc (rhCD19-Fc, 9269-CD-050, R&D systems) that was recognized by an anti-human IgG-Fc antibody (12-4998-82, ThermoFisher). NKG2DL-binding domain was detected using the CD314 monoclonal antibody (NKG2D (CD314) (568106, BD Biosciences)). CD19- and MICA-binding capacity were evaluated by incubating T-cells with recombinant human CD19 tagged with a human Fc (rhCD19-Fc, 9269-CD-050, R&D systems) recognized by an anti-human IgG-Fc antibody (12-4998-82, ThermoFisher) and with a recombinant human Biotinylated Human MICA Protein, His,Avitag™ (rhMICA-Avi, MIA-H82E6, ACROBiosystems) detected with an Alexa Fluor®647 Streptavidin (Biolegend, 405237), respectively. Samples were acquired with an Attune flow cytometer (ThermoFisher) and analyzed with the FlowJo v10.9.0 software.





Cytokine measurements

Cytokines were measured with ELISA kits from R&D systems (IFN-γ: SIF50 and DY285B; TNF-α: DTA00D; IL-2: S2050) in supernatant from T-cells cultured for 24 hours with cancer cells at 1:1 E:T ratio or with coated ligands. MICA coating was performed by incubating recombinant human MICA (rhMICA-Fc, 1300-MA-050, R&D systems) overnight at 4°C while CD19 coating was performed as described elsewhere (15).





Cytolytic activity

Cytolytic activity was measured with the Incucyte® S3 system (IC50042, Sartorius) by following the number of Nalm-6 Luc/GFP cancer cells over time. Results are expressed as percentage of remaining cancer cells normalized to t0h timepoint.





Repeated antigen stimulation assay

T-cells were recursively activated by a co-culture with adherent HeLa NucLight Red or HeLa NucLight Red overexpressing CD19. Every 3 or 4 days, T-cells were harvested and transferred to culture wells seeded with fresh tumor cells, adjusting for a constant viable 1:1 E:T ratio. Upon each round of stimulation, cytotoxic activity was monitored by the Incucyte® S3 system and T cell expansion was assessed by manual counting. Results are expressed as percentage of remaining cancer cells normalized to t0h timepoint.





Proliferation

For the proliferation assay, T-cells were stained with Cell Trace Violet (CTV) (C34557, ThermoFisher), according to a protocol described elsewhere (28) on day 0, and then cultured in absence or presence of cancer cells at a 1:1 ratio for 4 days. CTV fluorescence was then measured by flow cytometry on live CD4/CD8 gated T-cells.





Animal model

Mouse experiments were performed in accordance with French and European Regulations and the National Research Council Guide for the Care and Use of Laboratory Animals. Animals were euthanized upon showing symptoms of clinically overt disease (not feeding, lack of activity, abnormal grooming behavior, hunched back posture) or weight loss exceeding 15% compared to the reference day. In this study, healthy female NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) mice (obtained from Charles River) were i.v. injected on day 0 with 0.1x106 cells of a 1:1 mix of Nalm-6 Luc/GFP: Nalm-6 CD19 KO Luc/GFP. On day 7, mice were i.v. injected with 5x106 CAR T-cells and then i.v. rechallenged with 0.1x106 of Nalm-6 CD19 KO Luc/GFP on day 14, 21 and 28. Tumor load was monitored by bioluminescence imaging (PhotonIMAGER RT, Biospace Lab) and images analyzed using M3Vision image analysis software (Biospace Lab).





Statistical analysis

Unless otherwise mentioned, data are presented as means + SD or means ± SD. The number of biological replicates, here described as different PBMC donors, is indicated in the figure legend. Statistical analysis was performed on GraphPad Prism 10 software. Datasets from in vitro experiments were analyzed by paired, one-way ANOVA, and P values were adjusted for multiple comparisons. Dataset from in vivo experiment was analyzed using log-rank Mantel-Cox tests and P values were adjusted for multiple comparisons. Differences with an adjusted P value < 0.05 were considered statistically significant.






Results




CD19/NKG2DL tandem receptors efficiently bind their target antigens and do not impact T-cell phenotype

To assess which allogeneic CD19/NKG2DL tandem CARs would be the most efficient in preventing CD19 antigen escape, we engineered different tandem CARs targeting CD19 and NKG2DL where the CD19 targeting scFv was placed in distal position towards the membrane and linked to the extracellular domain of NKG2D (NKG2D EC) through a glycine-serine linker (G4S)3 (Figure 1). NKG2D EC was bound to a CD8α transmembrane domain (CD8α TM) via a short hinge (12 amino acids) derived from either IgG4 or CD8α (Tan IgG4, Tan CD8s) or via a long hinge (55 amino acids) derived from CD8α (Tan CD8l). The CD19 single-targeting (CD19 CAR) contained the 55 amino acids CD8α hinge (which is similar to the hinge used in Kymriah (tisagenlecleucel) (29)). The NKG2DL single-targeting CAR contained the 12 amino acids CD8α hinge (NKG2DL CAR) to mimic the natural configuration where the extracellular C-type lectin domain of NKG2D is linked to the transmembrane α helix via a short stalk (30, 31). Each CAR construct carried a 4-1BB co-stimulation domain and a CD3ζ activation domain and was co-expressed with a truncated CD34 (tCD34) downstream of a 2A peptide to allow for purification of transduced cells during manufacturing. In addition, the transgene also contained a miRNA-based shRNA duplex targeting MICA/B and the 3’untranslated region (3’UTR) of CD3ζ. We have previously shown that downregulation of CD3ζ eliminates TCRα/β at the surface of T-cells and prevents the risk of GvHD associated to allogeneic cell therapies (32). We have also shown that the inclusion of MICA/B shRNA both prolongs cellular persistence of NKG2DL CAR T-cells and can avoid potential fratricide by avoiding MICA and MICB upregulation upon stress conditions on the surface of CAR T-cells (33).
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Figure 1 | CD19/NKG2DL tandem CAR design. Schematic representation of single and tandem CAR constructs. scFv FMC63, single-chain variable fragment anti-CD19; NKG2D EC, extracellular domain of human NKG2D; (G4S)3, Glycine-Serine linker; CD8α H55, 55 amino acids hinge from human CD8α; CD8α H12, 12 amino acids hinge from human CD8α; IgG4 H12, 12 amino acids hinge from human IgG4; CD8α TM, transmembrane region from human CD8α; 4-1BB, intracellular domain from 4-1BB; CD3ζ, intracellular domain from human CD3ζ; 2A, 2A self-cleaving peptide; tCD34, truncated CD34; shRNAMICA/B-CD3ζ, shRNA duplex targeting MICA/B and CD3ζ.

Activated T-cells were either transduced with a retroviral vector encoding tCD34 tag only (mock), a single-targeting CAR (CD19 or NKG2DL CAR) or a CD19/NKG2DL tandem CAR (using a manufacturing process as summarized in Supplementary Figure S1A). Final fold-expansion (Supplementary Figure S1B) and percentage of transduced cells were similar for all CAR constructs (between 27.3 and 38.5%, data not shown).

To compare expression of single and tandem CARs, T-cells were incubated with a monoclonal antibody against NKG2D (CD314) and an Fc-tagged CD19 recombinant protein (rhCD19-Fc), which was detected with an anti-human IgG-Fc antibody. Transduced T-cells showed high expression of both CD19- and NKG2DL-binding domains, regardless of the construct (Figure 2A). However, the relative expression of the CD19-binding domain was significantly lower in tandem CAR T-cells compared to CD19 CAR T-cells (Figure 2B). This reduced expression was linked to lower transgene expression in the tandem CAR T-cells, as indicated by decreased CD34 MFI (Supplementary Figure S1C). Similarly, NKG2D expression was lower in tandem CAR T-cells than in NKG2DL CAR T-cells (Figure 2C). Only a slight increase in NKG2D MFI was observed when NKG2D staining was performed in absence of rhCD19-Fc (Supplementary Figures S1D, E), suggesting that binding of recombinant CD19 to the FMC63 scFv does not substantially reduce accessibility for the NKG2D (CD314) antibody.
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Figure 2 | CD19/NKG2DL tandem CAR expression. (A) Representative dot plots of CD19- and NKG2DL-binding domain expression detected by staining T-cells with rhCD19-Fc + anti-human IgG-Fc and CD314 antibody. (B) CD19-binding domain MFI and (C) NKG2DL-binding domain MFI. (D) Representative dot plots of CD19- and NKG2DL-binding domain expression detected by staining T-cells with rhCD19-Fc + anti-human IgG-Fc and rhMICA-Avi + streptavidin, respectively, in a subpopulation expressing CD34 marker at similar level. (E) CD19-binding domain MFI and (F) NKG2DL-binding domain MFI when staining was performed with the two ligands simultaneously (black bars) or with one ligand only (grey dashed bars). Adjusted P values (*P<0.05; ***P < 0.001; ****P < 0.0001) were determined by one-way ANOVA with Dunnet’s correction for multiple comparisons. Data presented as means (SD) of n=5 (B, D) or n=3 (E, F). Each symbol denotes a different PBMC donor.

To determine whether CD19 binding affects NKG2DL binding and vice versa, T-cells were incubated with recombinant MICA (rhMICA-Avi) and/or CD19 (rhCD19-Fc) proteins. As shown in Figure 2D, tandem CAR T-cells with comparable transgene expression (i.e. population expressing similar CD34 levels) were able to bind both ligands simultaneously. Furthermore, the binding of one ligand did not impact the binding of the other, as MFIs measured with one or with the two ligands were not statistically different (P=0.4576 for CD19-binding domain and P=0.7461 for NKG2DL-binding domain) (Figures 2E, F). However, rhMICA-Avi levels were lower in tandem CAR T-cells compared to NKG2DL single CAR T-cells, even in the absence of rhCD19-Fc. This suggests that the FMC63 scFv hinders access to the NKG2D EC domain.

To reduce this steric hindrance, we increased the linker length to 4 or 5 repetitions of the G4S motif between the NKG2D EC and the FMC63 scFv (Supplementary Figure S2A). To control for differences in transduction efficiency, CD19- and NKG2DL-binding levels were analyzed in subpopulations with similar CD34 MFIs. However, increasing the linker size had no significant effect on CD19- and NKG2DL-binding levels (Supplementary Figures S2B, C). Interestingly, when the positions of FMC63 scFv and NKG2D EC were switched – placing FMC63 scFv proximal and NKG2D EC distal towards the membrane (Tan NKG2D-FMC63.CD8l) – NKG2D detection was restored (Supplementary Figure S2C). However, this alteration reduced FMC63 scFv accessibility, as shown by lower levels compared to CD19 single CAR T-cells (Supplementary Figure S2B), making this design unsuitable for further development.

Analysis of differentiation and exhaustion markers at harvest showed that both single and tandem CAR T-cells were primarily central memory (CD45RA-/CD62L+) and effector memory (CD45RA-/CD62L-) (Supplementary Figure S3A), with most of the cells lacking exhaustion markers (Supplementary Figures S3B, C). No differences were observed in CD4/CD8 ratio (Supplementary Figure S3D). Finally, CD3ζ-targeting shRNA efficiency was confirmed by TCRα/β downregulation in single and tandem CAR T-cells compared to mock-transduced T-cells (Supplementary Figures S3E, F). Overall, these data demonstrate that CD19/NKG2DL tandem receptors are highly expressed in primary T-cells, do not alter T-cell phenotype, and bind their respective targets.





CD19/NKG2DL short hinge tandem CAR T-cells exhibits potent in vitro functional activity against both CD19+ and CD19- cancer cells

To assess the functionality and specificity of CD19/NKG2DL tandem CAR T-cells in the presence and absence of CD19 antigen, we knocked-out the CD19 gene in the B-ALL cell line Nalm-6 (Figure 3A). Wild-type and CD19 KO cells expressed ULBP3 and ULBP2-5–6 ligands at similar levels (Figure 3B), showing that absence of CD19 does not influence expression of NKG2DL in this cell line.
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Figure 3 | Cytokine secretion, cytolytic activity and proliferation of CD19/NKG2DL tandem CAR T-cells co-cultured with CD19+ and CD19- Nalm-6 cells. (A) Expression of CD19 and NKG2DL in Nalm-6 and Nalm-6 CD19 KO cells. (B) Expression of individual NKG2DL using antibodies directed against MICA, MICB, ULBP1, ULBP3 or ULBP2-5-6 (grey histograms) vs autofluorescence (white histograms). (C) Secretion of IFN-γ, TNF-α and IL-2 cytokines after a 24-hour co-culture at 1:1 E:T ratio with Nalm-6 and Nalm-6 CD19 KO cells. (D) Cytolytic activity of CAR T-cells against Nalm-6 and Nalm-6 CD19 KO cells at 1:1 and 0.1:1 E:T ratio. Results are expressed as percentage of remaining cancer cells normalized to t0h timepoint. (E) Representative experiment showing CTV histograms of CAR T-cells after 4 days of co-culture without cancer cells or at 1:1 E:T ratio with Nalm-6 and Nalm-6 CD19 KO cells (4 individual experiments were performed on 4 different donors). Adjusted P values (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001) were determined by one-way ANOVA with Dunnet’s correction for multiple comparisons. Data presented as means (SD) of n=5. Each symbol denotes a different PBMC donor.

To evaluate CAR T-cell activity upon antigen recognition, CAR T-cells were co-cultured with Nalm-6 cells and cytokine secretion was measured. All tandem CAR T-cell candidates secreted IFN-γ, TNF-α and IL-2 at similar levels than CD19 single CAR T-cells, indicating that NKG2D EC domain does not interfere with T-cell activation induced by CD19 antigen recognition (Figure 3C). As expected, when challenged with CD19 KO cells, cytokine secretion by CD19 single CAR T-cells was abolished. On the other hand, CD19/NKG2DL tandem CAR T-cells carrying a IgG4 or a CD8 short hinge, but not tandem with a CD8 long hinge, conserved their capacity to secrete cytokines in absence of the CD19 antigen, demonstrating that functionality of NKG2D EC domain in a tandem context requires a short hinge. Interestingly, NKG2DL single CAR T-cells secreted significantly lower amounts of cytokines than CD19 and CD19/NKG2DL CAR T-cells when incubated with Nalm-6 cells. It is known that cytokine secretion by CAR T-cells is greatly influenced by antigen density. Hence this difference might be explained by a preference of tandem CAR T-cells to engage the highly expressed CD19 ligand through their high affinity scFv, while NKG2DL CAR T-cells bind ULBP ligands that are probably less expressed with a lower affinity. Although not significant, tandem CAR T-cells incubated with Nalm-6 KO cells tend to secrete lower amounts of IFN-γ while, as expected, NKG2DL CAR secrete similar amounts against both CD19+ and CD19- cell lines.

We next evaluated the cytolytic activity of single and tandem CAR T-cells against Nalm-6 and Nalm-6 CD19 KO cells at different effector to target (E:T) ratios. When challenged at a 1:1 ratio with Nalm-6 cells, both single and tandem CAR T-cells rapidly eliminated cancer cells (Figure 3D). In absence of CD19, only NKG2DL single CAR T-cells and T-cells expressing a tandem with a short hinge efficiently eliminated tumor cells, while the tandem with the long hinge showed a significantly lower cytolytic activity. Similarly, at 0.1:1 E:T ratio, incubation of either single or tandem CAR T-cells with Nalm-6 cells led, in all instances, to tumor growth control. Likewise, NKG2DL single and CD19/NKG2DL tandem CAR T-cells with a short hinge lysed CD19 KO cancer cells at this low E:T ratio, while tandem CAR T-cells with the long hinge failed to demonstrate cytolytic activity when co-cultured with CD19 KO cells.

Finally, proliferative capacity of mock, single and tandem CAR T-cells after exposure to Nalm-6 and Nalm-6 CD19 KO cells was evaluated using the Cell Trace Violet (CTV) dye. As shown in Figure 3E, all T-cells except mock T-cells proliferated in presence of Nalm-6 cells. When the experiment was performed with Nalm-6 lacking CD19 expression, only T-cells expressing the NKG2DL CAR or a tandem CAR with a short hinge proliferated.





CD19/NKG2DL tandem CAR T-cells are highly active when stimulated with only CD19 or MICA

Previous experiments showed that tandem CAR T-cells with a short hinge region were reactive against cancer cells expressing either CD19 and NKG2DL or NKG2DL alone. However, their functionality against CD19 alone remained untested. Since eliminating NKG2DL would require knocking out 8 genes simultaneously in cancer cells, we instead assessed whether CD19 could activate tandem CAR T-cells using plate-coated CD19. As expected, both CD19 single CAR T-cells and CD19/NKG2DL tandem CAR T-cells secreted IFN-γ in a dose-dependent manner (Figure 4A). We also tested whether MICA could activate tandem CAR T-cells using plate-coated MICA. Again, both NKG2DL CAR and tandem CAR T-cells secreted IFN-γ in dose-dependent manner (Figure 4B).
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Figure 4 | Cytokine secretion of CD19/NKG2DL tandem CAR T-cells upon stimulation with coated CD19 or coated MICA. IFN-γ secretion after a 24-hour exposure with increasing concentrations of (A) coated rhCD19-Avi or (B) coated rhMICA-Fc.

These data, together with the previous results, show that CD19/NKG2DL CAR T-cells are reactive against both CD19 and NKG2DL antigens separately.





CD19/NKG2DL tandem CAR T-cells containing a short hinge maintain high potency in response to chronic antigen exposure

To assess the efficacy of CD19/NKG2DL CAR T-cells under stress conditions, we evaluated their cytolytic activity after chronic antigen exposure (Figure 5A). To do so, CAR T-cells were serially co-cultured with HeLa cells either overexpressing CD19 (HeLa CD19) or wild-type (HeLa WT) (Supplementary Figure S4A). Several NKG2DL were highly expressed on HeLa WT and HeLa CD19 cells (Supplementary Figure S4B).
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Figure 5 | Cytolytic activity and proliferation of CD19/NKG2DL tandem CAR T-cells upon repeated antigen stimulation. (A) Experimental design of the repeated antigen stimulation assay (B) Cytolytic activity of single and tandem CAR T-cells against HeLa CD19 cells at 1:1 E:T ratio during successive cycles of stimulation. Results are expressed as percentage of remaining cancer cells normalized to t0h timepoint. (C) Cumulative expansion of T-cells after four cycles of stimulation with HeLa CD19 cells. (D) Cytolytic activity of single and tandem CAR T-cells against HeLa WT cells at 1:1 E:T ratio during successive cycles of stimulation. Results are expressed as percentage of remaining cancer cells normalized to t0h timepoint. (E) Cumulative expansion of T-cells after four cycles of stimulation with HeLa WT cells. Adjusted P values (*P < 0.05; ***P < 0.001; ****P < 0.0001) were determined by one-way ANOVA with Dunnet’s correction for multiple comparisons. Data from (B) and (D) presented as means (SD) of n=5. Data from (C) and (E) were log-transformed to achieve a normal distribution and presented as box plots with 10th percentile, median, and 90th percentile (n=5). Each symbol denotes a different PBMC donor.

When HeLa cells expressed CD19, all CAR T-cells rapidly lysed the cancer cells during the first two stimulations (Figure 5B). However, from the third stimulation onwards, tandem CAR T-cells with a long hinge were less effective at controlling cancer cell growth compared to other tandem CAR T-cell candidates. This reduced cytolytic activity was accompanied by a lower cumulative expansion compared to CD19 CAR T-cells (Figure 5C).

As expected, CD19 single CAR T-cells failed to control tumor cell growth when co-cultured with HeLa WT cells (Figure 5D), whereas both tandem CAR T-cells and NKG2DL CAR T-cells maintained tumor control. Similar to observations with HeLa CD19 cells, tandem CAR T-cells with a short hinge exhibited a higher cytolytic activity than tandem CAR T-cells with the long hinge, which correlated with greater proliferative capacity (Figure 5E).

Given the widespread use of the CD8α hinge in clinical trials and its slightly superior performance in this experiment, we selected the tandem CAR candidate with the CD8 short hinge for further in vitro and in vivo evaluation.





CD19/NKG2DL CD8s tandem CAR T-cells effectively controls antigen escape in vivo

We next assessed whether CD19/NKG2DL tandem CAR T-cells with the CD8 short hinge could prevent CD19 antigen escape using an in vivo in a B-ALL relapse model. NSG mice were intravenously (i.v.) injected with a 1:1 mix of Nalm-6 cells and Nalm-6 CD19 KO cells on day 0, followed by treatment with mock, single, or tandem CAR T-cells on day 7. Tumor progression was monitored weekly by bioluminescence imaging until day 60 (Figure 6A).

[image: Panel A shows a timeline of experimental procedures involving Nalm-6 cells and NSG mice with monitoring over several weeks. Panel B is a line graph displaying bioluminescence over time for different treatment groups, indicating tumor growth. Panel C features sequential imaging of mice treated with mock, CD19 CAR, NKG2DL CAR, and Tan CD8s, showing bioluminescence intensity over 60 days. Panel D illustrates a Kaplan-Meier survival curve comparing the same treatment groups, with significant differences marked.]
Figure 6 | In vivo anti-tumor activity of CD19/NKG2DL tandem CD8s CAR T-cells in a B-ALL relapse model. (A) The B-ALL relapse model was established in NSG mice by injecting 0.1x106 Nalm-6 tumor cells (mix WT: CD19 KO 1:1) on day 0, followed by an injection of 5x106 CAR T-cells on day 7, and 3 re-challenges of 0.1x106 Nalm-6 CD19 KO cells on day 14, 21 and 28. Study was terminated on day 70. (B) Tumor burden in individual mice followed by BLI (n=5, except in mock group n=3) until D60. (C) Images depicting the tumor burden monitored by BLI at the indicated time points. (D) Kaplan–Meier curves showing survival of NSG mice injected with control, single or tandem CAR T-cells. Adjusted P value (P**<0.005) was determined by Logrank Mantel–Cox test.

To simulate a worst-case scenario resembling aggressive CD19- relapse in B-ALL patients, mice were rechallenged with Nalm-6 CD19 KO cells 1-, 2- and 3-weeks post CAR T-cell treatment. As expected, CD19 single CAR T-cells failed to control tumor growth after the first rechallenge (Figures 6B, C) and all mice succumbed to the tumor within 35 days (Figure 6D).

In contrast, survival was significantly extended in mice treated with NKG2DL single and tandem CAR T-cells. In these groups, cancer cells remained undetectable in almost all mice until day 42 (35 days after CAR T-cell infusion), after which residual cancer cells could be detected. Notably, no significant difference was observed between CD19/NKG2DL tandem and NKG2DL single CAR T-cell in this model, suggesting that the expression of NKG2DL on the Nalm-6 cells was sufficient to reduce tumor burden significantly.





CD19/NKG2DL CD8s tandem CAR T-cells target primary B-ALL cells

To determine whether CD19/NKG2DL tandem CAR T-cells can effectively target primary B-ALL tumor cells, we incubated T-cells expressing the tandem with the CD8 short hinge, alongside mock and single CAR T-cells, with CD19+ bone marrow specimen from two B-ALL patients (Immunophenotyping available in Table 1). After 24 hours, supernatants were collected for IFN-γ secretion analysis. As shown on Figure 7, tandem CAR T-cells secreted IFN-γ at levels comparable to or slightly higher than CD19 CAR T-cells. Additionally, NKG2DL CAR T-cells also produced IFN-γ when co-cultured with primary B-ALL cells, albeit at lower levels. These results validate the potential of NKG2DL targeting in B-cell malignancies, including B-ALL.

Table 1 | Immunophenotyping of B-ALL bone marrow specimens.


[image: Table detailing B-ALL patient immunophenotyping. For Patient #1, subtype is unknown with 90.7% tumor cells, markers include CD34+, CD45+(dim), CD19+. For Patient #2, subtype is common with 94.5% tumor cells, markers include CD34+, CD45-, CD19+.]
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Figure 7 | In vitro activity of CD19/NKG2DL tandem CD8s CAR T-cells against primary B-ALL bone marrow samples. Secretion of IFN-γ after 24 hours of co-culture at 1:1 E:T ratio with bone marrow specimen from two B-ALL patients. Data presented as means (SD) of n=2 technical replicates.






Discussion

In B-cell malignancies, despite high remission rates after CD19 CAR T-cell therapy, a significant percentage of patients eventually relapses due to CD19 loss or downregulation. This is compounded by the existence of CD19 negative clones even prior to treatment with CD19 CAR-T (34, 35). Targeting multiple antigens from the start may reduce the risk of relapse compared to single CAR T-cell therapies. Evaluation of differences in clinical efficacy for single and multispecific CAR T-cells is challenging due to the lack of direct comparison in many studies. Indeed, most multispecific CAR T-cells are only tested in small phase I clinical trials that do not include a CD19 single CAR arm (36–41). Several meta-analyses demonstrated that remission rates of B-ALL and B-NHL patients treated with CD19/CD22 multispecific CAR T-cells were not substantially improved when compared to treatment with single-targeting CAR T-cells (42, 43). Nevertheless, the incidence of antigen-negative relapse observed with monospecific treatments seemed to decrease. As an example, antigen-negative relapses with a CD19-/CD22dim phenotype concerned only 6% of relapsing patients (42), against 7-25% (7-9% for adult, and 18-25% for pediatric B-ALL) for CD19 monospecific CAR-T treatments (6, 44). Likewise, antigen-negative relapse in CD19/CD20 CAR T-cells treated B-NHL patients was described for only one patient (38). In other clinical studies assessing CD19/CD22 tandem CAR T-cells, some patients relapsed with cancer cells that were negative for CD19, while CD22 expression was conserved (37, 45) or diminished (46). These results indicate that, while tandem CAR T-cells comprising CD19/CD20 and/or CD19/CD22 are being tested, no clear clinical benefit is apparent, and more data is needed to ensure the validity of the approach.

The rather limited benefit observed with multispecific CAR T-cell therapies targeting two different B-cell antigens might be due to relatively low number of patients treated, the possible presence/emergence of double negative cancer cells, or to the fact that these tandem CARs are not sensitive enough to low antigen densities. The ability of NKG2D to bind eight different tumor-specific ligands with a moderate affinity offers a broad range of targets. In addition, this approach demonstrated a manageable safety profile in > 100 patients evaluated in multiple phase I clinical trials using both autologous and allogeneic NKG2D-based CAR T-cells (47, 48).

In this study, with the goal to prevent CD19 antigen escape in B-cell malignancies, we created different CD19/NKG2DL tandem CAR T-cells and demonstrated that the tandem candidate carrying the CD8 short hinge provided robust and sustained antitumor activity both in vitro and in vivo, under stress conditions. Specifically, we have shown that these tandem CAR T-cells were able to lyse CD19+ and CD19- cancer cells in both repeated antigen stimulation assays (mimicking chronic stimulation) and in an aggressive in vivo B-ALL model where tandem CAR T-cells successfully negated cancer relapse after multiple re-challenges. Finally, we demonstrated that tandem CAR T-cells with the CD8 short hinge, but also single-targeting counterparts, secreted IFN-γ when co-cultured with primary B-ALL samples, highlighting the relevance of targeting NKG2DL in B-cell malignancies, including B-ALL.

Several studies comparing tandem CARs containing two scFv’s to their single-targeting counterparts showed that tandem receptor displayed a lower binding to one or both target antigens, leading to impaired recognition of tumor cells (13–15, 37). In our experiments, CD19 binding was fully conserved while MICA binding was decreased by 30% in CD19/NKG2DL tandem receptors bearing a short hinge as compared to their single targeting counterparts, suggesting that the FMC63 scFv generates some steric hindrance towards the NKG2D extracellular domain. This phenomenon, which was not abrogated by increasing linker size, did not translate in a decreased functionality since T-cells expressing these tandem receptors were as effective as NKG2DL single CAR T-cells in terms of cytokine secretion, proliferation, and cytolytic activity. Moreover, the binding of MICA did not decrease the binding of CD19 and vice versa.

In our studies, tandem CAR T-cells with a long hinge, despite similar MICA binding, functioned poorly without CD19 antigen. This highlights the importance of hinge size over NKG2DL binding for functionality. The short extracellular spacer of natural NKG2D suggests that NKG2D-based CAR receptors require a short hinge for effective signaling. Furthermore, while many studies have assessed tandems that differ by the linker size, the linker sequence or the relative position of the scFv’s (14, 49, 50), the impact of hinge size and hinge origin in CD19-targeting tandem receptors has been less commonly addressed (13).

Interestingly, the activity of tandem long hinge CAR T-cells in response to plate-bound MICA did not fully replicate the results observed with Nalm-6 CD19 KO cells. Several factors may contribute to this discrepancy. First, epitope accessibility is likely higher for immobilized ligands compared to the same ligands embedded within a cellular membrane. Second, even at low coating concentrations, the number of MICA molecules available to T-cells may greatly exceed the density of NKG2DL present on the surface of Nalm-6 cells. Third, while the plate-bound system presents a single defined ligand, Nalm-6 cells express multiple NKG2DL simultaneously. Finally, given that the natural receptor NKG2D exhibits varying affinities for its different ligands, the cumulative avidity and resulting activation threshold may differ, depending on the hinge length, potentially leading to distinct responses between T-cells expressing the tandem long hinge and tandem with shorter hinges.

Consistent with this complexity, CAR T-cells with the tandem long hinge and those with shorter hinges displayed comparable cytolytic activity against HeLa cells during the first two stimulations of the repeated killing assay. The presence of high-affinity ligands like MICA on HeLa cells may enhance the activation of long hinge CAR T-cells better than when they are activated by the ULBP ligands expressed at the surface of Nalm-6 cells.

The expression of NKG2DL in primary B-cell malignancies, and particularly in B-ALL, is relatively low in comparison to levels observed in solid tumors. Regulation mechanisms of the stress-associated NKG2DL have been extensively studied and it was demonstrated that their surface expression can be induced by different types of stress conditions such as genotoxic drugs or DNA damaging agents mostly at the post-transcriptional stages (16). Moreover, different cancer treatments such as DNA -damaging agents or histone deacetylase inhibitors were shown to significantly increase their expression at the surface of cancer cells (22, 53). Therefore, the potential of NKG2D-based multispecific CAR-T therapies in B-cell malignancies might be improved by the patient’s pre-conditioning regimen, standard prior treatment lines (e.g. vincristine and doxorubicin) or by combining NKG2DL CAR T-cells with an anti-cancer treatment that increases NKG2DL expression on the surface of cancer cells (e.g. bortezomib and valproate).

By targeting NKG2DL rather than a second B-cell antigen, CD19/NKG2DL tandem CAR T-cells have the potential to eliminate CD19 negative clones arising from lineage switch. These clones, which may be present prior to CD19 CAR-T treatment, carry abnormalities typically associated with myeloid neoplasms, which may then develop into AML (10, 11, 54). This suggests that developing CD19/NKG2DL tandem CAR T-cells may be a good strategy to prevent CD19 antigen-escape resulting from lineage switch as well.

Importantly, in the in vivo model used in this study, which aimed to demonstrate the capacity of CD19/NKG2DL tandem CAR T-cells to control CD19- tumor cells, NKG2DL single and tandem CAR T-cells demonstrated comparable anti-tumor efficacy. While this result might suggest that a NKG2DL-targeting CAR could suffice, several key considerations support the continued development of the tandem approach. First, NKG2DL single CAR T-cells secreted lower cytokines levels when co-cultured with Nalm-6 and primary B-ALL samples. Then, CD19-targeting CAR T-cells have a well-established clinical track record and have shown robust efficacy across a range of B-cell malignancies. However, loss or mutation of CD19 often arises under immunological pressure during treatment. The tandem CAR strategy is therefore designed to extend the reach of CAR T-cells by targeting malignant cells that escape CD19-directed therapy. Moreover, the use of an scFv (FMC63) and a natural receptor (NKG2D EC) plays an important role in the design of the CD19/NKG2DL tandem. The FMC63 scFv exhibits a high affinity for CD19, enabling strong and specific binding to CD19 on B-cells. However, its avidity is limited to monovalent interactions, which can impact binding stability, especially in the presence of low antigen density (51). In contrast, natural NKG2D, with its moderate affinity for multiple ligands, benefits from enhanced avidity due to its ability to engage multiple targets simultaneously (52). By leveraging the high specificity of the FMC63 scFv and the broad, multivalent recognition capacity of NKG2D, the tandem CAR is uniquely positioned to enhance targeting across diverse tumor contexts, particularly those exhibiting heterogeneous or downregulated antigen expression.

While the present study focused on B-cell malignancies and used B-ALL as a model to provide the proof-of-concept of NKG2DL multispecific CAR T-cells, the broad expression profile of NKG2DL in cancer implies that it can be combined with different scFv’s to target different indications. In most solid tumors, NKG2DL were shown to be highly expressed [reviewed in (22, 55)]. For example, more than 80% of primary ovarian tumors appear to be positive for at least one NKG2D ligand among MICA, MICB, ULBP1, ULBP2 and ULBP3 (56–58). Colorectal and breast cancer tumor cells were also frequently stained for multiple NKG2DL, implying that these tumor indications would be highly susceptible to NKG2DL mediated lysis (59–63). In addition, we have observed that fibrovascular structures associated with tumors displayed membranous staining within the endothelial compartment suggesting that NKG2D-based CAR-T therapy can target simultaneously both the tumor and the tumor microenvironment (63).

In conclusion, we designed CD19/NKG2DL tandem CAR T-cells that proved to be highly effective against B-cell malignant cells, where low antigen expression or antigen loss can play an important role.
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Background

Despite the curative potential, high cost of manufacturing and the toxicities limits the wider access of Chimeric Antigen Receptor (CAR) T cell therapy in global medicine. CARs are modular synthetic antigen receptors integrating the single-chain variable fragment (scFv) of an immunoglobulin molecule to the TCR signaling. CARs allow HLA independent, T cell mediated destruction of tumor cells independent of tumor associated-HLA downregulation and survive within the patient as ‘living drug.’ Here we report a safer approach for engineering alpha beta T cells with anti- CD19-CD28ζ CAR using self-inactivating (SIN) lentiviral vectors for adoptive immunotherapy.





Method

αβ T cells from the peripheral blood (PB) were lentivirally transduced with CAR construct containing hinge domain from CD8α, transmembrane and co-stimulatory domain from CD28 along with signaling domain from CD3ζ and driven by human UBC promoter. The cells were pre-stimulated through CD3/CD28 beads before lentiviral transduction. Transduction efficiency, fold expansion and phenotype were monitored for the CAR T cells expanded for 10–12 days. The antigen-specific tumor-killing capacity of CD19 CAR T cells was assessed against a standard CD19 expressing NALM6 cell lines with a flow cytometry-based assay optimized in the lab.





Results and conclusion

We have generated high titer lentiviral vectors of CAR with a titer of 9.85 ± 2.2×107 TU/ml (mean ± SEM; n=9) generating a transduction efficiency of 27.57 ± 2.4%. (n=7) at an MOI of 10 in total T cells. The product got higher CD8+ to CD4+ CAR T cell ratio with preponderance of an effector memory phenotype on day 07 and day 12. The CAR-T cells expanded (148.4 ± 29 fold; n=7) in serum free media with very high viability (87.8 ± 2.2%; n=7) on day 12. The antitumor functions of CD19 CAR T cells as gauged against percentage lysis of NALM6 cells at a 1:1 ratio is 27.68 ± 6.87% drawing up to the release criteria. CAR T cells produced IFNγ (11.23 ± 1.5%; n=6) and degranulation marker CD107α (34.82 ± 2.08%; n=5) in an antigen-specific manner. Furthermore, the sequences of WPRE, GFP, and P2A were removed from the CAR construct to enhance safety. These CAR T cells expanded up to 21.7 ± 5.53 fold with 82.7±5.43% viability (n=4).





Conclusion

We have generated, validated, and characterized a reproducible indigenous workflow for generating anti-CD19 CAR T cells in vitro. This approach can be used for targeting cancer and autoimmune diseases in which CD19+ B lineage cells cause host damage.
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Introduction

B lineage lymphoid malignancies have been the target of early CAR T cell development for creating newer options for those relapsing after initial therapy for these otherwise highly curable diseases. Despite impressive research in the academia and industries, lack of access and availability to the advanced cell therapies such as CAR cell therapy is a major challenge and remains as an unmet healthcare problem especially in resource limited settings across the world (1).

Cytokine release syndrome (CRS) and the consequent immune effector cell associated neurotoxicity (ICANs), immune effector cell-associated hematotoxicity (ICAHT), and other off-target effects are also some of the limitations of CAR T cell therapies. Although effective, CD28 based CARs tends to generate more inflammatory lymphokines and resulted in ICANS in at least 50% patients with stage 3 and above CRS which translates to more hospitalization cost apart from multiorgan damages (2). Together with other investigators, it has been demonstrated that alteration in the receptor configuration at the level of hinge and transmembrane domain remains to be one of the most effective approaches to resolve the challenges of CAR therapy in the clinics. Kochendefer’s group reported a significant reduction in toxicity without compromising efficacy when the hinge and transmembrane domain is altered with CD8α instead of CD28 (3, 4). An optimized receptor design yielding a highly efficient, less toxic and an affordable CAR therapy is yet to be achieved.

The protocols established for CAR T cells therapy in the clinical trials are tuned for high yield, antitumor potential, and stable expression of CAR transgene. The process flow of cell-based therapy is cautiously evolving to incorporate and purge accessory reagents and alternative approaches. Conventionally, CAR T cells are generated by viral transduction of the primary T cells from the peripheral blood of the patient with an insert coding for CAR receptor followed by expansion in media containing homeostatic cytokines such as IL-2, IL-15, and IL-7. Serum free/Xeno free media with known chemical composition is being increasingly used to mass produce safe products with reduced batch-to-batch variation (5). A safe viral vector and transduction protocol for reducing insertional mutagenesis apart from other unintended toxicities are critical to improve the long-term benefits of CAR therapy. Self-inactivating vector (SIN) vectors are considered as an industry standard across lentiviral vector systems (6). Importantly the choice promoter that drives the CAR express determines the level of receptor on the surface. While strong promoters with synthetic or xenogeneic origin drives high-level of expression of the transgene and consequent promoter methylation, can result in gene silencing. Although the promoter choice depends on several factors, human origin promoters such as hUBC had been demonstrated to drive stable transgene expression with minimal methylation (7, 8). As surface expression of receptor recognize the target antigen, it is important to understand the cellular dynamics and time kinetics of CAR expression in an ongoing immune response. Protein targets, reporter genes and secondary antibodies that target scFvs were increasingly being used to detect the dynamic surface expression of chimeric antigen receptors (9). Of the late, universal antibodies targeting the linker region of the scFv, namely G4S were used to monitor the surface expression. Such reagents also help in enriching and purifying CAR T cells.

To make safe and medically appropriate CAR therapy available to all the tertiary care hospitals, decentralized academic manufacturing in ambulatory settings is suggested. Although multiple CAR T cell manufacturing workflows with reduced cost of production are established, increased demand and reduced supply is projected to be a challenge across public healthcare soon (10). Furthermore, repurposing of CD19 CAR T cells to treat non-malignant disorders such as autoimmune diseases can further increase the demand for product.

In this context, we have indigenously optimized cGMP compatible workflow for enhanced safety with T cells expanded in chemically defined media, SIN vector with CAR transgene driven by human UBC promoter. The reduced multiplicity of infection and receptor design to diminish the chance of insertional mutagenesis. Additionally, altered receptor design with hinge derived from CD8α as opposed to CD28 ensure reduced cytokine toxicity without compromising cytokine production and antigen specific tumor lysis capacity.





Materials and methods




Cell lines

CD19 expressing NALM6 cell line were purchased from ATCC and cultured in RPMI media with 10% FBS and 1% Penstrep as per ATCC recommendations. CD19 knockout NALM6 cell line were generated at our campus at RGCB using CRISPR/Cas9 approach. HEK 293T purchased from ATCC was used as a producer cell line for lentiviral particles.





Lentiviral production and titration

The CAR construct employed is a second-generation CAR with a single-chain variable fragment
(scFv) from the FMC63 antibody (Spencer and Raikar Laboratory at Emory University, Atlanta, USA). The scFv is linked to the cytoplasmic domain of CD28 and CD3ζ, through the CD8α hinge and CD28 transmembrane domain. The complete insert is linked to eGFP by a ribosome skipping domain-P2A. A CAR construct without the scFv is used as control in certain experiments. For generating 3rd generation pseudo-lentiviral particles, HEK 293T cells were transfected with transfer plasmid (CAR), packaging plasmids (pRSV-Rev and pMDLg/pRRE) and envelope (pMD2.G) using calcium phosphate method. Pseudovirus were concentrated from the supernatants by ultracentrifugation (26000 rpm for 2 hours) and titered via GFP expression of HEK 293T cells transduced with the virus at various dilutions (1/10,1/100,1/1000 etc.). Dilutions with less than 10% GFP expression were used to calculate the viral titer expressed as transduction unit (TU) per ml using the formula TU/mL = (number of cells transduced x percent fluorescence)/(virus volume in mL) (Supplementary Figure 1).





Expansion of anti-CD19 CAR-T cells

The study was approved by CSCR/CMC (IRB#11135) and RGCB human ethical committee (lHECl112022_1/01) to perform experiments on human T cell. Peripheral blood was collected from healthy volunteers with informed consent and T cells from the blood were isolated using a T cell negative selection kit (Stem Cell Technologies). Isolated T cells were then stimulated with CD3/CD28 beads (1:1) (Thermo Fisher Scientific) in the presence of IL-2 (100 IU/ml, Miltenyi Biotech) in the serum-free media (Lymphocyte Growth Medium-3, Lonza). After 48 hours of stimulation, the cells were transduced with CAR lentiviral vector and polybrene (8μg/ml, Sigma-Aldrich) via spinfection. Cells were de-beaded on day +3 with replacement of fresh media. The phenotype of the CAR-T cells was measured on day +7 and day +12.





Phenotyping and flow cytometry

Transduction efficiency of CAR was assessed by GFP expression and CD19-PE (ACROBiosystems). CAR-T cells were characterized phenotypically with anti-human antibodies of CD3, CD4, CD8, CD27, CD45RA, and PD-1 by flow cytometry. The antibodies were mixed in FACS buffer (PBS+2%FBS) and added to the cells. After 30 minutes of incubation, cells were washed twice in FACS buffer at 1000rpm for 5 minutes. 7-AAD was used to stain the dead cells. All antibodies and 7-AAD were purchased from BD Biosciences. The cells were then acquired by BD FACS Celesta and were gated on 7-AAD negative and CD3 positive population and analyzed by Flowjo 9.1 software.





In vitro cytotoxicity of CD19 CAR-T cells

A flow-based cytotoxicity was modified to measure the cytotoxicity of CAR T cells. Briefly, the untransduced T cells and CAR T cells were co-cultured with CD19(+) NALM6 and CD19(-) cell lines at 1:1 effector to target ratios in a U bottom 96 well plate for 4 hours. The plates were incubated at 37°C with 5% CO2 for 4 hours. The cells were stained with anti-CD3 antibody and 7-AAD to exclude the dead cells form the live population. The GFP and CD3 double negative populations were enumerated to calculate the survival of the tumor cells. The percentage survival of the target cells was calculated by:

[image: The formula calculates the percentage survival as the difference between the percentage of CD3-negative and GFP-negative cells in a tumor with CAR T cells and the percentage of the same cells in a tumor alone.]	

[image: The image contains text stating that the percentage of lysis was calculated by the formula: percentage of specific lysis equals one hundred percent survival.]	





Degranulation and intracellular cytokine analysis

CAR T cells with scFv and CAR T cells without scFv were co-cultured with NALM6 cells at 1:1 ratio in 48 well plate with CD107a and protein transport inhibitor (BD GolgiStop™) and incubated at 37°C with 5% CO2 for 5 hours. Cells were fixed and intracellularly stained with anti-IFNγ antibody as per the manufacturer’s protocol (BD fixation and permeabilization kit). BD FACS Aria III used for acquisition and data were analyzed using FlowJo 9.1.





Western blot analysis

The primary CAR-T cells and untransduced T cells were collected and washed twice with cold 1x PBS. The cell lysate was prepared by adding RIPA lysis buffer (Sigma-Aldrich) with 1x protease inhibitor cocktail to the pellet. The BCA method used to measure the protein concentration (Pierce™ BCA Protein Assay Kit, Thermo). 25μg of protein lysate was prepared in 1X sample loading buffer and loaded in 12% SDS PAGE. After resolving, proteins were transferred to the PVDF membrane and blocked with 5% bovine serum albumin for 1 hour at room temperature. The blots were stained with primary (1:1000) antibodies overnight in the shaker at 4°C. Following primary antibodies are used: Mouse anti-human CD3ζ (Biolegend), and rabbit anti-human β-actin (Cell Signalling Technology) were used. HRP-conjugated goat anti-rabbit IgG (Cell Signalling Technology) or goat anti-mouse IgG (Cell Signalling Technology) was used as a secondary antibody (1:2000), and blots were developed with Clarity ECL reagent (Bio-Rad) on iBright Imaging Systems (Thermo Fisher Scientific).





CAR construct

The CAR construct used for most of the experiments is an FMC63 based second generation CAR with hinge derived from CD8 and transmembrane and co-stimulatory domains derived from CD28 followed by the signaling domain – CD3ζ. The CAR transgene is bicistronic linked to eGFP by a ribosome skipping P2A sequence. For the generation of cGMP construct, P2A, GFP and WPRE sequences were removed from the CAR construct by molecular cloning. The constructs were confirmed by sanger sequencing and restriction digestion.





Statistical analysis

Experiments were performed in biological and technical replicates. GraphPad Prism 9.1 used to analyze the data and generate the graph. Error bars are represented as mean ± SEM. P-value was measured by Two-tailed unpaired t-tests. Significance was indicated by *p<0.5, **P<0.01, ***p<0.001, ****p<0.0001.






Results




Generation and expansion dynamics of CD19 CAR-T cells

Our strategy for generating CAR T cells involves lentiviral transduction of CAR constructs, which were pre-stimulated and expanded for 12 days, for characterization. CD3+T cells were stimulated with CD3/CD28 beads (1:1) in the presence of rhIL-2 (100IU) in serum-free media (LGM3, Lonza). High titer lentiviral constructs were generated and tittered, T- cells were transduced with CAR containing scFv and CAR devoid of scFv (Control) lentiviral vectors using polybrene (8µg/ml) via spinoculation. The lentiviral vector used for CAR T cell generation is self-inactivating with a mutation in the 3’LTR of the viral genome. Cells were de-beaded on day 03 with replacement media and rhIL-2 followed by monitoring GFP or hCD19-PE expression as a measure of transduction efficiency. Cells were expanded for 12 days with IL-7 (10ng/mL) supplementation for the last 4 days of the culture (Supplementary Figure 2). The fold expansion of CAR T cells was found to be 148.4 ± 29 fold; n=7 with 87.8± 2.2% viability, which is comparable to the expansion of untransduced T cells (Figures 1A–C). The transduction efficacy of the CAR on day 12 as measured by GFP was found to be 27.57 ± 2.4%, 5.84 ± 1.0 and 21.05 ± 2.5% in the CD3+, CD4+ and CD8+ compartments respectively. On day 07, CD3+GFP+ cells in the CAR transduced set were found to be 25.42 ± 4.2%, whereas by day 12 it increased to 27.57 ± 2.4% (Figure 1D). The percentage of CD4+CAR+ cells were observed to be low while CD8+CAR+ cells contributed to 80% of the CAR T cell product (Figures 1E, F). The transduction was on par with the cGMP release criteria which is >20% (11). As the surface expressed CAR binds to its cognate antigen, we measured the expression levels on the cell surface. We observed that at least 50% of the CARs are expressed on the cell surface as evidenced by the binding of PE labelled CD19 protein (Supplementary Figure 3) and total expression by western blotting against anti-CD3ζ antibody (Supplementary Figure 4).

[image: Graphs showing various metrics comparing UT and CAR-GFP or CAR-T cells.   A: Line graph of cell numbers over time from Day 0 to Day 12 shows CAR-GFP slightly higher.   B: Dot plot of fold expansion shows no significant difference (ns) between UT and CAR-T.   C: Line graph of viability percentage shows stable values around 90% for both UT and CAR-T.   D: Bar graph of percentage of CD3+GFP+ cells with no significant difference (ns) between Day 7 and Day 12.   E: Bar graph of CD4+GFP+ percentage shows no significant difference (ns).   F: Bar graph of CD8+GFP+ percentage shows no significant difference (ns).]
Figure 1 | Expansion dynamics of CAR-T cells. (A) Graph representing the number of untransduced T cells and CAR transduced T cells at the indicated days after initiating the T cell expansion culture. (B) Fold expansion of the untransduced and CAR-transduced T cells on day 12. (C) Viability of the untransduced and CAR-transduced cells in the expansion culture. (D–F) T cells were transduced with CAR LV vectors, and GFP expression was monitored on day 7 and day 12 as a surrogate of CAR expression in CD3+ (D), CD4+ (E), and CD8+ (F) compartments. The data represented as mean ± SEM from seven individual donors (n=7). The statistical significance is estimated by the Student’s T-test. ns, not significant.





Memory phenotyping CAR-T cells

T cells are heterogeneous populations with its subsets playing unique role in cancer immunosurveillance. Hence, we tested the markers of memory differentiation as it has been reported that memory cells positively co-relate with the durable antitumor immune response. Using CD45RA and CD27 as markers, we segregated total T cells to naïve (CD45RAposCD27neg), central memory cells (CD45RAnegCD27pos), effector memory cells (CD45RAnegCD27neg) and (CD45RAposCD27pos) effector memory RA cells (EMRA). Our results show that the memory differentiation pattern is similar across treatments including that of the CAR positive population. We also observed an increase in the EMRA population followed by naïve populations. However, there is a decreasing trend in the central and effector memory subsets as it progressed to day 14 (Supplementary Figure 5). It is to be noted that the PD-1 expression in the untransduced and CAR T transduced sets remained the same (Supplementary Figure 6).





Antigen specific proliferation of CD19 CAR T cells

Upon encounter with the antigen positive tumor cells, CAR T cells proliferate in the patient’s system. Indeed, this was observed when CD19 CAR T cells expressing CD19 binding scFv were co-cultured against CD19 positive and negative NALM6 cells. In comparison to the scFv (-) GFP (+) CAR T cells, we observed an enrichment of scFv (+) GFP (+) CAR T cells after 07 days of co-culture (CAR without scFv 6.06 ± 2.5; CAR with scFv 56.33 ± 11, n=3 Mean ± SEM). CAR T cells co-cultured with the CD19 expressing NALM6 cells significantly expanded in two out of the three donors (Total number of cells: without scFv 5.3X10^5 ± 3.8; with scFv 4.6X10^6 ± 4.6; n=3 Mean ± SEM). We observed a 3.7-fold increase in the antigen specific expansion of the CAR T cells compared to the control, suggesting the premise that CD19 CAR T cells generated can proliferate and potentially persist in patients (Figures 2A–E).

[image: Diagram depicting an experiment involving CAR T cells with and without single-chain variable fragments (scFv) against NALM6 CD19+ cells. Panel A shows the experimental setup, including stimulation, culture for seven days, and analysis via cell count and flow cytometry. Panel B displays flow cytometry results for three donors, comparing GFP and CD3 expression before and after stimulation. Panel C presents a bar graph of GFP positive cells percentage. Panel D shows cell number comparisons, and Panel E illustrates fold change between the two groups, with statistical significance indicated.]
Figure 2 | Antigen-specific stimulation of CAR-T cells. (A) Experimental design of antigen-specific expansion, Nalm-6 cells were co-cultured with CAR-T cells and CAR without extracellular domain (scFv) at 1:1 ratio and expanded for 7 days. (B) Expression of CAR was measured before and after the 7 days of co-culture by flowcytometry. (C, D) The CAR expression (C) and cell number (D) differences were measured before and after stimulation. (E) The fold change of antigen-specific proliferation for CAR-T cells and CAR without extracellular domain. The data represented as mean ± SEM from three individual donors (n=3). The statistical significance is estimated by using Student’s T-test. * p<0.05, **p<0.005, ns, not significant.





Antitumor functions of CD19 CAR T cells

The primary function of CD19 CAR T cells is its ability to cause antigen-specific immunogenic cytolysis of the tumor cells. We employed a flow cytometry-based cytotoxicity assay to gauge the tumor lysis capacity of CAR T cells in vitro. In this assay, CD19(+) and CD19(-) NALM6 were the target cells, with the CAR T cells being the effector. NALM6 cells were co-cultured with GFP co-expressing CD19 CAR T cells for 4 hours and the 7-AAD staining (necrotic and dead cells) was measured in the surviving CD3(-) and GFP (-) population. We observed that across 7 donors, the percentage cytotoxicity at 1:1 ratio is 27.68 ± 6.87% and the percentage survival is 72.92 ± 6.87%, which is approaching the release criteria. The transduction efficiency was indicated by the GFP positive population (Figure 3). Percentage cytotoxicity was much significant compared to the untransduced T cell co-cultured with CD19+ NALM6 cells (Supplementary Figures 7, 8). We confirmed the compliance of our CAR T cells with the release criteria prescribed for the industry (~30% at 1:1 effector to target ratio for a 4 hours assay) (11). The CAR T cell lyse the CD19(+) NALM6 cells 12 hours and 24 hours co-culture effector to target ratios of 05:01 and 10:01 respectively (Supplementary Figure 9).

[image: Flow cytometry results and bar graphs analyze CAR-T cell activity. Image A shows dot plots comparing untreated (UT) cells and CAR-T with NALM-6, highlighting changes in quadrant percentages. Image B displays a plot gated on live cells with quadrant distributions. Image C bar graph shows percentages of CD3-negative, 7-AAD-positive cells in NALM-6 alone, UT, and CAR-T groups, with significant increase in CAR-T. Image D shows a survival percentage plot and image E illustrates cytotoxicity percentage, both with error bars.]
Figure 3 | Cytotoxicity of CAR T cells. Nalm-6 cells co-cultured with UT and CAR-T cells at a 1:1 ratio. (A) Cells were gated from CD3+ and GFP+ to exclude the CAR-T cells, and from the negative SSC and 7-AAD to measure the lysis of Nalm-6 cells. (B, C) Cells were gated from 7-AAD negative and CAR-T cell populations, which were excluded by CD3 and GFP staining. The negative population is the survival of target cells. (D, E) Lysis (%CD3neg7AAD+) (D) and survival percentage (E) of target cells (n=7). The data represented as mean ± SEM from seven individual donors (n=7). The statistical significance is estimated by using Student’s T-test. **p<0.005.

The antigen specific anti-tumor functions of CAR T cells are typically measured against the production of IFNγ and CD107a degranulation assays. Therefore, using the NALM6 - CD19 CAR T cell co-culture set up for 5 hours, we monitored the release of IFNγ. T cells expressing CAR without scFv cells was used as an additional control. Results show that CD19 CAR T cells, but not the CAR T cells without scFv, releases the IFNγ and degranulated with surface expression of CD107a upon CD19 recognition, indicating the antigen-specific effector functions of the CAR T cells that was generated (Figure 4).

[image: Diagram showing CAR T-cell activity. Panel A illustrates an experimental setup comparing CAR T cells and CAR with scFv against NALM6 cells over five hours, assessing CD107a and IFNγ expression. Panel B presents flow cytometry plots of IFNγ and CD107a expression, showing increased activity in CAR T cells. Panels C and D show bar charts indicating significantly higher IFNγ and CD107a expression in CAR T cells compared to CAR without scFv, with statistical significance marked by asterisks.]
Figure 4 | Antigen-specific IFNγ secretion and CD107 degranulation of CD19 CAR-T cells. (A) Schematic representation of antigen-specific IFNγ secretion and CD107 degranulation of CD19 CAR-T cells and mock CAR-T cells (without extracellular domain). Effector cells were co-cultured with an equal number of target cells for 5 hours. (B) FACS plots representing the percentage of intracellular IFN-γ, and the degranulation was assessed by measuring the surface expression of CD107a. (C, D) Bar graph representing the Interferon-gamma (C) percentage and CD107a (D). The data are represented as mean ± SEM from six individual donors (n=6) for Interferon-gamma and five individual donors (n=5) for CD107a. The statistical significance is estimated by using the Student’s T-test. ***p<0.001, ***p<0.0001.

NSG™ is an excellent murine model to study the anti-tumor functions of human immune system against established human xenografts. Therefore, we tested the tumor lysis capacity of CD19 CAR T cells in an NSG™ model of B-ALL established by grafting human NALM-6 cell line. We observed a significant reduction in the tumor burden in a pilot animal trial (n=2) (data not shown).





Generation of CAR constructs without WPRE, GFP and P2A

Generating a cGMP grade CAR construct is essential for future clinical applications. As genetic elements such as GFP, WPRE and P2A is not ideal in cGMP CAR construct, we deleted them, which not only reduced the size of the plasmid but also enhanced the compliance of these constructs with cGMP guidelines (12). The plasmid was then validated by restriction digestion and sequencing. Further, we lentivirally transduced the modified CAR construct and assessed the surface expression of the receptor by staining with CD19 protein bound to PE. The surface expression of CAR was found to be 51.5 ± 7.8% (Figure 5). Most of the CD3+ cells had higher CD45RA+CD27+ naïve cells and CD45RA+CD27+ effector memory RA+ cells. Both central and effector memory RA+ cells were minor components (Supplementary Figures 10D, E). However, compared to the untransduced cells, the CAR transduced T cells got only very low proliferation rate (Supplementary Figures 10A, B). In summary, we have optimized a protocol to lentivirally transduce αβ T cells with CD19 CAR and test its tumor lysis functions in vitro. This work may be validated for cGMP grade expansion of CAR T cells.

[image: Experimental plan diagram illustrating processes in CAR-T cell research. Panel A outlines steps including construct development and validation. Panel B displays a vector map with elements like CD19 CAR and promoters. Panel C shows flow cytometry plots comparing untransduced and CAR-T cells, highlighting CD19 and CD3 markers with quadrant percentages. Panel D presents a bar graph showing CAR surface expression data with individual data points and error bars.]
Figure 5 | Construction of CD19 CAR construct (without WPRE/GFP/P2A). (A) Experimental plan for generating and validating the cGMP grade CAR construct. (B) A map of the modified cGMP grade CAR constructs. (C, D) The surface expression of CAR was measured by CD19-PE staining across the six different donors (n=6). Data is represented as mean ± SEM.






Discussion

Here, we have optimized an indigenous protocol for serum-free expansion of CD19 CAR T cells using self-inactivating lentiviral vectors which are the industry standard in safety (13, 14). Moreover, we restricted the multiplicity of infection of transduction to 10 to reduce the insertion of multiple copies of transgene per cell and the consequent insertional mutagenesis. Moreover, a promoter derived from human UBC (hUBC) ensured reduced gene silencing, which was otherwise a major challenge for the stable long-term expression of CAR transgene (15). Although a high-titer virus could be developed, batch to batch variations in transduction efficiency of the pseudo-viral preparation prevented it; however, this can be resolved by producing the virus in a single batch.

Yeskarta and Breyanzi are the two CAR T cell formulations using CD28 co-stimulatory domains. It has been demonstrated that the CRS and the consequent ICANs in these formulations were significantly reduced by exchanging the transmembrane domain and hinge region with CD8α (16). In view of reducing the toxicity without compromising efficacy, our CAR design incorporates hinge domain from CD8α and transmembrane domain from the CD28 region (3). We also generated sequence confirmed CAR constructs devoid of WPRE, P2A and GFP with higher transduction efficiency and memory phenotype profile.

Chemically defined media with xeno-free components is being increasingly used for the expansion of therapeutic immune cells (17). To maintain batch to batch consistency, we used LGM3™ media (Lonza) that was specially formulated to support lymphocyte growth and devoid of exogenous growth factors and artificial stimulators or undefined supplements. Most of the components used for the expansion such as CD3/CD28 beads, IL-2, polybrene and LGM3™ media are cGMP compatible.

CAR T cells generated in our lab proliferated to 150-fold and 87% viability, which is approaching industry standard. The antigen specific expansion of CAR T cells when co-cultured against CD19(+) but not CD19(-) tumor cells indicates the higher on-tumor effect of the CAR T cells. Moreover, this platform would permit us to study the tumor-specific molecular determinants of CAR T cell proliferation. This T cell expansion protocol is enriching the effector memory RA+ population which translates to senescent/exhausted cells. The increased expansion of CD8 compared to CD4 CAR T cells may indicate reduced persistence (18). In the CAR T cell subset, there is an enrichment of effector memory population akin to CAR T cells with CD28 co-stimulatory domain (19). The lower percentage of central memory T cell populations can be a limitation of this protocol. We have modified the flow cytometry-based cytotoxicity assay in which the cells are stained only after the assay (20). This assay will also help us to concurrently monitor the cell death of both T cells and tumor cells. Importantly, there exists a discrepancy between IFNγ and CD107a expression. Not all CAR T cells that generates IFNγ is lysing the tumor cells. Hence, it is important to check the percentage of IFNγ positive and IFNγ negative CAR T cells. The percentage of cytotoxicity is equivalent to the percentage of CAR transduction. Therefore, improving the percentage expression by CAR mRNA preparation can enhance cytotoxicity (ongoing work). Selecting the T cell subsets such as stem cell - like memory cells combined with alteration in the receptor configuration is yet another approach (21).

Overall, the CAR T cells which we developed is an indigenous workflow for expanding anti CD19 CAR T cells with hinge region derived from CD8α and transmembrane and co-stimulatory domain derived from CD28 with signaling domain from CD3ζ. We employed a very safe lentiviral SIN vector with hUBC promoter. Our serum free expansion of CAR T cells has viability, antigen-specific proliferation, tumor killing capacity and cytokine production. We also indigenously generated a cGMP-compatible CAR vector, which is ready for further development as a potential clinical product.
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Supplementary Figure 1 | Generation of CAR lentiviral particles. (A) Diagram of CAR-GFP construct. (B) Schematic representation of lentiviral production. (C) The titer of the CAR viral particle is based on GFP expression in transduced HEK293T cells, and it is expressed as titration unit (TU)/ml. The data is represented as mean ± SEM (n=9).

Supplementary Figure 2 | Diagrammatic workflow for CAR-T cell generation. T cells were isolated directly from peripheral blood or PBMC using T cell negative selection kit (EasySep™ Human T Cell Isolation Kit). The cells were plated at a density of a million per ml of media with recombinant human IL-2 (100IU/mL) (Lymphocyte growth media, Lonza) and stimulated with CD3CD28 beads at a 1:1 ratio. After 48 hours of stimulation, cells were transduced with lentiviral vectors in the presence of polybrene. The cells were debeaded on day 3, and the transduction efficiency was measured on day 7. The cells were expanded in IL-7-containing media during the last 4 days to rest the T cells. Functional assays were carried out on days 12 to 14.

Supplementary Figure 3 | Surface expression of CAR. (A) The surface expression of CAR was measured in CAR with and without scFv cells using CD19 protein conjugated with PE. (B) FACS plot and (C) bar graph representing the CAR expression on day 7 and day 12 from three different donors (n=3).

Supplementary Figure 4 | Western blot analysis of CAR protein expression in primary T cells. The cell lysate was prepared from the primary T cells transduced with CAR and untransduced T cells from three different donors. The protein lysate was subjected to SDS-PAGE (12%) and immunoblotting with an (A) anti-CD3ζ antibody. β-Actin (B) was used as a loading control. The expected size of CAR is ~56 kDa. The protein ladder is mentioned on the left side of the blot.

Supplementary Figure 5 | Memory phenotype of CAR-T cells. CAR-T cells’ memory phenotype was measured using CD45RA and CD27 staining. (A) FACS plots representing untransduced and CAR transduced T cells for day 0, day 7 and day 12. (B, C) The graph represents the percentage expression of effector memory (CD45RA−CD27−), central memory (CD45RA−CD27+), naïve (CD45RA+CD27+), and RA+ effector memory (CD45RA+CD27−) subsets in untransduced (B) and CAR-transduced (C) T cells, measured across five different expansions (n=5). (D, E) Representative pie chart showing only day 12 of untransduced (D) and CAR transduced cell (E) expansions. Data is represented as mean ± SEM.

Supplementary Figure 6 | PD-1 expression during CAR-T cell expansion. (A) Representing FACS plot of PD-1 expression measured on days 0, 7, and 12 during CAR-T cell expansion using a flow cytometer. (B) Data are represented as a bar graph of the percentage of PD-1 on untransduced T cells, and CAR-T. The data is represented as mean ± SEM (n=3). The statistical significance was estimated by using the Student’s T-test. There were no significant differences between UT and CAR-T cells during expansion.

Supplementary Figure 7 | Schematic representative of cytotoxicity assay. The Target(T) NALM-6 cells (CD19 + and CD19 -) were plated at 105 cells/well in a U bottom 96 cell plate in a serum-free media. The effector (E) cells (CAR-transduced cells) and untransduced controls were plated against the targets at a 1:1 (effector-to-target) ratio for 4 hours. The cells were stained with 7-AAD and CD3 antibody and acquired using flow cytometry. They were then serially gated on FSC/SSC gates to exclude the debris and 7-AAD to exclude the dead cells. GFP- CD3- cells were gated for measuring the survival of the target cells.

Supplementary Figure 8 | Cytotoxicity of CD19 CAR against an equal number of WT and CD19KO NALM-6 cells. (A) Gating strategy to assess the cytotoxicity of CAR T cells against CD19 positive and CD19 negative Nalm-6 cells. The first gate excludes the debris, followed by gating at 7-AAD negative live population. GFP+ and CD3- cells are monitored to assess the survival of Nalm-6 cells. (B) FACS plots represent the survival of CD19-positive Nalm-6 cells when co-cultured with CAR T cells at a 1:1 ratio in triplicates. (C) FACS plots represent the survival of the CD19-negative Nalm-6 cells. The upper row represents cytotoxic cell lysis by 7-AAD staining alone. (D, E) The percentage of 7AAD (D) and survival of tumor cells (E) are depicted as mean ± SEM (r=3). The statistical significance is estimated by using the Student’s T-test. ****p<0.0001.

Supplementary Figure 9 | Cytotoxicity of CAR-T cells at various E:T ratios and time points. CAR-T cells and untransduced T cells (effector) were co-cultured with nalm-6 cells (target) at different effector-to-target ratios (1:1, 5:1, and 10:1) at multiple time points (4 (A), 12 (B), and 24 hours (C)). Target cell lysis was measured using a flow cytometry-based cytotoxicity assay. The percentage of cytotoxicity is plotted against various E:T ratios. Data represent mean ± SEM from three different donors (n=3). The statistical significance was estimated by using the Student’s T-test. *p < 0.05, and **p<0.005.

Supplementary Figure 10 | Proliferation and differentiation of T cells transduced with cGMP grade CAR constructs. (A) The graph represents the number of untransduced and CAR-transduced T cells at the indicated days after initiating the T cell expansion culture. (B) Fold expansion of the untransduced and CAR-transduced T cells on day 12. (C) Viability of the untransduced and CAR-transduced T cells in the expansion culture. (D) Naïve (CD45RA+CD27+), T-cell effector RA positive (CD45RA+, CD27-), central memory (CD45RA-CD27+), effector memory (CD45-CD27-) profile of the CAR T cells on day 12. (E) The bar graph shows only day 12 of untransduced T cell and CAR-transduced T cell expansions. Data is represented as mean ± SEM (n=4). The statistical significance is estimated by using the Student’s T-test. ***p<0.0001, ns: not significant.


References
	1. Zhang, N, Wu, J, Wang, Q, Liang, Y, Li, X, Chen, G, et al. Global burden of hematologic Malignancies and evolution patterns over the past 30 years. Blood Cancer J. (2023) 13:1–13. doi: 10.1038/S41408-023-00853-3
	2. Jain, MD, Smith, M, and Shah, NN. How I treat refractory CRS and ICANS after CAR T-cell therapy. Blood. (2023) 141:2430–42. doi: 10.1182/BLOOD.2022017414
	3. Brudno, JN, Lam, N, Vanasse, D, Shen, YW, Rose, JJ, Rossi, J, et al. Safety and feasibility of anti-CD19 CAR T cells with fully human binding domains in patients with B-cell lymphoma. Nat Med. (2020) 26:270–80. doi: 10.1038/s41591-019-0737-3
	4. Alabanza, L, Pegues, M, Geldres, C, Shi, V, Wiltzius, JJW, Sievers, SA, et al. Function of novel anti-CD19 chimeric antigen receptors with human variable regions is affected by hinge and transmembrane domains. Mol Ther. (2017) 25:2452–65. doi: 10.1016/J.YMTHE.2017.07.013
	5. Ludwig, J, and Hirschel, M. Methods and process optimization for large-scale CAR T expansion using the G-rex cell culture platform. Methods Mol Biol. (2020) 2086:165–77. doi: 10.1007/978-1-0716-0146-4_12
	6. Milone, MC, and O’Doherty, U. Clinical use of lentiviral vectors. Leukemia. (2018) 32:1529–41. doi: 10.1038/s41375-018-0106-0
	7. Qin, JY, Zhang, L, Clift, KL, Hulur, I, and Xiang, AP. Systematic comparison of constitutive promoters and the doxycycline-inducible promoter. PloS One. (2010) 5:10611. doi: 10.1371/journal.pone.0010611
	8. Hu, P, Bi, Y, Ma, H, Suwanmanee, T, Zeithaml, B, Fry, NJ, et al. Superior lentiviral vectors designed for BSL-0 environment abolish vector mobilization. Gene Ther. (2018) 25:454–72. doi: 10.1038/S41434-018-0039-2
	9. MacLeod, DT, Antony, J, Martin, AJ, Moser, RJ, Hekele, A, Wetzel, KJ, et al. Integration of a CD19 CAR into the TCR alpha chain locus streamlines production of allogeneic gene-edited CAR T cells. Mol Ther. (2017) 25:949–61. doi: 10.1016/j.ymthe.2017.02.005
	10. Holland, SM, Sohal, A, Nand, AA, and Hutmacher, DW. A quest for stakeholder synchronization in the CAR T-cell therapy supply chain. Front Bioeng. Biotechnol. (2024) 12:1413688. doi: 10.3389/FBIOE.2024.1413688
	11. Castella, M, Boronat, A, Martín-Ibáñez, R, Rodríguez, V, Suñé, G, Caballero, M, et al. Development of a novel anti-CD19 chimeric antigen receptor: A paradigm for an affordable CAR T cell production at academic institutions. Mol Ther - Methods Clin Dev. (2019) 12:134–44. doi: 10.1016/j.omtm.2018.11.010
	12. Bauler, M, Roberts, JK, Wu, CC, Fan, B, Ferrara, F, Yip, BH, et al. Production of lentiviral vectors using suspension cells grown in serum-free media. Mol Ther Methods Clin Dev. (2019) 17:58–68. doi: 10.1016/J.OMTM.2019.11.011
	13. Zufferey, R, Dull, T, Mandel, RJ, Bukovsky, A, Quiroz, D, Naldini, L, et al. Self-inactivating lentivirus vector for safe and efficient in vivo gene delivery. J Virol. (1998) 72:9873–80. doi: 10.1128/JVI.72.12.9873-9880.1998
	14. Fleischer, LC, Becker, SA, Ryan, RE, Fedanov, A, Doering, CB, and Spencer, HT. Non-signaling chimeric antigen receptors enhance antigen-directed killing by γδ T cells in contrast to αβ T cells. Mol Ther - Oncolytics. (2020) 18:149–60. doi: 10.1016/j.omto.2020.06.003
	15. Rad, SMAH, Poudel, A, Tan, GMY, and McLellan, AD. Promoter choice: Who should drive the CAR in T cells? PloS One. (2020) 15. doi: 10.1371/journal.pone.0232915
	16. Brudno, JN, and Kochenderfer, JN. Current understanding and management of CAR T cell-associated toxicities. Nat Rev Clin Oncol. (2024) 21:501–21. doi: 10.1038/S41571-024-00903-0
	17. Eberhardt, F, Hückelhoven-Krauss, A, Kunz, A, Jiang, G, Sauer, T, Reichman, A, et al. Impact of serum−free media on the expansion and functionality of CD19.CAR T−cells. Int J Mol Med. (2023) 52:58. doi: 10.3892/IJMM.2023.5261
	18. Melenhorst, JJ, Chen, GM, Wang, M, Porter, DL, Chen, C, Collins, MKA, et al. Decade-long leukaemia remissions with persistence of CD4+ CAR T cells. Nature. (2022) 602:503–9. doi: 10.1038/S41586-021-04390-6
	19. Roselli, E, Boucher, JC, Li, G, Kotani, H, Spitler, K, Reid, K, et al. 4-1BB and optimized CD28 co-stimulation enhances function of human mono-­ specific­and­bi-­ specific­third-­ generation­CAR­T­cells. J Immunother Cancer. (2021) 9:3354. doi: 10.1136/jitc-2021-003354
	20. Cao, M, Carlson, RD, Staudt, RE, and Snook, AE. In vitro assays to evaluate CAR-T cell cytotoxicity. Methods Cell Biol. (2024) 183:303–15. doi: 10.1016/BS.MCB.2023.05.009
	21. Meyran, D, Zhu, JJ, Butler, J, Tantalo, D, MacDonald, S, Nguyen, TN, et al. TSTEM-like CAR-T cells exhibit improved persistence and tumor control compared with conventional CAR-T cells in preclinical models. Sci Transl Med. (2023) 15. doi: 10.1126/SCITRANSLMED.ABK1900




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 © 2025 Muthuvel, Ganapathy, Spencer, Raikar, Thangavel, Srivastava and Martin. 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.




[image: Frontiers in Immunology journal details on a red background. It explores treatments for immune disorders. It's the official journal of the International Union of Immunological Societies, highly cited in its field. Contact information for Frontiers, based in Lausanne, Switzerland, is provided.]


OPS/images/fimmu.2024.1409665/fimmu-15-1409665-g003.jpg
Mice Gender

. Not Reported
Male

. Female

Male and Female

Risk of Bias || High . Low Unclear

Sequence Generation -
Baseline Characteristics -
Allocation Concealment -

Selective Outcome Reporting -
Random Housing -
Performance Bias - Blinding -
Other Sources of Bias -
Random Outcome Assessment -
Detection Bias - Blinding =

Incomplete Outcome Data -






OPS/images/fimmu.2024.1409665/fimmu-15-1409665-g004.jpg
Study or

Experimental

Negative Control

Std. Mean Difference

Std. Mean Difference

20

Subgroup Mean SD Total Mean SD Total IV, Random, 95% CI IV, Random, 95% CI
CD16 CAR
Kudo et al., 2014 10960499597.00 2434118211.00 4 68361926253.00 29315950487.00 13 -2.08 [-3.45; -0.70] | ]
Convertible CAR
Landgraf et al., 2020 36926470914.00 4545641870.00 5 85520018607.00 2584033139.00 15 -14.88 [-20.09; -9.66] ——
Fabrack-CAR
Kuo et al., 2021 31671351801.00 16819215308.00 12 73145610111.00 6527932035.00 18 -3.45[-4.63; -2.26] =
sCAR
Peng et al., 2022 (2) 29608295.02 22833898.89 10 2541269291.00 2185096330.00 10 -1.56 [-2.58; -0.53] &
Peng et al., 2022 (1) 9388015899.00 7920813316.00 10 19463788793.00 10399820570.00 10 -1.04 [-1.99; -0.10] &
Rodgers et al., 2015 3475470719.00 1156408313.00 10 7463546210.00 534999528.40 5 -3.73 [-5.60; -1.85] -
Rajetal., 2018 453510899.30 200473532.10 4 6164082547.00 1614404775.00 8 -3.89[-6.11; -1.66] —&—
SNAP CAR
Ruffo et al., 2023 482900.00 61751.37 5 102000000000.00 320000000000.00 10 -0.36 [-1.44; 0.72] B
Spy-Catcher CAR
Minutolo et al., 2020 330996461.50 66270764.40 4 882526574.30 19635610.18 8 -12.77 [-19.04; -6.50] —B—
SUPRA CAR
Cho etal.,, 2018 25600000000.00 12800000000.00 4 72450000000.00 6495875615.00 8 -4.87 [-7.51; -2.24] R =
TRUE CAR
Sun et al., 2022 750237416.90 276384277.50 7 2256410257.00 1114851538.00 21 -1.48 [-2.43; -0.53]
T T 1 T 1
-20 -10 0 10
Favors Experimental Favors Control
Study or Experimental Positive Control Std. Mean Difference Std. Mean Difference
Subgroup Mean SD Total Mean SD Total IV, Random, 95% CI IV, Random, 95% CI
Convertible CAR
Landgraf et al., 2020 36926470914.00 4545641870.00 5 20531029262.00 7791875648.00 5 2.32[0.54; 4.10] ——
sCAR
Peng et al., 2022 (2) 29608295.02 22833898.89 10 2682695.80 1044897.93 5 1.33[0.13; 2.54] ——
Peng et al., 2022 (1) 9388015899.00 7920813316.00 10 951338404.30 778301087.80 5 1.20[0.02; 2.38] ——
Rodgers et al., 2015 3475470719.00 1156408313.00 10 1524396034.00 416729881.10 5 1.86 [ 0.54; 3.17] —
Rajetal, 2018 453510899.30 200473532.10 4 533576295.60 247456959.30 4 -0.31 [-1.71; 1.09] ——
SNAP CAR
Ruffo et al., 2023 482900.00 61751.37 5 1447560.00 1753147.73 5 -0.70 [-2.00; 0.60] ——
SUPRA CAR
Choetal, 2018 25600000000.00 12800000000.00 4 11900000000.00 11680000000.00 4 0.97 [-0.56; 2.50] -+
T T T 1
-4 -2 0 2 4

Favors Experimental

Favors Control





OPS/images/fimmu.2024.1409665/fimmu-15-1409665-g005.jpg
Study or Experimental Negative Control Std. Mean Difference Std. Mean Difference
Subgroup Mean SD Total Mean SD Total IV, Random, 95% CI IV, Random, 95% ClI
Anti-FITC CAR
Lee et al., 2018 (1) 14.02 47.02 8 1369.27 194.56 10 -7.78 [-11.16; -4.39] —
Lee et al., 2018 (2) 0.00 34.53 5 1034.75 258.88 10 -4.50 [ -6.65; -2.36] —8—
Lee etal., 2018 (3) 0.00 47.92 5 1030.71 417.09 10 -2.79 [ -4.36; -1.21] —a—
Luetal., 2019 (1) 9.51 5.62 5 130.17 26.86 5 -5.61[-8.96; -2.27] ——
Luetal, 2019 (2) 411.30  347.09 5 1227.47 358.29 L -2.09 [ -3.78; -0.39] —a—
BsCAR
Stepanov et al., 2022 0.30 0.37 12 1.28 0.53 6 -2.20[-3.47;-0.93] : 3
CAR-CD19
Ambrose et al., 2021 116.88 164.28 10 1087.66 1180.70 20 -0.97 [-1.77; -0.16] =
Fc-targeting CAR
Stock et al., 2022 122.82 80.95 B 530.01 152.24 20 -2.76 [ -4.05; -1.48] s 3
SAR
Karches et al., 2019 (1) 51.27 12.40 15 102.72 8.07 15 -4.78 [ -6.26; -3.31] -
Karches et al., 2019 (2) 36.99 30.86 10 79.54 2211 18 -1.62[-2.52;-0.72] =
Karches et al., 2019 (3) 60.98 45.57 5 90.24 6.94 15 -1.25[-2.35; -0.15] |
sCAR
He et al., 2021 0.42 0.10 4 1.73 0.43 12 -3.18 [-4.87; -1.49] B
Spy-Catcher CAR
Liu et al., 2020 21718 162.03 6 408.40 158.38 4 -0.74 [-2.07; 0.59] B
TRUE CAR
Sun et al., 2022 298.02 62.70 Iy 650.77 237.03 21 -1.63 [ -2.60; -0.66] =
UniCAR
Bejestani et al., 2017 (1)  233.73 353.25 10 979.72 566.83 20 -1.43[-2.28; -0.58] =
Bejestani etal., 2017 (2)  340.19 22547 10 1200.55 602.42 20 -1.63 [-2.51; -0.76] =
Loff et al., 2020 343.98 180.17 6 1092.64 165.52 10 -4.14[-6.07; -2.22] ——
T T T 1
-10 -5 0 5 10

Favors Experimental

Favors Control

Favors Experimental

Experimental Positive Control Std. Mean Difference
Author, year Modular CAR Platform Name Total Mean SD Total Mean SD SMD 95% CI Weight IV, Random, 95% CI
Stock et al., 2022 Fc-targeting CAR 5 122.82 80.95 5 29212 26227 -0.79 [-2.10; 0.53] 44.5% -
Ambrose et al., 2021 CAR-CD19 10 116.88 164.28 10 3.76 154.55 0.68 [-0.23; 1.59] 55.5% =
| |
-5 0 5

Favors Control
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Type of organization of respondents Number

% of respondents

of respondents

Public/Private hospital 41
Pharmaceutical Biotech Company 9
Contract Research Organization/Contract Manufacturing Organization 2
Applied Research Organization 1
Type of field/department of respondents Number of respondents
Cell & Gene Therapy Unit 7
Preclinical Research & Development 6
Immunology, Laboratory, Hematology 3
GMP Facility 9
GMP Quality Control 3
Quality Assurance 2
Clinical (oncology, pediatric, hematology, other...) AND Stem Cell/ 22
Clintcal Transfusion/Transplantation department

Clinical Research (clinical trial management 1

Number and percentage of respondents who reported to be allocated to a given type of organization, field and department.

among all

774
17.0
38
1.9
% of respondents among all
132
113
57
17.0
57
38

41.5

1.9
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Patient

B-ALL
subtype

% tumor

cells in
BM

specimen

B-cell
immunophenotyping

#1 unknown 90,7 CD34+, CD45+(dim), CD19+,
CD10+, CD22+, CD24+, CD99+,
CD33+, HLADR+, Tdti+,
cCD79a+
#2 common 94,5 CD34+, CD45-, CD19+, CD10+,

CD20+, CD22+, CD38+,
HLADR+
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Combined model  Co-stimulatory

molecules/ligand

Reference

Tandem CD28, 4-1BB

CD28, 4-1BB, CD27

CD28, OX40/4-1BB

1COS, 4-1BB

CD28, CD40

Parallel CD28, 4-1BB

Ligand-based CD28, 4-1BB/ICOSL

CD28/4-1BBL

CD28/CD40L

CD19 leukemia (53)
CD19, PSMA prostate cancer (57)
Glypican-3 liver cancer (63)
PSMA prostate cancer (64)
Glypican-3, ASGR1 liver cancer (111)
PSMA prostate cancer (112)
CD19, CD20 lymphoma (113)
CEA Colorectal Cancer (68)
GD2 Neuroblastoma (114)
BCMA, TACI Multiple Myeloma (115)
BCMA Multiple Myeloma (66)
CD30 Lymphoma (69)
LMP1 Nasopharyngeal Cancer (70)
MSLN Solid tumor (71)
CD19 B-cell lymphoblastic leukemia, B-cell (116)
non-Hodgkin's lymphoma
CD19 Leukemia (74)
BCMA, CD19, CD38 Multiple myeloma, acute (75)
lymphoblastic leukemia
GD2, B7H3, MSLN, CSPG4 Neuroblastoma (76)
BCMA, GPRC5D Multiple Myeloma “7)
M-CSFR, IL34 Lymphoma, Breast (117)
CD19, CD20 Lymphoma (118)
BAFF-R, APRIL Multiple Myeloma (119)
GPC3 Liver Cancer (78)
CD19 Acute Lymphoblastic Leukemia (79)
CD19 Relapsed Refractory Lymphoma (80)
B7H3 Solid tumor (81)
CD19 Chronic lymphocytic leukemia (82)
CD19 Leukemia, Lymphoma (83)





OPS/images/fimmu.2025.1548772/table2.jpg
Study (year of publication)

Patient population

Costimulatory

Neurotoxicity rate; grade>3

(n) domain neurotoxicity rate

Lujia Dong et al. (2015) (120) B-ALL (50) CD19 ehaog 86%  94%; 16% not mentioned
PRt S 1BB/CD27 :
LungJi Chang et al. (2016) (121) B-ALL (102) CD19 G284 86.3% = 71.6%; 10.8% not mentioned
g shet 1BB/CD27 : OB g

Andras Heczey et al. (2017) (122) R/R NB (11) GD2 CD28/0X40 182% | 9.1%; 0% 90.9%; 0%
Gunilla Enblad et al. (2018) (123) BCL (11), ALL (4) CD19 CD28/4-1BB 40% 20%; 6.7% 6.7%; 13.3%
Carlos A et al. (2018) (124) R/R NHL (16) CD19 CD28/4-1BB 18.8%  40%; 0% 6.3%; 6.3%

R/R CLL (9), DLBCL
Jae H. Park et al. (2018) (80) (6), tFL (3), FL and CD19 CD28/4-1BBL 57% 67%; 0% 33%; 8%

‘WM (4), RT (3)
Xuan Zhou et al. (2020) (125) R/R NHL (21) CD19 CD28/CD27 43% 14%; 0% 4.8%; 0%

CD19, CD22,
Cheng Jiao et al. (2021) (126) R/R BCL (4) CD30, CD28/CD27 25% 50%; 0% 0%; 0%
GD2, PSMA
Hui Liu et al. (2021) (127) R/R NHL (17) CD19 PD-1/CD28 41% 88.3%; 0% 0%; 0%
Lihua Yu et al. (2021) (128) R/R NB (10) GD2 CD28/4-1BB 0% 90%; 0% 0%; 0%
Zhuohao Liu et al. (2023) (129) GBM (8) GD2 CD28/4-1BB 0% 0%; 0% 0%; 0%
R ALL, CLL,

Patrick Derigs et al. (2024) (130) ]];/CL ©) ¢l CD19 CD28/4-1BB 66.7%  77.8%; 11% 0%; 0%

mutant metastatic
Tessa Gargett et al. (2024) (131) melanoma, solid GD2 CD28/0X40 0% 8.3%; 0% 0%; 0%

tumors (12)
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Anti-FITC CAR
Tamada et al., 2012 0.4862 0.0833 3 9 1.63[1.38; 1.91] S B
CAR-CD19
Rennert et al., 2021 (1) 0.2286  0.0667 5 10 1.26 [1.10; 1.43] &
Ambrose et al., 2021 0.2714 0.0333 10 20 1.31[1.23; 1.40] =
Su et al.,, 2022 0.3057  0.0417 8 16 1.36 [1.25; 1.47] =
Rennert et al., 2021 (2) 0.3290 0.0667 ) 10 1.39[1.22; 1.58] -
CD16 CAR
Kudo et al., 2014 0.6681 0.0588 4 13 1.95[1.74; 2.19] =
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Kuo et al., 2021 (1) 0.3144  0.0833 6 6 1.37[1.16; 1.61] -
Fc-targeting CAR
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Peng et al., 2022 (1) 0.4494  0.0667 5 10 1.57 [1.38; 1.79] =
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Peng et al., 2022 (2) -0.2896  0.1000 5 5  0.75[0.62; 0.91] —a—
Peng et al., 2022 (3) -0.2072  0.1000 5 5  0.81[0.67;0.99] — =
SNAP CAR
Ruffo et al., 2023 0.0000  0.1000 5 5 1.00[0.82; 1.22] ——
SUPRA CAR
Cho etal., 2018 0.0000  0.1250 4 4 1.00[0.78; 1.28] ——
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Modular CAR platform name
Biotin-binding immunoreceptor (BBIR)
Anti-FITC CAR

SpyTag-SpyCatcher Universal CAR

split, universal, and programmable (SUPRA) CAR

ConvertibleCAR

switchable CAR-T cells (sCAR)
UniCAR

RevCAR

SNAP CAR

CAR-CD19

Barstar-based CAR (BsCAR)
CD16 CAR

Fabrack-CAR

Target-redirected universal CAR (TRUE)
Synthetic agonistic receptor (SAR)
Fe-targeting CAR

Latching Orthogonal Cage-Key pRotein
(LOCKR) system

Adapter CAR (AdCAR) system
ARC-SparX platform

Conduit CAR

Folate receptor (BsAb-binding immune receptor

(BsAb-IR))

Switch elemen
Biotin

Fluorescein isothiocyanate (FITC)
SpyTag

Leucine zipper

NKG2D ligand U253
Peptide neo-epitope (PNE)
5B9 tag

Anti-5B9 tag scFV
Benzylguanine

CD19 ECD

Barnase

Ab Fe region

Meditope peptide

F-AgNP

Anti-EGFRVIIT scFv

P329G 1234A/L235A (LALA)

‘Cage’ protein that contains ‘Latch’ sequestered

peptide Bim

Linker and label (Biotin)

TAG domain (AFP domain III)
GLPB30 anti-(G4S),, linker antibody

Folate

Anti-FITC scFv
SpyCatcher

Leucine zipper
Mutant NKG2D
Anti-PNE scFv
Anti-5B9 tag scFV
5B9 tag

SNAPtag
Anti-CD19 scFv
Barstar

CD16 ECD

Fab arm of mAbs
Anti-EGFRVIII scFV
EGFRVIIT
Anti-P329G LA/LA scFv

Bcl2 binder

scFV mBio3
Tag-binding D-Domain

Linker sequence in scFv

Extracellular domain of folate receptor

nding domain

Reference

(55)
(53)
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(22)
(35)
(24)
(26)
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(23)
(41)
(32)
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(28)
(34)
(49)
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(57)

(58)
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CAR Target Mouse Gender Age of Xenograft model

antigen(s) ¢ strain ¢ of mice mice (No. of cells, Route of
(weeks) administration) ¢

Ambrose CAR-CD19  scFv— HER2 NSG Not reported ~ Not reported 1x10° SKOV3, SC (41)
etal, 2021 CD19 ECD
Bejestani UniCAR scFV—La/S$- PSCA NSG Male 5-8 1x10° PC3-PSCA, SC (36)
etal, 2017 B 5B9
Benmebarek SAR scFV— CD33 NSG Female 4 1x10° THP-1, IV (52)
etal, 2021 scFV (tnFv) 2x10° MV4-11, IV
Cartellieri UniCAR scFV—La/SS- CD33,CDI123 | NSG Not reported  8-10 0.5x10° MOLM-13, IV (26)
etal, 2016 B5B9
Cho SUPRA ScFV— HER2, NSG Female 4-6 7.5x10° SK-BR-3, IP (22)
etal, 2018 CAR Leucine zipper Axl, Mesothelin 5x10° Jurkat T, IV
He SCAR Nb—PNE cp13 NSG Not reported  8-12 10x10° THP-10, SC (30)
etal, 2021
Hidalgo Anti- Ab—FITC B7-H3 NSG Not reported ~ 8-12 1x10° 143B, SC (64)
etal, 2023 FITC CAR
Karches SAR BiAb Mesothelin NSG Not reported  Not reported 0.5x10° Suit-2-MSLN, SC (49)
etal, 2019 0.5x10° MIA PaCa-MSLN, SC

1x10° MSTO-MSLN, SC

Kegler UniCAR scFV—La 5B9 PSCA NMRI- Male 8 1x10° PC3-PSCA, SC (45)
etal, 2019 Foxn1™/
Foxnl™

Kudo CD16 CAR  mAb CD20, HER2 NSG Not reported ~ Not reported 03x10° Daudi, IP (47)
etal, 2014
Kuo Fabrack- memAb EGFR/ NSG Female Not reported 5x10° OVCAR3, IP (28)
etal, 2021 CAR HER3, CDH6
Landgraf Convertible  MicAbody™ CD20 NSG Female 6 1x10° Raji, SC (35)
etal,, 2020 CAR 0.5x10° Raji, IV
Lee Anti- Ligand—FITC FR, PSMA, NSG Not reported  Not reported 2x10° MDA-MB-231, SC (44)
etal, 2018 FITC CAR CAIX
Lee Anti- Ligand—FITC PSMA NSG Not reported  Not reported MDA-MB-231, SC (43)
etal, 2019 FITC CAR
Liu Spy- scFv—SpyTag GPC3 NSG Female 6-8 5x10° HepG2, SC (51)
etal, 2020 Catcher

CAR
Loff UniCAR scFV—La/SS- CD123 NSG Male 8-12 0.5x10° MOLM-13, IV (20)
etal, 2020 B 5B9 and Female 1x10° PDX B-ALL, SC
Lu Anti- Ligand—FITC FR NSG Female 45 2.5x10° MDA-MB-231, SC (50)
etal, 2019 FITC CAR 5x10° THP1-FRb, SC

1x10° -FRa, SC

Ma Anti- Fab—FITC CD19 NSG Female 6-8 05x10° Nalm-6, IV (29)
etal, 2015 FITC CAR
Meyer UniCAR scFV—La/S$- CD123 NSG Male 8-12 05x10° MOLM-13, IV (37)
etal, 2021 B 5B9 and Female
Minutolo Spy- mAb—SpyTag HER2 NSG Female 6-12 1x10° SKOV3-CBG+GFP, IP (54)
et al,, 2020 Catcher

CAR
Ochi CD16 CAR  mAb CD20 NOG Female 6 0.5x10° Raji, IV (38)
etal, 2014
Peng SCAR Fab—PNE RORIL NSG Male 6-8 05x10° JeKo-1, IP (39)
etal, 2022 and Female 0.5x10° HT-29, IP
Pennell SCAR scFv—PNE CD19 huCD19"#" Not reported ~ 8-16 1x10° TBL12.huCD19s, IP (65)
etal, 2022
Raj SCAR Fab—PNE HER2 NSG Not reported | 6-8 0.1x10° PDX, OI 21
etal, 2018
Rennert CAR-CD19  scFV/Nb— CD33, NSG Not reported  6-8 1x10° Nalmé, IV (42)
etal, 2021 CDI19 ECD CLECI2A 0.1x10° U937, IV

1x10° PL21, IV

Rodgers SCAR Fab—PNE CD19 NSG Female 9-11 0.5x10° Nalm-6, IV (24)
etal, 2015
Ruffo SNAP CAR  mAb—SNAP tag =~ HER2 NSG Female 4-6 0.5x10° Nalm-6, IV (23)
etal, 2023
Saleh RevCAR scFv—scFv E7B6  EGFR, GD2 NXG Female 8 1x10° U251, SC (46)
et al, 2023 or E5B9
Stepanov BsCAR DARPins HER2, EpCAM | NSG Male 68 2x10° BT-474, SC (32)
et al, 2022 —barnase and Female
Stock Fe- P329G L234A/ Mesothelin, NSG Female 8-20 1x10° MSTO-MSLN, SC (48)
etal, 2022 targeting 1235A (LALA) HER2 1x10° HCC1569-HER2, SC

CAR
Suetal, 2022 CAR-CD19  scFv— CD20 NSG Female 6-10 2.5%10° JeKo-CD19, IV (40)

CD19 ECD

Sun TRUE CAR  F-AgNPs EGFR vIII BALB/c Nude | Female 5 5x10° MGC803, IP (34)
etal, 2022 3x10° MKN45, SC
Tamada Anti- mAb—FITC EGFR, NSG Male 6-10 1-2x10° SW480, SC (53)
etal, 2012 FITC CAR HER2, CD20 and Female 1-2x10° AU565, SC

1-2x10° Panc 6.039, SC

“SAR, Synthetic agonistic receptor; SUPRA, A split; universal; and programmable CAR system; sCAR, switchable CAR; BSCAR, Barstar-based CAR; TRUE, Target-redirected universal CAR-T.
“Soluble module is represented as Ag-binding domain—CAR-binding domain; scFv, single chain variable fragment; Nb, Nanobody; Ab, Antibody; mAb, monoclonal Antibody; memAb,
meditope-enabled mAb; MicAbody™, Bispecific adapter comprised of an iNKG2D-exclusive ULBP2-based ligand fused to an antigen-targeting antibody; F-AgNPs, Fusogenic antigen
loaded nanoparticles.

“HER2, Human epidermal growth factor receptor 2; PSCA, Prostate stem cell antigen; AXL, AXL receptor tyrosine kinase; EGFR, epidermal growth factor; CDH6, Cadherin-6; FR, folate receptor;
PSMA, prostate specific membrane antigen; CA IX, Carbonic anhydrase IX; GPC3, Glypican-3; CLEC12A, C-type lectin domain family 12 member A; GD2, disialoganglioside; EpCAM,
Epithelial cell adhesion molecule.

INSG, NOD.Cg-Prkdc*™ 112rg"™"™"/5z) or NOD SCID gamma; NOD SCID, immunodeficient nonobese diabetic/severe combined immunodeficiency; NOG, NOD.Cg-Prkdc™™ I12rg™'*¢/ShiJic;
NXG, NOD-Prkdc™ Ii2rg™/R;.

PDX, patient derived xenograft; SC, subcutaneous; IV, intravenous; IP, intraperitoneal; OI, orthotopic inoculation.
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Study Title

Clinical
trial identifier

Targets

BCMA-CD38 Bispecific CAR-Modified T Cells in the Treatment of r/r MM

Phase I/II Study to Evaluate Treatment of r/r MM With Dual CAR-T Cells
Targeting CD38 and BCMA

Clinical study for anti-BCMA and anti-CD19 double targets CAR-T in the
treatment of r/r plasma cell tumor

Safety and Efficacy of the Bispecific CAR T Therapy Targeting CS1 and BCMA
in Patients With r/r MM: a Single-center, Open-label, Single-arm Clinical Study

Phase 1/1b Study of Redirected Autologous T Cells Engineered to Contain an
Anti CD19 and Anti CD20 scFv Coupled to CD3( and 4-1BB Signaling
Domains in Patients With r/r CD19 or CD20 Positive B-Cell Malignancies

Phase 1/II Study of Tandem, Bispecific Anti-CD19 Anti-CD20 CAR-T Cells for
Patients With r/r B-Cell Malignancies

A Phase I/II Safety, Dose Finding and Feasibility Trial of MB-CART2019.1 in
Patients With Relapsed or Resistant CD20 and CD19 Positive B-NHL

A Pivotal Phase II Randomised, Multi-centre, Open-label Study to Evaluate the
Efficacy and Safety of MB-CART2019.1 Compared to SoC Therapy in
Participants With r/r DLBCL, Who Are Not Eligible for HDC and ASCT

A Multi-center Single Arm Phase IT Study to Evaluate the Safety and Efficacy
of Genetically Engineered Autologous Cells Expressing Anti-CD20 and Anti-
CD19 Specific CAR in Subjects With r/r DLBCL

Clinical Study of CD19/CD20 tanCAR T Cells in Relapsed and/or
Chemotherapy Refractory B-cell Leukemias and Lymphomas

Clinical Trial of CD19/CD20 Dual Target CAR-T Cells in the Treatment of r/r
B-cell Lymphoma

Clinical Study of CD19/CD22 Tan CAR T Cells in Relapsed and/or
Chemotherapy Refractory B-cell Leukemias and Lymphomas

Phase 1 Dose Escalation Study of CD19/CD22 CAR T Cells With or Without
NKTR-255 in Adults With Recurrent or Refractory B Cell Malignancies

Safety and Efficacy of CAR T Cell Treating r/r CD19/CD20/CD22/CD30
Postive NHL

Safety and efficacy of dual CD19/CD22 targeted CAR T cells for
hematological malignancies

A Single-center, Open-label, Single-arm Clinical Study of the Safety and
Efficacy of KD-496 CAR-T Therapy in Advanced NKG2DL+/CLDN18.2+
Solid Tumors

ChiCTR1800018143

NCT03767751

ChiCTR2000033567

NCT04662099

NCT03019055

NCT04186520

NCT03870945

NCT04844866

NCT04792489

NCT03097770

NCT04723914

NCT03185494

NCT03233854

NCT03196830

ChiCTR1800015575

NCT05583201

BCMA
CD38

BCMA
CD38

BCMA
CD19

BCMA
CS1

CD19
CD20

CD19
CD20

CD19
CD20

CD19
CD20

CD19
CD20

CD19
CD20

CD19
CD20

CD19
CD22

CD19
CD22

CD19
CD22

CD19
CD22

NKG2DL
CLDNI18.2

12

12

12

1/2

12

172

172

Recruiting

Unknown status

Recruiting

Recruiting

Completed

Recruiting

Completed

Active,
not recruiting

Recruiting

Completed

Unknown status

Unknown status

Active,
not recruiting

Unknown status

Prospective
registration

Recruiting

ASCT, autologous stem-cell transplantation; BCMA, B-cell maturation antigen; B-NHL, B-cell Non Hodgkin Lymphoma; CAR, chimeric antigen receptor; CLON18.2, claudin18.2; DLBCL,
diffuse large B cell lymphoma; HDC, high dose chemotherapy; MM, multiple myeloma; NHL, non-Hodgkin lymphoma; NKG2DL, natural-killer group 2 member D ligands; SoC, standard

of care.
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Disease

and target

Trial number, number of patients (pts),
age, and clinical results

Preclinical results

MM
BCMA/CD38

MM
BCMA/CD38

MM
BCMA/CD38

MM
BCMA/CS1

NHL, CLL
CD19/CD20

CLL, RT
CD19/CD20

NHL
CD19/CD20

MCL
CD19/CD20

NHL
CD19/CD20

DLBCL
CD19/CD20

DLBCL
CD19/CD20

NHL
CD19/CD20

NHL
CD19/CD20

B-ALL
CD19/CD22

B-ALL, DLBCL
CD19/CD22

B-NHL
CD19/CD22

B-ALL
CD19/CD22

B-NHL
CD19/CD22

Gatric cancer

NKG2DL/ CLDN18.2

ChiCTRI1800018143 (23 pts, 59 years)
ORR 87%, CR 52%, PFS 17.2 months, CRS 87% (grade
1-2 65%)

NCT03767751 (80 pts)
N/A

ChiCTR2000033567 (50 pts, 57 years)
ORR 92%, PFS 19.7 months, 1-year OS rate 85%, CRS
92% (grade > 3 8%), neurotoxic events (grade 1) 4%

NCT04662099 (16 pts, 60 years)
ORR 81%, 1-year PES rate 56.2%, 1-year OS rate 72.7%,
CRS 38% (grade 1-2 31%)

NCT03019055 (22 pts, 57 years)

ORR 88% (CR 75%), 2-year PES rate 4%, 2-year OS

rate 69%, CRS (grade 3-4) 5%, neurotoxicity (grade 3-
4) 14%

NCT04186520 (14 pts, 65 years)
ORR 92% (CR 46%), CRS 100%, ICANS 21%, ICE-HS
64%, deaths 1

NCT04186520 (22 pts, 63 years)
ORR 91% (CR 55%), CRS 86%, ICANS 27%

NCT04186520 (14 pts, 63 years)
ORR 100% (CR 92%), CRS (grade 1-2) 93%,
ICANS 21%

NCT03870945 (12 pts, 72 years)
ORR 75%, CRS (grade 1-2) 66.6%, neurotoxicity 8.3%

NCT04844866 (168 pts)
N/A

NCT04792489 (28 pts)
N/A

NCT03097770 (33 pts, 76% < 60 years)
ORR 78%, PFS 27.6 months, CRS 70% (grade 23 10%),
CRES (grade 3) 2%, deaths 3

NCT04723914 (20 pts, 59 years)
ORR 90% (CR 70%), 1-year PES rate 60%, CRS 45%,
ICANS 18%, deaths 3

NCT03185494 (6 pts, 27.8 years)
MRD-negative CR 100%, CRS 100% (grade 1-2)

NCT03233854 (B-ALL: 17 pts, 47 years, DLBCL: 22 pts,
69 years)
MRD- CR 82% (B-ALL), ORR 62% (DLBCL), PFS 3.2
months, CRS 76%, neurological toxicity 37%

NCT03196830 (32 pts, 75%<60 years)
ORR 79.3% (CR 34.5%), 1-year PFS rate 40%, 1-year
OS rate 63.3%, CRS 90.6% (grade=3 28.1%), neurologic
events 15.6% (grade=3 12.5%), deaths 1

ChiCTR1800015575 (16 pts, 27 years)
ORR 87.5% (CR 62.5%), 2-year PFS 40.2%, 2-year OS
rate 77.3%, CRS 100%

NCT03196830 (33 pts, 55 years)
ORR 90.9% (CR 63.6%), 2-year OS 54.3%, 2-year PFS
rate 47.2%, CRS 75.8% (grade 23 21.2%), ICANS 9.1%

NCT05583201 (18 pts)
N/A

In vitro: specificity and activity against BOMA+ or
CD38+ tumor cells.

58, 60
In vivo (xenograft mouse model): effectively eradicated ( )
MM cells
N/A (61)
In vitro: antigen-specific antitumor activity.
In vivo (xenograft mouse models): potent antigen- (62)
specific anti-tumor activity
N/A (63)
N/A (64, 65)
N/A (66)
N/A (67)
N/A (68)
N/A (69)
N/A (70)
N/A (71)
In vitro: reduced production of cytokines (IFN-y,
TNF-at, IL-2) but more potent antitumor activity than
single-targeted CAR-T cells or other TanCAR-T cells. (37

In vivo (xenograft NSG mice model): antitumor
potential superior to that of single-targeted CAR-
T cells.

In vitro: comparable cytotoxicity to single-targeted
CAR and strong induction of cytokines in the (14)
presence of target tumor cells

In vitro: strong induction of cytokines in the presence

of tumor target )
In vitro: TanCAR-T cells secrete less cytokine when (74)
stimulated through the CD22 scFv
N/A (75)
In vitro: in the presence of both antigens tended to
produce more granzyme B, higher degree of 76,77)
cytotoxicity when compared with the monospecific i
CAR-T cells.
In vivo (xenograft animal model): effectively
eradicating Nalmé- GFPluc cells
N/A (78)
In vivo (PDX model): more efficient tumor elimination
than single-target CAR-T cells with a favorable (79)

safety profile

B-ALL, B-cell acute lymphocytic leukemia; B-NHL, B-cell Non Hodgkin Lymphoma; CLDN18.2, claudin18.2; CLL, chronic lymphocytic leukemia; CRES, CAR T-cell-related encephalopathy
syndrome; CRR, complete remission rate; CRS, cytokine release syndrome; DLBCL, diffuse large B cell lymphoma; ICANS, immune effector cell-associateds; IFN- Y, interferon-y; IL-2, interleukin-
2; MRD, minimal residual disease; MCL, mantle cell lymphoma; MM, multiple myeloma; NA, not applicable; NHL, non-Hodgkin lymphoma; NKG2DL; natural-killer group 2 member D ligands;
ORR, overall response rate; OS, overall survival; pts, patients; PDX, patient-derived xenografts; PES, progression-free survival; RT, Richter’s Transformation; TNF-0t, tumor necrosis factor-0t.
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MM BCMA/CD24 CD28 4-1BB Lentiviral (34)

MM BCMA/CD38 CD8 CD28 Retroviral (35)

MM BCMA/CD19 CD8 CD28 Lentiviral (36)

MM BCMA/GPRC5D Non specified 4-1BB Lentiviral (37)

MM BCMA/CS1 CD28 4-1BB Lentiviral (38)

T cell malignancies CD5/CD7 CD28 4-1BB Lentiviral (39)
T cell malignancies CD38/LMP1 CD28 4-1BB Lentiviral (40)
B cell malignancies CD33/CLL-1 CD8 4-1BB Lentiviral (41)
B cell malignancies CD123/CLL-1 CD28 0X40 Lentiviral (42)
B cell malignancies CDI123/FRB CD8 4-1BB Retroviral (43)
B cell malignancies CD19/CD20 CD28 4-1BB Lentiviral (44)
B cell malignancies CD19/CD20 CD8 4-1BB Lentiviral (45)
B cell malignancies CD19/CD20 CD8 4-1BB Lentiviral (46)
B cell malignancies CD19/CD20 CD28 CD28 Retroviral (47)
B cell malignancies CD19/CD79 CD28 4-1BB Lentiviral (48)
B cell malignancies CD19/CD7% CD8 4-1BB Lentiviral (49)
B cell malignancies CD19/CD22 CD8 4-1BB Lentiviral (50)
Ovarian FOLR1/MSLN CD8 CD28/4-1BB Lentiviral (15)
Ovarian MUCI16/PD-L1 CD8 CD28 Lentiviral 17)

Lung MUC1/PSCA CD28 CD28 Lentiviral (16)

Lung /melanoma CD70/B7-H3 CD8 | 4-1BB Lentiviral (51)
Gastric NKG2DL/CLDN18.2 CD8 | 4-1BB Lentiviral (52)

GBM IL13R02/HER2 CD28 CD28 Retroviral (53)

GBM IL13R0:2/EGFRVIIT CD8 4-1BB Lentiviral (18)

GBM IL13R02/EphA2 CD28 CD28/CD134 Lentiviral (54)

GBM IL13Ro2/TGF-B CD8 4-1BB Retroviral (55)

BCMA, B cell maturation antigen; CLDN18.2, claudin18.2; CLL-1, C-type lectin-like molecule-1; EGFRVIIL, epidermal growth factor variant I1I; EphA2, erythropoietin-producing hepatocellular
carcinoma A2; FOLRI, folate receptor 1; FRP, folate receptor beta; GBM, glioblastoma; GPRC5D, G protein-coupled receptor class-C group-5 member-D; HER2, human epidermal growth factor
receptor 2; IL13R0.2, interleukin-13 receptor 02; LMP1, Latent membrane protein 1; MM, multiple myeloma; MSLN, mesothelin; MUC1, mucin 1; MUC16, mucin 16; NKG2DL, natural-killer
group 2 member D ligands; PD-L1, programmed death ligand 1; PSCA, prostate stem cell antigen; TGF-B, transforming growth factor-beta.
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