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	Figure 1. CAR structure


Several small clinical trials for B-cell malignancies recently demonstrated proof-of-concept by showing that functional cures for these tumors are possible if T-cells are engineered to express chimeric antigen receptors, or CARs. These receptors arm the T cells with the ability to find and kill the B cells.1 Not all patients in these early trials were cured — and careful design of future clinical trials using CARs is required to determine the various factors that mediate the effectiveness of the therapy. The design considerations are not trivial because analyses of these first trials revealed the enormous number of variables that require optimization to ensure potent anti-tumor effects and safety in all patients.

The first of these variables is the structure of the CAR itself. CARs are fusion proteins containing three main modules: extracellular, transmembrane, and intracellular domains (Figure 1). CAR function is independent of the traditional T-cell receptor, and importantly, CARs recognize antigens on the surface of cells without the necessity of presentation by the major histocompatibility complex.

The extracellular domain is an antibody chain that recognizes a specific antigen — for B-cell tumors, the antigen is CD19. A molecular spacer introduced into the extracellular domain of the CAR enhances antibody recognition, access and antigen-binding. The extracellular domain is fused to the transmembrane domain. The structure of the transmembrane domain is important in determining CAR function, but this region has been less studied than the extracellular and intracellular domains. The intracellular domain contains the T-cell signaling molecules.

The modular structure of the CAR allows for some flexibility in its design, including motifs for activating co-stimulatory pathways, upregulation of cytokines or anti-apoptotic genes, or other methods to enhance T-cell function. The structure-function relationships are complex, and each modification of a CAR requires rigorous testing to confirm its effect on potency.

The precise subtype of T cell (or population distribution of T-cell subtypes) to be used for CAR transduction has not been determined fully. However, some initial evidence suggests that less mature T cells will proliferate and persist longer in patients than more differentiated T cells.2 T-cell dose also has not been optimized yet, though analysis of the early B-cell tumor trials showed no clear correlation between dose and efficacy.1
Additionally, the gene transfer technology used to engineer T cells affects CAR function. Retroviruses, lentiviruses, transposon-based transfer, RNA transfer and DNA-based plasmids have been used.3 Clinical experience with γ-retroviruses used to express CARs and patient follow-ups suggest a good safety profile.4 Other cell manufacturing issues that require optimization include the medium additives used during T-cell expansion, particularly cytokines.

The choice of target antigen is critical, as well. B-cell antigen CD19 is expressed on normal and malignant B cells, but not on other cell types. Potency of CD19-CARs is determined by complete elimination of all B-cell populations. When the target antigen is not specific to the tumor, off-target complications can ensue. Specificity of the target antigen, accessibility of CARs to the antigen, and protein expression levels of the antigen are all important considerations in the design of CARs. Perfect specificity requires not only a catalog of gene expression patterns of the target tumor, but also a catalog of gene expression of all other organ systems that could become innocent bystanders of CAR therapy. Targeting of antigens expressed only on the cancer-initiating cells of the tumor (or cancer stem cells) may be important in designing these therapies.

Patient selection will be critical in design of future clinical trials, including precise definition of the tumor and tumor burden. (Severe tumor lysis syndrome can complicate anti-tumor T-cell infusion, and beyond acute toxicity, effectiveness of CAR therapy may depend on a low tumor burden.) Also, the conditioning regimens used in the few clinical trials to date have varied and require further study.

Solid tumors are likely to be more challenging for CAR therapies than hematologic tumors, in part because of the immune-suppressing factors in the tumor microenvironment that promote anergy.3 Several creative approaches to CAR engineering are in development to meet the solid tumor challenge. For example, the engineering of CARs to over-express particular cytokines to counteract the immune-suppressing tumor environment are in development. Clinicaltrials.gov currently contains 22 clinical trials using CARs. Most of the trials are for hematologic malignancies, but sarcoma and glioblastoma patients also are being studied.

The spectacular clinical responses to CAR therapy by some patients with hematologic malignancies is an outgrowth of the scientific maturation of two fields — cell therapy and gene therapy. These results lend real hope to patients with previously incurable tumors. Nonetheless, the challenges inherent in such a complex therapy are daunting. Optimization of CAR therapy will require carefully designed, multicenter trials to delineate CAR structure-function relationships as well as optimal manufacturing, adjuvant therapy, and patient selection.
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