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Abstract

The successes with chimeric antigen receptor (CAR) T cell therapy in early clinical trials 

involving patients with pre-B cell acute lymphoblastic leukaemia (ALL) or B cell lymphomas have 

revolutionized anticancer therapy, providing a potentially curative option for patients who are 

refractory to standard treatments. These trials resulted in rapid FDA approvals of anti-CD19 CAR 

T cell products for both ALL and certain types of B cell lymphoma — the first approved gene 

therapies in the USA. However, growing experience with these agents has revealed that remissions 

will be brief in a substantial number of patients owing to poor CAR T cell persistence and/or 

cancer cell resistance resulting from antigen loss or modulation. Furthermore, the initial 

experience with CAR T cells has highlighted challenges associated with manufacturing a patient-

specific therapy. Understanding the limitations of CAR T cell therapy will be critical to realizing 

the full potential of this novel treatment approach. Herein, we discuss the factors that can preclude 

durable remissions following CAR T cell therapy, with a primary focus on the resistance 

mechanisms that underlie disease relapse. We also provide an overview of potential strategies to 

overcome these obstacles in an effort to more effectively incorporate this unique therapeutic 

strategy into standard treatment paradigms.

In April 2012, following successes first experienced with CD19-directed chimeric antigen 

receptor (CAR) T cell therapy in adults with follicular lymphoma or chronic lymphocytic 

leukaemia (CLL)1–3, the first child with acute lymphoblastic leukaemia (ALL) was infused 
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with anti-CD19 CAR T cells4,5. Despite developing a life-threatening toxicity now referred 

to as cytokine-release syndrome (CRS), this child’s remarkable recovery and ongoing 

remission (now persisting for >6 years), alongside concurrent developments in other 

paediatric and adult patients, provided the first realization of the potential of CAR T cell 

therapy to induce durable remissions. Subsequently, unprecedented successes in early phase 

trials of anti-CD19 CAR T cell for the treatment of relapsed and/or refractory CD19-

expressing B cell malignancies, with many patients achieving long-term remission and 

potentially cure6–10, have led to FDA approval of two distinct anti-CD19 CAR T cell 

products11–13 for the treatment of both B cell ALL and diffuse large B cell lymphoma and 

have revolutionized the field of anticancer immunotherapy. Furthermore, with >100 trials of 

CAR T cells ongoing globally14, comparable high rates of remission induction have now 

been demonstrated to be possible with CAR T cells targeting antigens other than CD19 

(REF.15).

As more patients are treated and longer follow-up data are becoming available, we are 

realizing that approximately 30–50% of patients who achieve remission with anti-CD19 

CAR T cells will have disease relapse, the majority within 1 year of treatment9,10. Relapses 

will not be unique to agents targeting CD19, as the initial clinical experience with other 

CAR targets, such as CD22, indicates that relapse will be a common and recurring 

challenge15. Furthermore, approximately 10–20% of patients fail to enter remission after 

receiving anti-CD19 CAR T cell therapy7–10. Loss or modulation of the target antigen15–17 

and/or a lack of CAR T cell persistence18, as well as product manufacturing failures19,20 

(FIG. 1), are among the more commonly cited impediments to effective CAR T cell therapy. 

Furthermore, similar successes with CAR T cells have not yet been achieved in diseases 

beyond B cell leukaemia and lymphoma. As antigen-directed CAR T cells become more 

widely used, understanding the limitations of CAR T cell therapy and overcoming these 

obstacles will be crucial to harnessing the full potential of this highly effective treatment 

modality.

In this Review, we summarize the rapidly evolving knowledge regarding the barriers to 

durable CAR T cell-induced remissions. With a primary focus on identifying mechanisms of 

emerging resistance to CAR T cell therapy associated with antigen escape, we also discuss 

antigen-positive relapses associated with poor CAR T cell persistence and address 

limitations associated with product manufacturing, nonresponsiveness or incomplete 

responses and toxicities. Furthermore, we will highlight areas of active research on potential 

strategies to overcome the limitations of CAR T cell therapies and novel indications for 

these treatments.

Barrier 1: failure to achieve remission

Potential benefit from CAR T cells first requires that a patient has access to the therapy and 

that a CAR T cell product is successfully manufactured, infused and effectively mediates a 

cytotoxic response, ideally resulting in complete remission. Remarkably, these prerequisites 

have proved to be feasible in most patients with ALL, although they still present potential 

barriers to effective CAR T cell therapy in some patients and, therefore, provide 

opportunities for improvement.
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Product manufacturing.

Given the aggressive nature of most cancers for which treatment is indicated, the successful 

manufacture and infusion of CAR T cells in a timely manner remain barriers to the 

implementation of effective CAR T cell therapy. The first hurdle in this process is the 

collection of T cells to be used to generate a CAR-expressing product. Unfortunately, 

limited data are available on the actual percentage of patients with ALL for whom a 

sufficient number of T cells cannot be harvested, as patients are often excluded from 

consideration for CAR T cell therapy, typically as a result of pre-existing lymphopenia that 

can result from prior cytotoxic therapy. Even if T cells are collected successfully, patients 

might not receive therapy, for example, in the event of a product manufacturing failure. 

Notably, in one phase I study in which the baseline absolute lymphocyte counts (ALCs) of 

paediatric candidates for treatment with anti-CD19 CAR T cell therapy were analysed8, the 

median ALC was 1,228 cells/μl (range 168–4,488 cells/μl). This finding indicates that 

patient selection is highly skewed towards those with ALCs within the normal physiological 

range, which might result in the exclusion of patients who are heavily pretreated or receiving 

ongoing therapy. While groups at many centres are currently incorporating a minimum ALC 

or CD3+ cell count to proceed with apheresis, improvements in CAR T cell manufacturing 

will probably lower the limits for cell collection. Our experience at the National Cancer 

Institute (NCI) suggests that manufacturing of a CAR T cell product is feasible with a CD3+ 

cell count of ≥150 cells/μl. Specifically, an anti-CD22 CAR T cell product was successfully 

manufactured for 55 of 56 patients enrolled on a clinical trial performed at the NCI; the 

median CD3+ cell count in these patients was 567 cells/μl (range 145–2,144 cells/μl), and 

the median ALC was 775 cells/μl (range 230–4,620 cells/μl) (N.N.S. and T.J.F., unpublished 

observations). The likelihood of obtaining a sufficient number of T cells is certainly an 

important consideration, and additional data are needed in this area.

Characteristics of the apheresis product beyond cell quantity can also affect the ability to 

successfully manufacture a CAR T cell product or the quality of the manufactured CAR T 

cell product. Previous treatment with chemotherapy regimens, for example, those containing 

clofarabine or doxorubicin, has been implicated in the generation of quantitatively 

insufficient or poor-quality CAR T cell products7,21. Additionally, clinical data suggest that 

prior treatment with cyclophosphamide and cytarabine selectively reduces early lineage T 

cells that are associated with productive CAR T cell expansion22. Much of the data on CAR 

T cell manufacturing have been generated in patients with ALL or CLL; however, results 

published in the past 2 years indicate that manufacturing CAR T cell products from patients 

with high-risk solid tumours might be particularly challenging19,21. Reasons for this finding 

remain under investigation, but one potential explanation relates to the higher quantity of 

circulating myeloid-derived suppressor cells often found in patients with solid tumours than 

in those with haematological malignancies23,24. Implementation of CAR T cell 

manufacturing in patients with haematological malignancies beyond B cell leukaemias 

might also reveal further barriers to successful cell harvesting in certain patient populations 

and/or disease-specific contexts. Early collection of T cells in patients identified as having a 

high risk of relapse, or before treatment of those with relapsed disease, might improve the 

quality of the apheresis product and thus the resulting CAR T cells.
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Other details of the CAR T cell manufacturing process are also likely to affect qualitative 

aspects of the resulting product and thus subsequent clinical responses. Current 

manufacturing protocols incorporate a T cell expansion step typically induced by activation 

through the T cell receptor (TCR)25,26. Both anti-CD3 and anti-CD28 bead-based expansion 

and anti-CD3 antibody expansion protocols are used in the generation of the FDA-approved 

anti-CD19 CAR T cell products27,28. The majority of ongoing trial protocols also use one of 

these approaches for CAR T cell expansion. To date, the superiority of one method of T cell 

expansion has not been established. Expansion protocols for CAR T cells also typically 

include the use of cytokines, such as IL-2, IL-7 and/or IL-15; again, the superiority of one 

method has not been established, but differential effects of these cytokines are likely to 

qualitatively affect the resultant CAR T cell product29.

Almost all CAR T cell products are generated using both CD4+ T cells and CD8+ T cells, 

and both of these cell populations probably contribute to therapeutic efficacy. The ratio of 

CD4+ to CD8+ T cells can vary substantially between patients and might also affect the 

CAR T cell product, although differences in efficacy between products with different ratios 

have not been established. On the basis of preclinical data demonstrating improved 

potency30, in some trials, separate CD4+ and CD8+ CAR T cell products have been 

generated for delivery to patients in a defined ratio8,31. Iterative modifications to the 

manufacturing process have the potential to improve the efficacy of CAR T cells, which will 

probably be of greater importance as CAR T cells are tested beyond B cell malignancies. 

Novel approaches to CAR T cell manufacturing, such as use of closed-system automated 

devices, incorporating the aforementioned foundations are just beginning to be 

implemented32,33; clinical trials using these approaches and further analysis of how these 

techniques will impact future CAR T cell therapy are warranted.

Even if a CAR T cell product can be manufactured successfully, the starting T cell 

phenotype has been demonstrated to be an important determinant of subsequent clinical 

activity. Selection of T cells with specific phenotypes, for example, central memory or stem 

cell-like memory T cells, before manufacturing22,34,35 or manipulation of the manufacturing 

conditions to skew CAR T cell production towards a particular T cell population might 

improve the likelihood of generating a successful product35. Preferential manufacturing 

approaches involving these unique T cell populations are under development. In a study of 

patients with CLL who received an anti-CD19 CAR T cell product36, responders were found 

to have a CAR T cell population that was enriched for expression of memory-related genes, 

compared with that of nonresponders, and had higher numbers of CD27+PD-1−CD8+ CAR 

T cells expressing high levels of the IL-6 receptor, thus leading to better tumour control; this 

cell phenotype was more predictive of a response than other disease and patient 

characteristics36.

Other cellular components in the apheresis product can affect CAR T cell manufacturing; 

this might be a particular challenge given patient heterogeneity and the presence of 

circulating blasts and nonmalignant cells, such as myeloid-derived suppressor cells, which 

can inhibit T cell growth37. A report of the incidental CAR transduction of B cells, which 

conferred resistance to subsequent CAR T cell therapy38, highlights the importance of 

having a purified starting product. Strategies to optimize the input apheresis product before 
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CAR T cell manufacturing, generally through T cell selection and enrichment, have been 

developed by several groups19,37,39. Indeed, at the NCI, we have observed that, by further 

enhancing the purity of the starting T cell population and reducing the presence of additional 

inhibitory cells, the positive selection of CD4+ T cells and CD8+ T cells using a magnetic 

bead-based approach can result in successful manufacturing of CAR T cell from an 

apheresis product following failed manufacturing using a protocol with elutriation-based 

enrichment for lymphocytes. Furthermore, we have found that this manufacturing change 

can also increase the potency of the resulting CAR T cell product40. Guidelines for the 

development of commercial CAR cell products have been developed and are likely to evolve 

as our knowledge and experience grow41,42.

CAR construct design is another parameter that probably affects the characteristics of a 

CAR T cell product and subsequent in vivo behaviour of the modified cells, including their 

kinetics of expansion and duration of persistence. The majority of CAR T cell products 

being tested in clinical trials are second-generation agents, meaning that they contain both a 

TCR stimulatory domain (typically derived from the T cell surface glycoprotein CD3 ζ-

chain (CD3ζ)) and a single co-stimulatory domain. The current FDA-approved products 

contain either a CD28 or a 4-1BB (also known as CD137) co-stimulatory domain. The effect 

of the co-stimulatory domain on response rates has not been systematically evaluated, 

although preclinical data43 and observations in patients44,45 indicate that this aspect of CAR 

design markedly affects the persistence of the cell product. Other details of CAR design, 

such as specific characteristics of the antigen-binding domain, the presence and structure of 

an extracellular hinge region and features of the transmembrane domain, might also affect 

CAR T cell attributes, but definitive data defining the effects of these design details have not 

yet been generated.

The current FDA-approved CAR T cell products and those used in the majority of clinical 

trials exploit retroviral vectors for insertion of the CAR gene construct into the genome of T 

cells46,47. Both gamma-retroviral vectors and HIV-derived lentiviral vectors have been 

successfully used for this purpose. Detailed descriptions of these vectors can be found 

elsewhere25,48,49 and are beyond the scope of this Review. Certain aspects of vector design 

are likely to affect the efficiency of gene transfer and, potentially, the activity of the resulting 

CAR T cell product, although these aspects have not been systematically evaluated. RNA 

transfection has also been used to deliver the CAR gene construct, resulting in transient 

CAR expression (because the CAR gene is not inserted into the genome of the T cells50). 

Such transient CAR-expressing T cell products have only short-lived benefits in preclinical 

models, with no durable responses observed51. Finally, non-viral vector-based introduction 

of the CAR gene into the T cell genome has been successfully achieved using a transposon–

transposase system52,53, and clinical trials using such products have been reported, with the 

data demonstrating the safety and feasibility of this approach and providing preliminary 

evidence of CAR T cell activity54.

One important issue in the field of CAR T cell research is establishing reliable criteria to 

define the potency of CAR T cell products. At present, standard parameters that define T cell 

potency, such as markers of T cell exhaustion, have been disappointing in terms of 

predicting clinical efficacy55,56. Given the high response rates with CAR T cell therapy in 
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patients with leukaemia and thus the small numbers of nonresponders, systematically 

evaluating and establishing parameters associated with a lack of responsiveness are difficult 

— particularly considering that the underlying causes are likely to be multifactorial and not 

fully attributable to product variables alone. In patients with CLL, however, among whom 

response rates have been substantially lower than those in patients with ALL or lymphoma, 

Fraietta et al.36 were able to identify favourable product characteristics, such as enrichment 

for IL-6–STAT3 signatures and an elevated frequency of CD29+CD45RO−CD8+ T cells 

before CAR T cell generation. Furthermore, pre-infusion anti-CD19 CAR T cell products 

comprising polyfunctional T cells subsets, defined on the basis of cytokine and chemokine 

expression profiles, have been associated with an improved response in patients with 

lymphoma compared with products without such polyfunctional activity57. Additional data 

will be required to establish desirable attributes of CAR T cells, but the optimal 

characteristics might differ depending on the CAR construct and the malignancy being 

targeted.

Generating a CAR T cell product using cells from healthy donors is an alternative strategy to 

circumventing issues of poor CAR T cell quality. Several groups have now tested donor-

derived CAR-based treatment strategies both preclinically58 and in patients with post-

transplant disease relapse using T cells harvested directly from their original allogeneic stem 

cell donors59–61. The results of these early studies demonstrate the feasibility of this 

approach, with only a low frequency of high-grade graft-versus-host disease (GVHD)59–61. 

Manufacturing CAR T cells from third-party donors might enable the development of 

universal, off-the-shelf products and is another method to overcome the problem of 

quantitatively insufficient or poor-quality CAR T cell products62,63. Generating such 

products will probably require additional genetic modification to limit CAR T cell rejection 

and/or GVHD but also offers opportunities to overcome resistance mechanisms, such as 

‘fratricide’ reported with T cell antigen-targeted CAR T cell products64. Other novel 

strategies to enhance CAR-based therapeutic strategies and provide an alternative off-the-

shelf product include CAR-engineered nature killer (NK) cells; indeed, preclinical and early 

phase clinical studies of such products are underway65–67. Additional potential benefits of 

incorporating NK cells into a CAR-based cell therapy include a more favourable adverse-

effect profile than CAR T cell therapy alone, potentially owing to differential cytokine 

responses between CAR NK cells and conventional CAR T cells; however, further studies 

are needed to identify other features that determine the toxicity profiles of these two types of 

CAR-modified cell products68,69.

Infusion of CAR T cells.

Clearly, failure to infuse a CAR T cell product in a timely manner before patients develop 

progressive disease or disease-related complications can also preclude successful treatment. 

In the registration trial of the FDA-approved anti-CD19 CAR T cell product tisagenlecleucel 

in children and young adults with ALL10, 17 (18%) of 92 patients who had an apheresis 

product collected did not receive a CAR T cell infusion for reasons including 

tisagenlecleucel-related product issues in 7 patients (primarily from poor cell growth), death 

before CAR T cell infusion in 7 patients (attributable to disease progression in 4 patients and 

to infection-related complications in the others) and development of interval adverse events 
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(fungal disease or GVHD) that rendered the patient ineligible to receive the CAR T cell 

infusion. In this study10, the median time to cell infusion was 45 days (range 30–105 days). 

Similarly, in a study performed at the Memorial Sloan Kettering Cancer Center9, 11 (14%) 

of 78 adult patients with ALL who underwent apheresis did not proceed with cell 

manufacturing (the majority sought alternative treatments), and 13 (19%) of the 67 patients 

for whom CAR T cell manufacturing was pursued did not undergo infusion owing in part to 

product failures, disease progression or complications rendering them ineligible to receive 

therapy. With 20–30% of candidates ultimately not being infused with CAR T cells, future 

strategies to shorten manufacturing times would be predicted to improve the likelihood that 

eligible patients will receive an infusion and thereby increase the number of patients who 

benefit from CAR T cell therapy. Commercialization of CAR T cell therapy and more 

readily accessible manufacturing programmes would hopefully decrease the delays in time 

to infusion.

CAR T cell activation and expansion.

Clinical studies have revealed that the dose of CAR T cells required for effective therapy is 

remarkably small, with the current dosing regimen of 0.2–5.0 × 106 transduced CAR T cells 

per kg or a total of 0.1–2.5 × 108 transduced CAR T cells per infusion, although activation 

and exponential expansion of the cells following infusion are essential6–10,70,71. As 

discussed, the quality and inherent T cell phenotype of the CAR T cell product can affect 

post-infusion CAR T cell behaviour. In addition, recipient-related factors are also important 

in CAR T cell expansion. For example, disease (and thus antigen) burden can positively 

influence the degree of cell expansion, which in turn might increase the risk and severity of 

CRS7,8. Lymphodepletion also seems to be important for CAR T cell expansion, with 

evidence indicating that certain chemotherapeutic agents, such as fludarabine, might be 

more effective in this regard31. However, fludarabine has been implicated as a potential 

contributor to CAR T cell-associated neurotoxicity, although the timing of classical 

fludarabine-associated neurotoxicity differs from that of CAR T cell-related toxicities, and 

the safety of lymphodepletion with this agent is generally supported72. Whether CAR T 

expansion can be achieved without the need for cytotoxic chemotherapy remains to be 

determined, and this requirement will probably vary between disease subtypes.

Access to CAR T cell therapy.

Despite the FDA approvals of CD19-directed CAR T cell products over the past 2 years11,12, 

access to these novel therapies remains limited. Nevertheless, ongoing efforts are improving 

the ability of patients to access CAR T cell therapy. With the FDA approval of two different 

anti-CD19 CAR constructs11,12, the most dramatic improvement in access reflects a very 

steady increase in the number of centres across the USA that are qualified to administer 

these products: at the time of the submission of this manuscript, 73 individual centres were 

listed as Kymriah Treatment Centers73 authorized to administer tisagenlecleucel, with a 

similar number of authorized axicabtagene ciloleucel treatment centres74. Thus, the ability 

of eligible patients to receive an FDA-approved CAR T cell product at their local cancer 

centre is increasing, thereby facilitating incorporation of these therapies into their individual 

treatment plan. Additionally, the international approvals of the same CAR T cell products in 

Europe75 and Canada76 further contribute to increasing access for patients in need and to 
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reducing the regional disparities — although such limitations continue to exist77, at least 

partially owing to the fact that candidate treatment centres must have the capacity and 

capability to adhere to product manufacturing and administration protocols and safely 

manage the patient. Establishing standardized guidelines for CAR T cell therapy, 

determining which centres are most able to deliver this therapy and exploring the role for 

accreditation of sites are all subjects of ongoing research efforts aimed at improving access 

to this treatment modality.

Additionally, costs and insurance coverage are persistent barriers to expanding patient access 

to CAR T cell therapy78–80. Cost analyses and optimization of manufacturing strategies to 

reduce costs are needed as this therapy moves forward. In this regard, developing position 

statements supporting the utility of CAR T cell therapy as part of current treatment 

paradigms will probably facilitate a clearer path towards addressing issues of payment and 

insurance coverage. Many patients will continue to seek enrolment on clinical trials in order 

to circumvent limitations in access to FDA-approved constructs, but initial access to those 

FDA-approved agents would be more desirable than inclusion in a trial of an experimental 

agent — the benefits which are unlikely to have been established.

Additionally, eligibility criteria for receipt of the FDA-approved agents might be considered 

a limitation to patient access. For example, active central nervous system (CNS) involvement 

remains an exclusionary criterion among patients with B cell lymphoma; however, clinical 

trials to study the safety and efficacy of CAR T cell therapy in this population and others are 

essential, with the ultimate aim of extending the treatment indications to all populations that 

could potentially derive benefit.

Barrier 2: disease relapse

Disease relapse following anti-CD19 or anti-CD22 CAR T cell therapy can occur in up to 

50% of patients with pre-B cell ALL by 12 months after infusion8–10,15 in two major 

patterns: early relapse of antigen-positive leukaemia or later relapse typically associated 

with antigen loss (FIG. 1). An increased understanding of the mechanisms underlying poor 

persistence of and/or resistance to CAR T cells and identifying patients with the highest 

likelihood of relapse will be crucial to optimizing CAR T cell therapy.

Antigen-positive relapse.

Early ALL relapse, typically within the first few months after successful induction of 

remission, is often associated with limited CAR T cell persistence and/or transient B cell 

aplasia, which suggests a loss of active CAR T cell-mediated surveillance of leukaemia6. 

Determinants of CAR T cell persistence remain to be fully determined but, in addition to 

inherent T cell quality (which might be patient-dependent and context-dependent81) and 

initial T cell phenotype (including the proportion of CD4+ versus CD8+ T cells82), include 

the co-stimulatory domain built into each unique CAR construct83, with preclinical reports 

indicating that CD28 co-stimulatory domain-containing CARs tend to persist less well than 

those containing a 4-1BB co-stimulatory domain45,84; clinical experience is consistent with 

these data6,7,85. In the aforementioned pivotal clinical trial of tisagenlecleucel10, 4-1BB-

based CAR T cells persisted in the blood for a median duration of 168 days (range 20–617 
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days), generally with concurrent B cell aplasia in patients who remained in remission. By 

contrast, the median duration of CD28-based anti-CD19 CAR T cell persistence has been 

~30 days, and these cells are rarely detected beyond 3 months7,86. The better persistence of 

the 4-1BB domain-containing CAR T cells might result, in part, from the reduced propensity 

for T cell exhaustion induced by tonic CAR signalling when co-stimulation is mediated by a 

4-1BB versus a CD28 domain87. Efforts to calibrate the CAR activation potential in order to 

optimize durability of response and balance effector versus memory T cell expansion88, 

among other approaches89,90, are underway. Other co-stimulatory domains and multiple co-

stimulatory domains have also been used in CAR constructs and will probably affect CAR T 

cell persistence. Additionally, further analysis of observations in patients with a notable 

expansion and/or persistence of the CAR T cells suggest a role for targeted genomic 

integration of the CAR construct to enhance persistence. For example, the anecdotal 

experience of clonal expansion in a patient with CLL revealed that TET2 disruption results 

in alterations in CAR T cell biology, leading to enhanced potency and a central memory 

phenotype91. Similarly, specific integration of the CAR gene into the TCRa constant 

(TRAC) locus of the T cell genome using CRISPR–Cas9 editing machineries results in 

better antitumour responses than those observed with conventionally transduced CAR T 

cells in preclinical models92. Advances in gene-editing technologies93 combined with 

enhanced understanding of determinants of CAR T cell potency and knowledge of 

determinants of therapeutic responsiveness will be crucial to the design of the next 

generation of CAR T cell technologies36,94. Thus, future directions to improve CAR 

persistence will rely heavily on understanding the optimal T cell biology in relation to CAR 

T cell functionality and subsequent optimization of CAR T cell design to promote 

persistence (when persistence is desired).

Strategies to improve persistence independently of CAR T cell design and manufacturing are 

being tested in the clinic; for example, administration of T cell-antigen-presenting cells (T-

APCs) designed to activate anti-CD19 CAR T cells at regular intervals following remission 

induction in order to determine whether recurrent stimulation can reactivate and numerically 

expand the CAR T cells and prevent antigen-positive relapse (NCT03186118). More 

broadly, the use of artificial antigen-presenting cells provides a potentially off-the-shelf 

approach for optimizing adoptive T cell immunotherapy by increasing the therapeutic 

efficacy and persistence of the infused T cells95–97. Shifting the CAR T cells towards a 

central memory or stem cell-like memory phenotype is another unique method of enhancing 

therapeutic responses and cell persistence35,36.

Combining CAR T cell therapy with immunecheckpoint inhibitors or other 

immunomodulatory therapies provides a synergetic approach to optimizing the rate, depth 

and durability of clinical responses98. Evidence for increased PD-1 expression in CAR T 

cells during the time from infusion to peak expansion has been demonstrated in clinical 

samples85, and preclinical data support a role of PD-1–PD-L1 blockade in improving the 

effectiveness of CAR T cell therapy99,100. Clinical testing of this strategy with FDA-

approved immune-checkpoint inhibitors and CAR T cell products has provided anecdotal 

evidence of improved persistence101; future trials to test such approaches are under 

development.
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The persistence of anti-CD19 CAR T cell has an important role in ongoing surveillance and 

seems to be important for durable remission in patients with ALL; however, whether cell 

persistence is absolutely necessary to maintain durable remissions achieved with all CAR T 

cell products remains unclear. To date, the longest follow-up data on CD28-based anti-CD19 

CAR T cell therapies in patients with ALL have been reported by Park and colleagues9. In 

this study, CAR T cell persistence beyond induction of remission was rarely detected, yet the 

median event-free survival was 6.1 months overall and was 10.6 months in patients with a 

low disease burden (<5% bone marrow blasts)9. This duration of CAR T cell persistence is 

generally shorter than that of the 4-1BB-based constructs, although these findings 

nevertheless demonstrate a capacity for durable remission beyond the CAR T cell 

persistence, raising additional questions about the determinants of remission duration. 

Notably, the durability of remission in patients with B cell lymphoma has been relatively 

similar with both the 4-1BB-based and the CD28-based products71,102, thus suggesting that 

the relevance of CAR T cell persistence might vary by cancer type. Careful monitoring of 

outcomes following anti-CD19 CAR T cell therapy for B cell malignancies and following 

treatment with CAR T cells targeting other antigen and/or tumour types will be important to 

fully understand the impact of cell persistence on the durability of remissions. Regardless, 

the ability for CAR T cells to persist in the long term and thereby mediate ongoing 

surveillance against disease relapse is clearly a potential advantage of these agents over 

other targeted immunotherapies, such as bispecific or conjugated antibodies, which 

generally have a limited capacity to induce a long-term durable remission103–106.

Relapse with antigen-positive disease presents a potential opportunity for re-treatment with 

CAR T cells, although re-infusion strategies to treat antigen-positive relapse occurring with 

loss of CAR T cell persistence have unfortunately had limited success. Gardner et al.8 

administered a second infusion of anti-CD19 CAR T cells to ten children and young adults 

with ALL. Eight of these patients had loss of CAR T cell persistence, only two of whom had 

CAR T cell expansion after re-infusion and only one of whom had a complete response8. 

The two remaining patients, who had detectable CAR T cells, were re-infused for persistent 

or relapsed CD19+ disease, but neither had a substantial CAR T cell re-expansion, B cell 

aplasia or anti-leukaemic effect8. Lee et al.7 described three patients who received a second 

infusion of CAR T cells for residual or recurrent CD19+ ALL at 2–5.5 months after the 

initial infusion, and none had an objective response. Maude et al.6 used a strategy with 

repeated re-infusions to counter early loss of CAR T cells and associated B cell recovery, 

which led to subsequent persistence of CAR T cells101. Turtle et al.31 reported on five 

patients with ALL who received an anti-CD19 CAR T cell re-infusion, none of whom had 

re-expansion, persistence or anti-leukaemia activity. Additionally, CAR-specific T cell 

responses were detected in all five patients, thus suggesting an immune-mediated rejection 

of CAR T cells upon repeat dosing31. The same group reported similarly poor outcomes 

following re-infusion of patients with B cell non-Hodgkin lymphoma, but use of an 

intensified lymphodepletion regimen containing fludarabine in addition to 

cyclophosphamide improved the re-infusion response, as well as improving initial CAR T 

cell expansion and persistence107. This concept of intensified lymphodepletion has similarly 

been used in re-infusion strategies for other CAR-based therapies, with improved clinical 

outcomes108. Alternative strategies to optimize the re-infusion approach include the use of a 
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different CAR construct or even a CAR targeting a different antigen. The use of humanized 

CD19 CARs to overcome immune-mediated rejection of murine-derived anti-CD19 CAR 

constructs is one such strategy being tested in the clinic (NCT02374333), with early data 

suggesting that this approach can induce complete remission109. Alternative targeting 

strategies (for example, with anti-CD22 CAR T cells) might also be effective in patients 

with disease relapse after prior CAR T cell therapy15. Thus, multiple-infusion strategies to 

treat or prevent disease relapse remain an active and important area of investigation.

Antigen loss or modulation as a mechanism of immune escape.

Target antigen modulation is one of the clearest mechanisms of disease relapse following 

successful remission induction using CAR T cells (TABLE 1) and has also been described 

with other targeted immunotherapeutic approaches, such as bispecific T cell-engager (BiTE) 

antibody constructs110–112 or monoclonal antibodies113. Established mechanisms leading to 

loss of CD19 expression include alternative splicing, which generates CD19 isoforms with 

disruption of the target epitope and/or reduced cell surface expression114,115, and 

interruption in the transport of CD19 to the cell surface116; other pathways leading to 

antigen loss are under active study. Complete antigen loss, however, might not be necessary 

for the development of resistance to initially effective CAR T cell therapy — even 

diminution of antigen expression can be sufficient. For example, with anti-CD22 CAR T cell 

therapy, a simple quantitative decrease in CD22 cell surface expression or antigen density in 

the leukaemic population was adequate to evade the CAR T cells, thus enabling leukaemic 

relapse despite ongoing CD22 positivity, with individual variation seen in the threshold 

antigen density that conferred relapse or resistance15. Notwithstanding, a minimum 

threshold of antigen expression is likely to be needed for functional and/or preserved CAR T 

cell activity — a concept that has been realized in preclinical models with targeting of both 

CD20 in B cell malignancies117 and ALK in neuroblastoma118, in which CAR T cell 

cytolytic activity and cytokine production were increased with higher levels of antigen 

expression. Along these lines, preclinical experience with an EGFR-targeted CAR T cell 

therapy suggests therapeutic potential that relies specifically on the differential antigen 

density of EGFR in tumours versus nonmalignant tissues to limit on-target, off-tumour 

toxicities while maintaining anticancer activity119.

Antigen loss following effective CAR therapy has been best described in patients with 

ALL114,115 but is certainly not limited to this disease120. Findings of preclinical121 studies 

in solid tumour models and clinical studies in patients with glioblastoma122,123 have 

similarly implicated antigen modulation as a potential pitfall undermining the efficacy of 

CAR T cell therapy. In the design of future studies and novel CAR constructs, recognition of 

the role of antigen density in antitumour responses and identification of mechanisms leading 

to disrupted target expression will be needed in order to optimize CAR T cell responses.

The additive effect of prior targeted immunotherapies might further increase the complexity 

of immune evasion after CAR T cell therapy. For example, both the anti-CD19 BiTE 

blinatumomab and the anti-CD22 antibody–drug conjugate inotuzumab ozogamicin are 

FDA-approved therapies indicated for treatment of ALL, and loss of response with 

emergence of CD19– (REFS111,112) or CD22− (REF.113) escape variants has been reported 
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in patients treated with these immunotherapies. Thus, such agents might render future 

therapy with CAR T cells targeting the same antigens less effective or decrease the 

durability of responses by increasing the risk of antigen-negative relapse. Notably, receipt of 

prior therapy with blinatumomab was an exclusion criterion of the pivotal registration trial 

of tisagenlecleucel in patients with ALL10. However, whether such avoidance of targeted 

immunotherapy before the administration of CAR T cells is necessary to achieve durable 

long-term responses remains to be determined.

Independent of treatment-related antigen loss or modulation, inherent tumour heterogeneity 

also has a role in predisposition to emergence of an antigen-negative clone. CD19 has been 

considered to be ubiquitously expressed on all pre-B cell ALL clones, with development of 

antigen-negative subclones upon CD19-targeted treatment; however, more-detailed analysis 

of pre-therapy CD19 expression is necessary, as rare patients have malignant cells with 

CD19 negativity or partial expression at diagnosis124. Indeed, we now have a greater 

appreciation that pre-existing CD19– subclones can be present at diagnosis115, with data 

from some studies indicating the possibility that the malignant B cell progenitors are CD19–, 

particularly in patients with BCR–ABL1 ALL125. CD22, although also expressed in a high 

percentage of pre-B cell ALL cells, has a well described heterogeneity in surface expression, 

particularly in infants with KMT2A (MLL)-rearranged ALL, in whom CD22– ALL cell 

subpopulations are more frequently detected124,126–128, leading to the emergence of CD22– 

or CD22dim populations following CD22-targeted therapy15,127.

Lineage switching is another mechanism for evading CAR T cells. This phenomenon was 

appreciated before the era of targeted therapies in the context of infant, KMT2A-rearranged 

leukaemia subtypes, which often present as mixed-lineage leukaemias, with patients having 

transformation to AML following ALL-specific therapy or vice versa129. In both the 

preclinical and the clinical setting, an analogous phenomenon with emergence of myeloid 

subtypes following CD19-directed immunotherapy has now been described in ALL with or 

without KMT2A rearrangement16,17,110,125. Similarly, targeting of FLT3 with CAR T cells 

in preclinical ALL models was found to induce a reversible B cell to T cell lineage switch 

(while effectively avoiding transformation to FLT3+ myeloid lineage leukaemias)130. 

Whether this resistance mechanism is active in non-leukaemic malignancies remains to be 

determined.

Despite the appreciation of antigen modulation as a mechanism of immune escape, we 

currently have a limited ability to predict which patients have a high risk of developing 

antigen-modulated relapsed disease, beyond those with identification of pre-existent antigen-

negative subclones, those with established heterogeneity in antigen expression or those who 

have received prior immunotherapies targeting the same antigen. Minimal residual disease 

(MRD) monitoring strategies predicated on flow cytometry will be essential to identifying 

the existence of pretreatment subpopulations that might not be fully amenable to therapies 

targeting a single antigen, with a greater onus on actively screening for antigen-negative 

disease; thus, more complex flow cytometric gating methods and other improvements in the 

immunophenotypic characterization of single cells will be required, particularly when the 

disease burden is low. Tracking of leukaemic clones over time with adjunctive PCR and/or 

molecular assessments of VDJ immunoglobulin heavy chain (IgH) rearrangements might 
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improve the prediction of disease relapse by identifying cell populations that are not fully 

eradicated by CAR T cell therapy or are not as easily identified using flow cytometry. 

Accordingly, in their phase I study of anti-CD19 CAR T cell therapy, Gardner et al.8 found 

that 27 (67.5%) of 40 patients who achieved an MRD-negative remission according to flow 

cytometry assessment had a malignant clone identified concurrently using next-generation 

sequencing. The majority of these patients (17 of 27; 65%) subsequently achieved a 

molecular complete remission by day 63, although several did not, suggesting the ongoing 

presence of leukaemic disease that might ultimately be the harbinger of future relapse.

Given the propensity of antigen modulation as a mechanism for evasion of effective 

immunotherapy, CAR constructs incorporating multi-antigen targeting are being developed 

to address inherent tumour heterogeneity and thus decrease the risk of leukaemic relapse. 

Preclinical data supporting the multi-targeted approaches include the use of tandem anti-

CD19–CD20 CAR constructs131, combinatorial anti-CD19 and anti-CD123 (also known as 

IL-3Rα) strategies132 and CD19 and CD22 targeting using a single CAR construct targeting 

both antigens or two unique CARs targeting each antigen individually133, and several 

clinical trials of these strategies are underway (TABLE 2). Follow-up data on these protocols 

will help to determine whether dual-antigen-targeted approaches are adequate to prevent 

disease relapse or whether additional combinatorial strategies for targeting more than two 

antigens will be necessary to make CAR T cell therapy curative. In the development of 

combinatorial multi-antigen-targeted strategies, ensuring an effective response to each 

antigens is essential: preferential targeting of one antigen over another could lead to a 

predilection for a functional response to only a single antigen without obviating the problem 

of antigen-negative relapse. Developing functional multi-targeted constructs, however, is no 

easy task and is highly dependent on preclinical testing to identify biologically active 

constructs with equivalent capacity to target coincident antigens simultaneously, as has been 

nicely described in the work of Qin and colleagues133.

The role of consolidative therapy after CAR T cell-induced remission.

Given the concern over antigenpositive or antigen-negative disease relapse, the need to 

consolidate CAR T cell-induced remissions needs to be considered. The first successful 

clinical applications of CAR T cell therapies have been in patients with haematological 

malignancies, for whom allogeneic haematopoietic stem cell transplantation (allo-HSCT) is 

a validated curative option; thus, consolidation treatment with allo-HSCT is a very relevant 

topic of discussion, particularly when no prior transplantation has been performed. In initial 

reports from Davila et al.86 and Lee et al.7,134, a high proportion of adults and children or 

young adults with ALL, respectively, who entered remission after treatment with CD28-

based anti-CD19 CAR T cells proceeded to allo-HSCT, with overall improved outcomes. 

Specifically, in an analysis combining data from trials of anti-CD19 and anti-CD22 CAR T 

cell products performed at the NCI, 25 patients subsequently underwent allo-HSCT, and this 

was the first allo-HSCT for 19 patients134. Using a competing risks analysis (risk of relapse 

versus transplantation-related mortality), the 24-month cumulative incidence of post-allo-

HSCT relapse in all 25 patients and in the 19 patients who underwent HSCT for the first 

time was 13.5% (95% CI 3.2–32.1%) and 11.3% (95% CI 1.7–31.1%), respectively134. 

Summers et al.135 reported a trend towards improved leukaemia-free survival in patients 
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without a history of allo-HSCT who underwent consolidative allo-HSCT following anti-

CD19, 4-1BB-based CAR T cell therapy compared with those who did not (P = 0.057)135. 

Specifically, among 64 evaluable patients, 17 had no prior history of allo-HSCT, 3 of whom 

chose not to proceed to allo-HSCT, and 2 (66.7%) of these 3 patients subsequently had 

disease relapse; among the 14 patients who proceeded to allo-HSCT, only 2 (14.2%) had 

disease relapse135. Park et al.9 reported that 17 (38.6%) of 44 patients with ALL proceeded 

to allo-HSCT after attaining complete remission with CD28-based anti-CD19 CAR T cell 

therapy; after a median follow-up duration of 29 months from CAR T cell administration, 12 

(70.5%) of these 17 patients had died or had disease relapse after transplantation. Of the 26 

patients who did not proceed to transplantation, 17 (65%) had relapsed or died9. Among 32 

patients who obtained MRD-negative complete remission, those who proceeded to allo-

HSCT had no difference in event-free survival or overall survival compared with those who 

did not (P = 0.64 and P = 0.89, respectively)9. Thus, the role of allo-HSCT following CAR T 

cell therapy needs to be better defined but is likely to be of greater importance with the use 

of shorter-acting CAR T cell products134, for example, CD28-based CAR T cells in patient 

with pre-B cell ALL. Regardless, a reduced reliance on consolidative therapy to achieve cure 

will be an important goal of efforts to optimize CAR T cells.

Barrier 3: CAR T cell-related toxicity

No article on CAR T cell therapy would be complete without a discussion of the related 

toxicities, particularly CRS; however, several in-depth reviews of the current state-of-the-art 

knowledge and management of CAR T cell-related toxicities have been published in this 

journal and elsewhere over the past few years136–142. Notably, efforts are underway to 

establish uniform multicentre grading scales and, in this regard, the original CRS grading 

scale proposed by Lee et al.141 has now been updated and published as the American 

Society for Blood and Marrow Transplant consensus guidelines143. Algorithms and 

treatment approaches to optimize the safety of CAR T cell therapies, including early 

intervention strategies144, and the incorporation of suicide genes and other genetic 

engineering strategies to reduce CAR T cell toxicity are under investigation145.

Of particular relevance to the discussion herein, severe or even fatal CRS and other toxicities 

are barriers to durable CAR T cell-induced remissions in some patients and, in this regard, in 

addition to established literature and guidelines in development, we offer two additional 

areas for consideration.

First, one must be cognizant of the fact that the literature on CRS management is 

predominantly based on the experience gained in trials of anti-CD19 CAR T cell therapy 

trials. As novel antigens are targeted, therefore, it will be important to recognize that not all 

cases of CRS will be the same and, as such, the appropriate intervention strategies might 

differ. For example, CRS observed after anti-CD22 CAR T cell therapy seemed to be less 

severe than that seen with anti-CD19 CAR T cells15, without the implementation of any 

early intervention strategies; however, novel toxicities, such as clinically relevant 

coagulopathy, occurred with CD22 targeting that required a different approach to treatment 

(N.N.F. and T.J.S., unpublished observations). When targeting solid tumours with CAR T 

cell-based strategies, the potential off-tumour, on-target toxicities might be less tolerable 
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than the prolonged B cell aplasia associated with CAR T cells targeting B cell antigens, thus 

warranting close consideration.

Second, as the treatment of CRS and/or other toxicities becomes better established, 

evaluating the effects of such treatment, and particularly the effects of pre-emptive or 

prophylactic strategies to mitigate CRS, on anticancer activity will be equally important. 

Currently, the limited available data indicate that early intervention strategies can effectively 

reduce the severity of CRS without compromising peak CAR T cell expansion or functional 

persistence144. However, these data come from a single trial using a single CAR construct 

and, therefore, might not be broadly applicable. Furthermore, the effect of prolonged steroid 

use in those who develop severe CRS on CAR persistence needs to be further studied across 

various constructs. In addition, determining the ideal time to implement CRS intervention 

strategies while balancing the potential for an optimal anticancer response will be 

particularly challenging, compounded by the complexity of novel CAR constructs. Future 

studies are needed to establish the optimal strategies for intervention to negate toxicities and 

their impact on CAR persistence. A trial investigating the optimal timing of anti-IL-6 

therapy with tocilizumab for the treatment of CRS associated with anti-CD19 CAR T cell 

therapy is underway (NCT02906371).

Barrier 4: moving beyond leukaemia

Given the successes to date in heavily pretreated patients, earlier use of CAR T cells has 

considerable potential to change the treatment paradigm for children and adults with 

relapsed and/or refractory or high-risk B cell malignancies. Indeed, efforts are underway to 

understand how to best incorporate these therapies into upfront regimens in order to improve 

overall outcomes. However, substantial barriers exist when the use of CAR T cells is 

extended to cancers beyond ALL.

CAR T cell response, persistence and relapse in lymphoma.

With the FDA approval of axicabtagene ciloleucel and subsequently tisagenlecleucel, CAR 

T cell therapies provide a highly effective approach to the treatment of relapsed and/or 

refractory large B cell lymphoma; however, unique challenges exist in this setting, including 

lower remission rates (complete remission rates of 30% and 54% in the pivotal trials of 

axicabtagene ciloleucel71 and tisagenlecleucel102, respectively, versus 67–93% with anti-

CD19 CAR T cells in patients with ALL; TABLE 1) and a limited understanding of the 

mechanisms of relapse. Antigen loss can be a mechanism of lymphoma relapse after CAR T 

cell therapy120,146 but seems to occur less often than in patients with ALL (TABLE 1). 

Notably, reports on the frequency of antigen loss in patients with B cell lymphoma are 

limited, probably owing to less frequent sampling of lymphomatous disease than of 

leukaemic disease, but it remains an important consideration for patients with lymphoma 

relapse after CAR T cell therapy. In addition, CAR T cell persistence might not be as 

necessary for a durable response in patients with lymphoma as it seems to be in those with 

ALL. With the seemingly shorter-acting CD28 domain-containing anti-CD19 CAR T cells, 

the longest follow-up data in patients with B cell lymphoma have been reported by 

Kochenderfer and colleagues147. In patients with diffuse large B cell lymphoma, specifically, 
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these authors found that most patients had last measurable CAR T cell detection at <6 

months after infusion, with 4 of 5 complete responses continuing (at 56, 51, 44 and 38 

months) despite recovery of the nonmalignant B cell population147. Moreover, despite the 

FDA approvals for adults with large B cell lymphomas, the experience with CAR T cell 

therapies in paediatric lymphomas is scant, and responses have been limited, for reasons that 

are not fully understood.

Ongoing optimization of responses to CAR T cells in patients with lymphoma, using various 

aforementioned strategies that are being incorporated into the treatment of ALL, is 

underway. Testing of these approaches uniformly in paediatric patients with lymphoma, an 

area of unmet need (FIG. 1), remains a priority for future research.

CAR T cell strategies beyond B cell targeting.

CD19 is generally ubiquitously expressed on the majority of B cells, and targeting of both 

nonmalignant and malignant CD19+ cells is a therapeutic strategy with acceptable safety, 

whereas on-target, off-tumour toxicity might be more prohibitive in other cancers. With 

regard to AML, for example, broad targeting of myeloid lineage cells, particularly if 

sustained, is not acceptable nor can it be made more feasible using supportive interventions 

as simple as immunoglobulin replacement in patients with prolonged B cell aplasia. In such 

settings, use of a less persistent CAR T cell product, together with the administration of 

rescue stem cells from an allogeneic donor following an effective CAR T cell response, 

might be a reasonable strategy. A first-in-human study of myeloid cell targeting using anti-

CD123, CD28 domain-containing CAR T cells revealed promising anti-leukaemia activity 

without prolonged myelosuppression148. Clinical testing of myeloid cell targeting with a 

CD28-based anti-CD33 CAR T cell product is planned149.

Going beyond haematological tumours, solid tumours present a new set of unique challenges 

to the development effective CAR T cell therapies, as reviewed elsewhere150–153. One key 

issue with solid tumours is that the inherent tumour heterogeneity is likely to be a substantial 

barrier to identifying an optimal target, and relatedly, antigen loss will probably be a key 

factor precluding curative remissions. Indeed, antigen density (as mentioned above regarding 

ALK in neuroblastoma cells118) and inherent tumour heterogeneity in antigen expression in 

solid tumours (for example, mesothelin154, HER2 (REF.155) or MUC1 (REF.156) expression 

in non-smallcell lung cancers) can limit the therapeutic potential of agents that target a 

single antigen and raise concerns over differing on-target, off-tumour toxicities. Among the 

CAR T cell-based strategies that are furthest in development, products targeting the 

disialoganglioside GD2 have demonstrated antitumour activity in patients with 

neuroblastoma, leading to complete remissions157, thus emphasizing the potential for CAR 

T cell therapy of solid tumours.

In addition, overcoming the immunosuppressive tumour microenvironment, which might 

render adoptively transferred T cells inactive, will be particularly relevant to effective CAR 

T cell therapy for solid tumours. Several approaches to overcome this issue are under 

evaluation, including optimization of the preparative regimen before CAR T cell 

infusion150,158. Armoured CAR T cells that constitutively secrete pro-inflammatory 

cytokines as a mechanism to overcome local immunosuppression are a novel concept. 
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Similarly, incorporation of immune-checkpoint inhibition into CAR T cell-based strategies, 

by various combinatorial or built-in approaches, might improve responses98; the findings of 

several preclinical studies support the effectiveness of this approach, warranting further 

clinical translation98,152,159,160.

Targeting the CNS tumours demands careful consideration of optimal delivery mechanisms 

for CAR T cell therapy. A case report from 2016 described the use of CAR T cells targeting 

IL-13 receptor subunit α2 (IL-13Rα2) in a patient with glioblastoma, which incorporated 

multiple infusions over a 7-month period via two intracranial delivery routes (into the 

tumour resection cavity followed by infusions into the ventricular system)122. The patient 

had an impressive clinical response with complete regression of all intracranial and spinal 

tumours that lasted for 7.5 months122. Strategies to optimize IL-13Rα2-targeted strategies 

include designing a second-generation 4-1BB co-stimulatory domain-containing CAR 

product using enriched central memory T cells; in orthotopic glioblastoma models, this 

product was effective irrespective of corticosteroid treatment (a mainstay of glioblastoma 

therapy) and had higher efficacy with intraventricular infusions than intravenous delivery 

(and perhaps also than intratumour administration in the multifocal disease setting)161. Anti-

GD2 CAR T cell therapy for histone H3 lysine 27-methylated (H3K27me) diffuse midline 

gliomas, a uniformly fatal type of paediatric CNS tumour, is another promising approach162. 

Anti-HER2, 4-1BB domain-containing CAR T cell-based targeting of medulloblastoma has 

also demonstrated efficacy in both mouse and non-human primate models, with good 

tolerance of intraventricular administration163. Most notably, HER2-specific CAR T cells 

have been tested in a phase I dose-escalation study involving patients with progressive 

glioblastoma, and preliminary results demonstrated the safety and feasibility of this 

approach and provided an early sign of activity by virtue of partial remission in one patient 

and disease stabilization in several others164. Similarly, EGFRvIII-directed CAR T cells 

were found to be safe and feasible in patients with glioblastoma but, as seen in patients with 

ALL, antigen loss and tumour heterogeneity were major determinants of immune escape123. 

Thus, optimizing CAR T cell approaches and testing novel delivery mechanisms for CAR T 

cells targeting CNS disease remains an active area of research.

Ultimately, many challenges must be overcome in the optimization of CAR T cell therapies 

for diseases beyond ALL, but much progress has been made in the past several years. 

Lessons learned from B cell-targeted strategies will provide a foundation for moving this 

field of research forward, but a cautious approach is needed to understand and attempt to 

mitigate novel CRS-related toxicities and off-tumour, on-target toxicities that might 

otherwise result in the premature abandonment of promising new CAR T cell-based 

strategies for treatment of solid tumours.

Conclusions

CAR T cell-based therapy is among the most promising anticancer therapies of all time. 

Many challenges remain, however, as we strive to make remissions induced by this therapy 

durable for all treated patients. CAR T cell manufacturing considerations — from patient 

selection to the characteristics of the infused product and the potential for subsequent cell 

expansion — reflect one particular aspect of efforts to improve outcomes, and advances in 
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cell manufacturing will certainly make these products accessible for a greater number of 

patients. For those with response, confirming CAR T cell persistence and monitoring for 

antigen loss are necessary for relapse prediction and prevention strategies; however, antigen-

negative disease relapse is currently difficult to treat, and even antigen-positive relapsed 

disease might not respond to CAR T cell re-infusion. Akin to multi-agent chemotherapy, 

multi-antigen-targeting strategies might address these mechanisms of relapse and, therefore, 

might be a pathway to more durable remissions. Optimizing this therapeutic approach in 

patients with non-B cell malignancies is the next frontier for research in this field of 

immunotherapy, but many obstacles need to be overcome, and close attention to the design 

of novel CAR constructs will be informative in identifying further barriers, such as those in 

solid tumours. In this fast-paced field of research, a shift in focus to overcome the obstacles 

identified (FIG. 1) will be imperative to make this promising therapy more broadly available, 

more effective and potentially curative for all those treated.
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Key points

• Chimeric antigen receptor (CAR) T cell immunotherapy is a highly effective 

form of adoptive cell therapy, as demonstrated by the remission rates in 

patients with B cell acute lymphoblastic leukaemia or large B cell lymphoma, 

which have supported FDA approvals.

• A complete understanding of the limitations of CAR T cell therapy will help 

to identify crucial areas requiring further research to improve patient 

outcomes.

• Factors that can preclude durable remissions following CAR T cell therapy 

include CAR T cell manufacturing issues, limited CAR T cell expansion 

and/or persistence, various resistance mechanisms and toxicities.

• Various intuitive strategies to overcome these obstacles are being investigated 

in order to optimize this unique therapeutic strategy and expand the 

indications for treatment.
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Fig. 1 |. Limitations to durable remissions after CAR T cell therapy.
This figure summarizes several different limitations to achieving a durable remission with 

chimeric antigen receptor (CAR) T cell therapy. First, CAR T cell failures have several 

causes: for some patients, the CAR T cell product cannot be successfully manufactured or 

the generated CAR T cells do not expand sufficiently (either during manufacturing in vitro 

or after administration in vivo); in other patients, the problem of limited persistence in vivo 

is a potential mechanism underlying disease relapse. Second, antigen modulation — 

depicted by the loss or downregulation of CD19 and/or CD22 on malignant B cells — 

enables antigen escape as a mechanism of resistance to CAR T cell therapy, which can also 

be a problem in non-B cell malignancies, including solid tumours. Third, the characteristic 

toxicities of CAR T cell therapy — primarily severe cytokine-release syndrome (CRS) 

and/or neurotoxicity — can be fatal, thus abolishing the potential for therapeutic benefit in a 

small proportion of patients. Furthermore, data on the effect of therapeutic interventions for 

CRS on the durability of CAR remission remain unknown. Finally, unmet needs include 

some disease contexts that are a focus for ongoing research efforts to optimize the clinical 

utility of CAR T cell therapies. For example, although anti-CD19 CAR T cells can provide 

substantial benefit for adults with lymphoma, the complete remission rates are lower than 

those achieved in patients with leukaemia. Additionally, the outcomes of CAR T cell therapy 

in paediatric patients with lymphoma and in patients with central nervous system (CNS) 

involvement remain an area of ongoing investigation. Notably, such therapies currently have 

limited efficacy in patients with solid tumours, and approaches to optimize response are 

being explored.
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