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Therapies with genetically modified T cells that express chimeric antigen receptors (CARs) 

specific for CD19 or B cell maturation antigen (BCMA) are approved to treat certain B cell 

malignancies. However, translating these successes into treatments for patients with solid tumours 

presents various challenges, including the risk of clinically serious on-target, off-tumour toxicity 

(OTOT) owing to CAR T cell-mediated cytotoxicity against non-malignant tissues expressing 

the target antigen. Indeed, severe OTOT has been observed in various CAR T cell clinical trials 

involving patients with solid tumours, highlighting the importance of establishing strategies to 

predict, mitigate and control the onset of this effect. In this Review, we summarize current clinical 

evidence of OTOT with CAR T cells in the treatment of solid tumours and discuss the utility of 

preclinical mouse models in predicting clinical OTOT. We then describe novel strategies being 

developed to improve the specificity of CAR T cells in solid tumours, particularly the role of 

affinity tuning of target binders, logic circuits and synthetic biology. Furthermore, we highlight 

control strategies that can be used to mitigate clinical OTOT following cell infusion such as 

regulating or eliminating CAR T cell activity, exogenous control of CAR expression, and local 

administration of CAR T cells.

Introduction

Chimeric antigen receptor (CAR) T cells have emerged as an effective cancer treatment 

modality. This approach relies on genetically engineering patient-derived or donor-derived 

T cells to express a synthetic CAR that can recognize a tumour cell-surface molecule 

in a major histocompatibility complex (MHC)-independent manner1. CAR designs are 

continuously evolving to improve the sensitivity, specificity, efficacy and persistence of 

engineered T cells2. Antigen recognition by CAR T cells is mediated via a specific 

monoclonal antibody-derived single-chain variable fragment (scFv) fused to transmembrane 

and intracellular signalling domains. CD3ζ is the required domain for T cell activation, 

and co-stimulatory endodomains, such as CD28 and/or 4–1BB, are pertinent for CAR T 

cell proliferation, differentiation and persistence2. To date, all six FDA-approved CAR 

T cell products target either CD19 or B cell maturation antigen (BCMA) and utilize a 

second-generation CAR design3,4,5,6,7,8,9 (Fig.1).

B cell malignancies and multiple myelomas are particularly responsive to CAR T 

cells, mainly owing to the abundant expression of lineage-derived antigens such as 

CD19 and BCMA. Anti-CD19 and anti-BCMA CAR T cells can deplete endogenous 

non-malignant B cells and plasma cells that also express the target molecules, leading 

to hypogammaglobulinaemia. This toxicity is generally tolerable and can be corrected 

with intravenous immunoglobulin infusions10,11. Other toxicities, such as cytokine-release 

syndrome and immune effector cell-associated neurotoxicity syndrome are primarily linked 

to acute cytokine production following CAR T cell infusion and are manageable in a 

majority of patients12.

The success of CAR T cells in the treatment of haematological malignancies2,3,4,5,6,7,8has 

provided the impetus for investigating this approach in solid tumours. A considerable barrier 

to the development of CAR T cells for patients with solid tumours is that most candidate 

target antigens are often co-expressed on non-malignant tissues, creating a substantial risk 
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of morbidities owing to on-target, off-tumour toxicity (OTOT). OTOT of varying severity 

has been reported in both preclinical13,14,15,16 and clinical17,18,19,20,21,22,23,24 studies using 

CAR T cells targeting antigens shared by malignant and non-malignant tissues19,23,25. In 

this Review, we examine the implications of OTOT on the development of CAR T cell 

therapies targeting solid tumours, summarize OTOT evidence in preclinical and clinical 

studies, and discuss advances in CAR T cell engineering that might help to overcome OTOT 

in the clinic.

Risks and mechanisms of OTOT

OTOT stems from CAR T cell-mediated recognition and lysis of non-malignant tissues 

expressing the target antigen, potentially causing severe adverse events23,26. Upon 

recognition of a target antigen, CAR T cell activation leads to the formation of an immune 

synapse between the CAR and the target cell27, triggering effector functions (Fig. 2). The 

release of perforin and granzymes28 is assumed to be a principal mechanism of CAR T cell-

mediated cytotoxicity. However, other mechanisms, such as upregulation of T cell-surface 

molecules to induce target apoptosis (such as FAS ligand)29 or secretion of cytokines, 

including IFNγ and/or TNF, may also contribute to tissue destruction29,30,31 (Fig. 2).

To generate CAR T cells that are both safe and effective in patients with solid tumours, 

target antigen selection is crucial. Optimal antigen candidates, referred to as neoantigens, 

should be exclusively expressed on malignant cells and not on non-malignant cells. 

Such antigens could arise from tumour-specific non-synonymous mutations, insertions or 

deletions that alter the amino acid sequence of cell-surface proteins, aberrant expression 

of oncofetal antigens, or tumour-specific post-translational modifications32,33,34,35,36,37. 

However, cell-surface neoantigens are rare, particularly in tumours with a low mutational 

burden38. EGFRvIII, found in 24–67% of glioblastomas, is one of the few identified 

examples39,40. Consequently, the majority of CAR T cell therapy targets for solid tumours 

are tumour-associated antigens (TAAs) that are also expressed on non-malignant tissues 

(Fig. 3). Examples of TAAs include EGFR19,20,21,25, HER2 (refs.41,42,43,44), CAIX17,45, 

B7-H3 (refs.13,46,47), mesothelin48,49,50,51 and GD2 (refs.52,53,54,55,56).

Evidence for CAR T cell-associated OTOT

Clinical manifestations

OTOT was observed in a clinical trial in which patients with metastatic renal cell carcinoma 

received anti-CAIX first-generation CAR T cells (Supplementary Table 2). Grade 2–4 liver 

toxicities were observed in all three patients and liver biopsy revealed discrete cholangitis 

with CAIX expression on the bile duct epithelium17,18,57. Similarly, a phase I trial testing 

anti-CEACAM5 CAR T cells in patients with advanced-stage CEACAM5-positive solid 

tumours led to clinically serious adverse events (tachypnoea, pulmonary infiltrates or 

respiratory distress), with one patient requiring intensive care23. The overall unfavourable 

efficacy and safety profile resulted in closure of the trial. The possibility of gastrointestinal 

toxicity was anticipated given that CEACAM5 is expressed in the intestines but the 

pulmonary toxicity was unexpected. The investigators identified intermediate-to-strong 

CEACAM5 expression in non-malignant lung resection samples from five of eight patients 
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(63%)23. This finding is supported by proteomic data, published elsewhere58, showing low 

levels of CEACAM5 expression on type I and type II alveolar cells (Fig. 3), suggesting that 

OTOT might have driven the observed adverse clinical manifestations.

CAR T cells targeting HER2 have been tested for several indications in patients with 

advanced-stage solid tumours. In a case report, a single infusion of high-dose (1010) 

anti-HER2 CAR T cells led to acute respiratory distress followed by death 5 days after 

infusion, in a 39-year-old individual with metastatic colon cancer44 (Supplementary Table 

2). Similarly, mild skin pruritus and one case of severe upper gastrointestinal haemorrhage 

were observed in a phase I study of anti-HER2 CAR T cells in patients with advanced-stage 

biliary tract or pancreatic cancer22. Altogether, clinical data have suggested a moderate 

toxicity profile for lower doses of anti-HER2 CAR T cells, with evidence of clinical 

responses41,43,59,60. Differences in CAR T cell dose, scFv properties, CAR design, tumour 

location and other variables in the different clinical trials preclude definitive conclusions 

regarding OTOT in patients receiving anti-HER2 CAR T cells, suggesting the need for 

additional data to validate HER2 as a CAR T cell target22,41,43,59,60.

Despite widespread target expression of EGFR58 (Fig. 3), OTOT described with EGFR-

directed CAR T cells has been manageable19. Mild or moderate dermal OTOT was reported 

following infusion of an anti-EGFR CAR T cell product, which included lichen striatus-

like skin rashes, loss of partial epidermis and vacuolar degeneration of basal cells19. In 

a phase I study testing anti-EGFR CAR T cells in patients with advanced-stage biliary 

tract cancers, potential OTOT was observed in the form of oral mucositis, oral ulcers, 

gastrointestinal haemorrhage, desquamation and pruritus (all of grade 1–2)20. More severe 

mucosal and cutaneous adverse events (some of grade 3–4) were observed in 6–13% of 

patients with metastatic pancreatic cancer receiving anti-EGFR CAR T cells in a phase 

I trial21. The investigators were able to control these adverse events in one patient using 

methylprednisolone21.

In another phase I trial, one patient with advanced-stage gastric cancer receiving anti-

CLDN18.2 CAR T cells developed grade 3 mucosal toxicity and a further five developed 

less severe (grade 1 and 2) forms of this toxicity. The authors characterized this as OTOT 

owing to high levels of CLDN18.2 expression on differentiated gastric mucosal cells24. 

Nevertheless, the safety profile in this cohort of 37 patients was deemed acceptable, with no 

dose-limiting toxicities reported24.

Collectively, these phase I clinical data demonstrate the likelihood of severe OTOT in 

patients with solid tumours receiving CAR T cells. This highlights the importance of 

understanding the expression of TAAs on non-malignant tissues in order to accurately 

attribute CAR T cell-related adverse events to OTOT. These data indicate that OTOT is 

potentially influenced by a myriad of factors, including the number of transfused cells, 

antigen expression densities on both the tumour and non-malignant tissues, CAR design, and 

the mode of administration17,23,44,61.

Two reports suggest that CAR T cells might also cause unexpected OTOT in patients 

with haematological malignancies. The findings of a single-cell RNA sequencing analysis 
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suggested that certain neurotoxicities, including rare cases of fatal cerebral oedema observed 

in patients with B cell malignancies receiving anti-CD19 CAR T cells, might be related to 

OTOT against CD19-positive pericytes in the brain62. Furthermore, OTOT against BCMA-

expressing neurons and astrocytes in the basal ganglia has been suggested as a cause of 

progressive movement disorder and parkinsonism described 3 months after infusion of 

anti-BCMA CAR T cells in patients with multiple myeloma63.

Preclinical predictability of OTOT

The risk of OTOT with CAR T cells has been investigated in preclinical models. 

Histological analysis of mouse organs can be performed to examine CAR T cell 

infiltration, the extent of both tumour and normal tissue necrosis, and levels of TAA 

expression at inflammatory sites both surrounding and distant from the tumour14,26,46,64,65. 

Immunohistochemistry can be used to verify possible off-tumour TAA expression and 

CAR T cell infiltration, thus providing clear evidence of OTOT14,26,46,64. For example, 

the detection of late-onset OTOT following infusion of anti-B7-H4 CAR T cells (45–48 

days after infusion) was feasible in a mouse model15. Immunohistochemical staining of 

non-malignant mouse tissues revealed widespread B7-H4 expression that was comparable to 

human B7-H4 protein distribution in non-malignant tissues15. Moreover, luciferase-tagging 

of CAR T cells in mice can also be used to monitor CAR T cell trafficking and activation, 

thus improving the understanding of CAR T cell migration and off-tumour interactions16,66.

Despite the use of mouse models to study OTOT, differences in the expression of target 

antigens between non-malignant mouse and human tissues warrant caution in predicting 

clinical OTOT (Supplementary Tables 1 and 2). For example, lethal central nervous system 

(CNS) toxicities reported using a high-affinity variant of the 14G2a scFv-based anti-GD2 

CAR in five of eight neuroblastoma xenograft mice were interpreted as OTOT against 

GD2-expressing regions of the mouse brain26. The role of OTOT in these toxicities was 

debated by others who did not observe such effects even with a high-affinity CAR67. 

These preclinical findings are also in conflict with the clinical toxicity profiles of anti-

GD2 CAR T cells featuring the original 14G2a scFv CAR construct52,54,68. Moreover, 

the gastrointestinal OTOT seen in patients receiving anti-CLDN18.2 CAR T cells was 

not observed in mouse models most probably owing to several factors, including limited 

expression of CLDN18.2 in non-malignant mouse tissues and rapid tissue regeneration by 

CLDN18.2-negative gastric stem cells24. Thus, OTOT in mice26 might not translate into 

OTOT in clinical settings53,54,55,68, mainly owing to differences in the antigen structure 

of human and mouse CLDN18.2 homologues, target expression patterns, or distinct tissue 

microenvironments and/or anatomical niches69.

The predictiveness of mouse models can be enhanced using different approaches. Examples 

include genetic engineering to replace mouse genes with their human homologues14 or 

engrafting a cell line into mice to emulate off-tumour TAA expression in non-malignant 

tissues70,71,72. Nonetheless, these approaches are rarely used and still might not accurately 

reflect the complex expression patterns of TAAs on non-malignant human tissues. 

Modern organ-on-a-chip technologies designed to simulate in vivo microarchitectures and 

physiological processes within tissues in a fully humanized model are currently being 
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considered. These models cannot entirely mimic the complexity of human tissue antigen 

expression73,74, although they might help to address the deficiencies of more traditional 

models.

Engineering strategies to mitigate OTOT

Toxicities observed in clinical CAR T cell trials have encouraged the development of 

technologies designed to improve safety while maintaining antitumour efficacy. Drawing 

on synthetic biology, new approaches are emerging to better restrict the potent cytotoxic 

activity of CAR T cells to tumours, thereby avoiding OTOT.

Fine-tuning CAR domains

Affinity tuning via modification of the scFv of the CAR has emerged as an interesting 

approach to achieve an affinity sufficient for tumour cell recognition, whilst sparing non-

malignant cells with limited TAA expression65,75. This can be achieved by mutagenesis 

of an existing scFv or by screening scFv libraries to identify an alternative binder with a 

different affinity. High-affinity CAR T cells might permit better reactivity against tumour 

cells with a low density of antigen expression but could also lead to recognition of 

target antigens present on off-tumour tissues26 (Fig. 3). ScFvs with a very high affinity 

for target antigens might limit the potential for CAR T cell proliferation as a result of 

activation-induced cell death76. Conversely, low-affinity CAR T cells might lack antitumour 

activity owing to their inability to sufficiently recognize and/or lyse tumour cells with lower 

levels of TAA expression71. Furthermore, a lower-affinity scFv increases the risk of low 

antigen-density tumour cells escaping CAR T cell recognition77,78, which has been observed 

in patients with haematological malignancies79.

The impact of scFv affinity on OTOT was examined in a mouse model in which human 

HER2 was ectopically expressed. The investigators found that high-affinity anti-HER2 CAR 

T cells cause more liver damage than low-affinity CAR T cells targeting the same antigen. 

This was attributed to the faster clearance of low-affinity CAR T cells from the liver14. 

Elsewhere, investigators testing anti-EGFR CAR T cells in mouse glioblastoma xenograft 

models showed that OTOT is strongly dependent on CAR affinity. Mice infused with 

high-affinity anti-EGFR CAR T cells had increased toxicities and reached a 53-day survival 

rate of 57% compared to 100% for those infused with low-affinity CAR T cells71. Indeed, 

anti-HER2 and anti-EGFR CAR constructs with variable scFv affinities conferred robust 

antitumour responses without OTOT both in vitro and in mouse xenograft models75.

Beyond affinity tuning of the scFv, modifications to the hinge and transmembrane 

domain (H/T)80 as well as the number of immunoreceptor tyrosine-based activation motifs 

(ITAMs)81 can alter the antigen-density threshold of a CAR (Fig. 1). For example, 4–1BB-

CD3ζ CAR T cells with a CD8-H/T have a higher antigen-density threshold compared 

to those with a CD28-H/T and form a less stable immunological synapse81. Moreover, 

reducing the number of ITAMs in the CD3ζ domain reduces the cytotoxicity of CAR T 

cells against cells with a limited antigen density, while maintaining cytotoxicity against high 

antigen-density targets81. Loss-of-function mutations in one or more of the three ITAMs in 

CD3ζ can also be used to calibrate activation and differentiation programmes82, and the 
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position of the mutated ITAMs can determine CAR T cell functionality, differentiation and 

antitumour activity82.

Logic-gated CAR T cells

Boolean logic-gating approaches, which refer to the mathematical operators ‘IF/THEN’, 

‘AND’, ‘OR’ and ‘NOT’, can be applied to control the activation of CAR T cells. Some 

of these approaches can be used to increase the specificity of cell killing and reduce the 

potential for OTOT (Fig. 4).

Uncoupling CAR T cell activation signals using AND-logic circuits—The 

different CAR T cell activation signals (Fig. 5a) can be uncoupled via so-called AND-logic 

circuits to avoid OTOT in certain scenarios. Dual AND-logic CAR T cells express two 

distinct synthetic receptors (one containing CD3ζ and the other CD28 or 4–1BB signalling 

domains), each targeting a different TAA in a split approach83,84 (Figs. 4a and 5b). This 

dual control theoretically reduces the risk of OTOT because both TAAs are required to 

be expressed on non-malignant tissues to enable complete CAR T cell activation, while 

ligation of only one receptor would result in attenuated signalling. AND-logic-gated CAR 

T cells targeting CEA and mesothelin have shown specific cytotoxicity against dual-TAA-

positive cells without recognition of single-TAA-positive cells in mice85. A separate study 

demonstrated more potent killing of dual-TAA-positive cells using this approach84. They 

also found that engagement of the CAR containing only CD3ζ could lead to leakiness84. 

In this scenario, the logic circuit was activated by only one signal, inducing single-TAA-

positive cell lysis and an increased risk of OTOT.

Rather than a second cell-surface antigen, other tumour-associated characteristics can 

be targeted via AND-logic. For example, the combined presence of the tumour antigen 

PSCA and the immunosuppressive cytokines TGFβ and IL-4, which are exclusive to the 

pancreatic carcinoma tumour microenvironment (TME), has been leveraged into an AND-

logic system86. Researchers generated anti-PSCA CAR T cells co-expressing two transgenic 

cytokine receptors capable of inverting the immunosuppressive effects of TGFβ and IL-4 

into immunostimulatory signals. This approach enhanced the potency and safety of CAR T 

cells and showed selective antitumour effects in mouse models86. Such a strategy reduces 

the probability of OTOT, but leakiness by the CD3ζ-containing CAR remains a possibility. 

Overall, the dependence of AND-logic circuits on more than one TAA increases the risk of 

antigen escape86.

Sensing of the TME facilitates IF/THEN-logic gating—IF/THEN-logic gating offers 

another strategy to restrict CAR T cell killing to the TME with a reduced risk of 

leakiness84,87 (Fig. 4b). Engineering pH-sensitive CAR T cells that optimally recognize 

TAAs in an acidic environment provides one example of IF/THEN-logic-based targeting. 

This approach capitalizes on the Warburg effect, which is prevalent in many tumours and 

refers to accelerated glycolysis and increased lactate production that results in an acidic 

intratumoural environment88. A HER2-targeting CAR with a pH-restricted binding domain 

preferentially detected HER2 in an acidic TME, leading to robust CAR T cell expansion and 

regression of high antigen-density HER2-positive tumour cells in mouse models87.
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Hypoxia sensing can also restrict CAR expression and activity to the TME (Fig. 4b). 

In a proof-of-concept study, the hypoxia-sensing subdomain of HIF1α was fused to the 

intracellular C-terminal end of a multichain anti-CD19 CAR89. Under normoxia, the 

HIF1α subdomain and the CAR are degraded. However, under hypoxic conditions in the 

TME, HIF1α degradation does not occur, enabling local CAR expression89. A similar 

approach has been applied to a pan-anti-ErbB CAR that prevented lethal toxicity in mice 

(Supplementary Table 1). The T cells selectively expressed CARs only under stringent 

hypoxia (0.1% oxygen), resulting in tumour control in an ovarian adenocarcinoma mouse 

xenograft model, without systemic toxicity66.

Another approach used a protease-sensitive linker to attach a masking peptide to the 

antigen-binding site of an anti-EGFR CAR (Fig. 4b). The antigen-binding site of the 

CAR is only liberated by protease cleavage of the masking peptide. This strategy restricts 

CAR function to the TME, which has high local concentrations of membrane-type serine 

protease 1 (MT-SP1), urokinase-type plasminogen activator (uPA) and the lysosomal 

enzyme legumain90,91,92. This protease-dependent CAR provides a level of antitumour 

activity equivalent to that observed with unmasked CARs, but in a more selective fashion90.

An important caveat of these approaches is that certain non-malignant tissues might share 

the targeted features of the TME, resulting in the activation of TME-sensing CAR T cells 

in anatomical locations distant from the tumour. For example, the renal medulla and the 

gut mucosa are hypoxic under physiological conditions93,94,95. Therefore, target antigen 

selection for T cell therapies featuring hypoxia-induced or pH-induced CAR expression 

and/or function should focus on TAAs that are not expressed in non-malignant hypoxic 

and/or acidic tissues.

SynNotch circuits facilitate multiple antigen sensing using IF/THEN-logic 
gating—IF/THEN-logic-gated CAR T cells using synthetic Notch (synNotch) circuits rely 

on multi-antigen sensing, overcoming the trade-off between affinity and selectivity (Fig. 

4d). By restricting CAR T cell effector function to the presence of multiple tumour targets, 

this approach enables the use of more aggressive, higher-affinity CARs that otherwise have 

the potential to cause OTOT. SynNotch CAR T cells are activated in two steps with CAR 

transgene expression induced only after synNotch receptor recognition of the so-called 

priming antigen (Fig. 5c). In the initial reports describing synNotch CAR T cells, expression 

of the CAR and T cell activation were dependent on the recognition of two different 

TAAs96,97,98. SynNotch CAR T cells were able to clear dual-TAA-positive tumours whilst 

cells expressing only one of the two TAAs survived97. Other groups have also investigated 

synNotch circuits and demonstrated potent in vitro antitumour activity with no signs of 

OTOT13,46.

The synNotch CAR T cell circuit has shown enhanced specificity in a preclinical model 

of ALPPL2-expressing solid tumours99. It is worth noting that superior tumour control was 

achieved in this model by preventing CAR-mediated tonic signalling99. In a synNotch CAR 

T cell that is endowed with a tandem CAR, the same group showed precise tumour targeting 

in a xenograft model of EGFRvIII-expressing glioblastoma (Supplementary Table 1) without 

evidence of OTOT100.
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CAR T cell designs that combine synNotch circuits with affinity tuning, including a low-

affinity anti-HER2 synNotch receptor and a high-affinity anti-HER2 CAR, have also been 

described72. This system allows synNotch CAR T cells to identify targets based on a 

sigmoidal antigen-density threshold, where CAR T cells are inactive at low levels of HER2 

expression but confer a substantial increase in cytotoxicity once the HER2 density surpasses 

a specific threshold72. These cooperative effects enable robust antitumour activity that is 

subject to a high antigen density, thereby reducing the risk of OTOT.

The versatility of synNotch circuits, including the option to use multiple synNotch 

receptors101, offers the possibility of designing more specific and less toxic CAR T cells. 

Nevertheless, the likelihood of host immune responses to synNotch proteins102 and the 

complexity and size of the transgenes pose challenges for clinical applications of this 

technology103. To overcome the latter, researchers re-engineered the underlying synNotch 

construct and established the ‘SyNthetic Intramembrane Proteolysis Receptors’ (SNIPRs) 

system, which is more compact and compatible with human transcription factors103. This 

approach was successfully tested in a proof-of-principle preclinical study involving an 

ALPPL2-HER2-expressing ovarian cancer xenograft model103. Contrary to AND-logic, IF/

THEN gates are not associated with the risk of leakiness owing to the standalone cytotoxic 

effects of the CD3ζ signal84,97. However, migration of primed synNotch CAR T cells out of 

the tumour and into co-localized non-malignant tissues expressing the CAR antigen remains 

a potential risk13,97.

Versatile CAR designs with AND-logic gating allow exogenous control—
Synthetic biology enables the engineering of more complex logic systems that include 

tuneable control of CAR T cell activity after infusion104,105,106,107. For example, a 

split, universal and programmable (termed SUPRA) CAR circuit can be modified to 

combine different logic-gating strategies108. The fully functional SUPRA CAR contains two 

elements: (1) the transmembrane and endodomain of a CAR connected to an extracellular 

leucine zipper, and (2) a soluble scFv attached to a leucine adaptor (adaptor–scFv). SUPRA 

CAR T cells are activated only when the adaptor–scFv binds the TAA and the adaptor 

attaches to the CAR via the zipper. To avoid OTOT, a SUPRA circuit can be further 

programmed to include an AND-logic gate (Fig. 5d). In this case, two SUPRA CARs are 

designed so that CD3ζ signalling and co-stimulation are delivered by two independent 

receptors to achieve antitumour activity108. Further, administering an adaptor–scFv that 

binds a different TAA allows in vivo switching of the CAR target. Moreover, to prevent 

CAR T cell signalling, a soluble zipper–scFv can be administered that competitively binds 

the adaptor–scFv and prevents its antigen recognition and CAR T cell activation.

Another design uses the concept of CAR T cell avidity, in which an immune response 

relies on multiple low-affinity CAR–antigen interactions109. In this so-called avidity-

controlled CAR (AvidCAR) system, activation is achieved only when two low-affinity 

CARs independently recognize the target antigen and become dimerized in the presence 

of a specific small-molecule dimerizer. This design can be modified to incorporate CARs 

with scFvs targeting different TAAs, thus turning this system into an avidity-dependent 

AND-logic circuit (Fig. 5e). Various extensions to this system have been reported, including 

an AND-logic gate exploiting VEGF as the dimerizer. Although also found in non-malignant 
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tissues, VEGF is a key mediator of tumour angiogenesis109,110 and can therefore enable 

CAR T cell activation within the TME.

The ability to engineer AND-logic gated CAR T cells using SUPRA and AvidCAR offers a 

method of reducing the risk of OTOT whilst also providing an element of exogenous control. 

The switchable nature of SUPRA CAR T cells can also reduce the risk of antigen escape by 

administration of an adaptor–scFv targeting alternative TAAs without having to re-engineer 

the CAR T cells ex vivo. This might be particularly useful for constructs using AND-logic 

circuits given that dependence on multiple TAAs increases the risk of antigen escape86. 

Moreover, establishing a system that permits exogenous control of CAR T cell activity is an 

important safety measure that enables a response to any toxicities as they arise.

NOT-logic gating can prevent CAR T cell activation—AND-logic and IF/THEN-

logic circuits regulate the activity of stimulatory CARs that, upon antigen recognition, 

trigger a cytotoxic response. By contrast, NOT-logic gating contains a stimulatory CAR 

that induces a cytotoxic response and an inhibitory CAR (iCAR) that triggers a potent 

inhibitory signal that interprets a marker expressed on non-malignant cells as a signal to 

prevent killing70 (Fig. 4c). The first example of a NOT-logic circuit was a PSMA-targeting 

iCAR tested in a mouse xenograft model in which PSMA was used as a proxy antigen 

for non-malignant tissue and CD19 as the target antigen70. The iCAR T cells successfully 

inhibited the elimination of PSMA-positive NALM6 cells that co-expressed CD19, but did 

not affect the response against PSMA-negative counterparts70. A similar proof-of-concept 

approach has been investigated elsewhere, in which OTOT was successfully averted in vitro 

using an anti-CD93 CAR/anti-CD19 iCAR construct111.

iCARs have also been used to target clonal loss of heterozygosity (LOH) to reduce 

OTOT112. LOH occurs when irreversible genetic alterations affect only one chromosome, 

resulting in non-malignant cells being predisposed to the development of cancer113. LOH 

in HLA molecules observed in various cancers acts as a mechanism of tumour immune 

evasion113,114,115 and has been leveraged by several research groups as a tumour-specific 

marker112,116,117,118 (Supplementary Table 1). Targeting HLA molecules with an inhibitory 

receptor would hamper CAR T cell signalling when encountering non-mutated cells whilst 

allowing cytotoxicity against LOH-affected cells117.

Another NOT-logic approach based on downstream inhibition of T cell function provides an 

alternative to iCARs. In this system, a synNotch receptor is designed to recognize an antigen 

found predominantly on non-malignant tissues, which then activates expression of the pro-

apoptotic factor truncated BH3-interacting domain death agonist (tBID), inducing CAR T 

cell apoptosis101. As noted by the authors, finding the balance between off-tumour apoptosis 

and on-tumour expansion will be vital for the clinical success of such an approach101.

Adaptable logic gating with intermediary proteins permits exogenous control
—A multi-antigen sensing system that can perform AND-logic and NOT-logic gating, 

termed Co-LOCKR, has also been developed (Fig. 5f). In this approach, CAR T cells 

do not directly bind to the target antigen but rather to two soluble intermediary proteins 

(named ‘cage’ and ‘key’) that facilitate CAR T cell and target-cell binding119 (Fig. 5f). 
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The TAA-bound cage contains a latch with a Bim domain that is only revealed when the 

co-localized key protein binds its respective antigen. Subsequently, an anti-Bim CAR T 

cell can recognize the Bim domain of the cage and trigger CAR T cell cytotoxicity119. 

Furthermore, administering a decoy protein that can bind a specific antigen expressed on 

non-malignant tissues prevents the CAR T cell from binding the Bim domain and averts 

CAR T cell activation. This NOT-logic circuit is expected to increase specificity and reduce 

the risk of OTOT119.

Other strategies to limit OTOT in vivo

Additional modifications to CAR T cells are being developed to avert or reduce the severity 

of OTOT following infusion. Some strategies have been tested clinically, although most have 

been limited to preclinical models.

Controlling CAR T cells after infusion

Control with clinically approved drugs—Systemic immunosuppression using 

corticosteroids is currently the go-to strategy in managing most immunotherapy-related 

toxicities. However, administering corticosteroids might negatively affect the antitumour 

effects and the persistence of CAR T cells120,121. Reversible (or temporary) control of CAR 

T cells might be achieved with the tyrosine kinase inhibitor dasatinib, which acts as an 

immediate off switch for CAR T cell signalling, without affecting cell viability122,123,124 

(Fig. 6a). Although not yet tested in the clinic, dasatinib might provide a useful method 

of controlling acute CAR T cell toxicities, particularly considering its ability to cross the 

blood–brain barrier and thus manage neurotoxicities125. However, given that CAR T cell 

viability and activity are maintained after dasatinib is discontinued123, this agent might not 

be ideal for the long-term management of OTOT.

Control via suicide switches—Suicide switches126,127,128 and other strategies129,130 

designed to eliminate and/or inactivate CAR T cells in vivo are important safety 

measures to treat potentially life-threatening adverse events. Various strategies have been 

tested126,131,132, including the use of an inducible caspase 9-based suicide construct 

(iCaspase 9). This construct can be activated through administration of the small molecule 

AP1903, inducing apoptosis in CAR T cells within minutes of exposure131 (Fig. 6b). Data 

from a clinical study published in 2021 demonstrate that iCaspase 9 can be exploited to 

safely ameliorate clinically serious neurotoxicities in patients receiving anti-CD19 CAR T 

cells133.

CAR T cells can also be engineered to express an additional cell-surface molecule that 

can then be targeted using a monoclonal antibody. This allows CAR T cell clearance 

via complement-dependent and/or antibody-dependent cell-mediated cytotoxicity129. A 

polypeptide sequence derived from CD34 and CD20 (termed RQR8) and recognized by 

rituximab, has been developed for this purpose (Fig. 6c). CAR-transduced splenocytes 

coexpressing RQR8 were not detected in peripheral blood samples 7 days after the 

administration of rituximab in a mouse splenocyte engraftment model129. Similarly, anti-

CD19 CAR T cells that co-express a truncated version of EGFR (EGFRt) can be targeted 

using cetuximab, enabling elimination of CAR T cells and reversal of B cell aplasia130,134.
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Despite the potential of this approach, several factors might affect the efficiency of antibody-

mediated CAR T cell elimination. Limited trafficking of monoclonal antibodies to the CNS 

might hinder CAR T cell elimination in this location135. Furthermore, recognition of the 

antibody target on non-malignant cells might cause additional toxicities136. Moreover, the 

selection pressures induced by monoclonal antibodies might lead to the expansion of a CAR 

T cell population that lacks sufficient antibody-targetable cell-surface marker and thereby 

evades control137. Finally, the kinetics of this form of T cell elimination might not be 

sufficiently rapid to abrogate acute damage to vital organs.

Control by regulating CAR expression and cytotoxicity—Irreversible elimination 

of CAR T cells using suicide switches prior to complete tumour eradication might limit 

clinical efficacy. An alternative could be designing reversible off/on-switches that permit 

temporal control of CAR T cell activation and preserve antitumour function138,139,140. 

Several designs have been proposed to date, many of which rely on the administration of 

small molecules109,141,142 or antibodies143, among other methods144,145,146.

In an off-switch system, control of CAR surface expression was demonstrated using the 

protease inhibitor asunaprevir138. To achieve this effect, a protease target site, a protease and 

a degron are fused to the C terminus of the CAR. In the absence of asunaprevir, the protease 

cleaves the degron from the CAR construct, resulting in the maintenance of CAR surface 

expression. Upon asunaprevir administration, the protease is inhibited and the degron cannot 

be cleaved, leading to CAR degradation138 (Fig. 6d). Similarly, a system in which the CAR 

is bound to a ligand-induced degradation domain has been developed. This approach enables 

proteasomal degradation of the CAR upon administration of the ligand, and thus confers 

tuneable control of CAR expression in vivo147.

In an on-switch approach, investigators introduced a protease cleavage site between the 

transmembrane and signalling domains of the CAR construct. Further, they integrated 

a membrane-bound NS3 protease expressed in trans to the CAR. Administration of the 

protease inhibitor grazoprevir inhibited the constitutive cleavage of CAR signalling domains, 

allowing CAR functionality in mouse models. Cessation of drug delivery reversed the 

CAR T cell-related OTOT seen with high doses of grazoprevir, demonstrating that drug 

dosage can tune CAR T cell activity to achieve tumour control while maintaining an 

acceptable safety profile16. Another approach that allows remote control of CAR T cells 

is the previously discussed AvidCAR (Fig. 5e). Suggested dimerizers in AvidCARs and 

other on-switch systems include AP20187 (ref.109), lenalidomide141, A1120 (ref.148) and 

rapamycin149. Data on a system that uses drug-induced splicing to regulate the expression of 

therapeutic proteins has also been reported and could potentially be adapted as an on-switch 

for CAR T cells150 (Fig. 6e). Whether CAR T cells incorporating drug-induced safety 

switches will be successful in patients with solid tumours might depend on drug tolerability 

and drug trafficking to the site of CAR T cell activity150.

Control of CAR expression via sound or light—Ultrasonography can be used 

to control the transcription and subsequent expression of CARs. An ultrasound-sensitive 

Piezo1 ion channel was shown to trigger a signalling cascade, leading to the transcriptional 

upregulation of anti-CD19 CAR molecules in vitro151. In August 2021, researchers 
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published a method in which expression of an anti-PSMA or anti-CD19 CAR is placed 

under the regulatory control of a heat shock protein (Fig. 7a). This method enabled in vivo 

control of CAR expression by applying focused ultrasound for approximately 5 min, which 

raised the temperature within tumours to around 43 °C. This induced a tumour-confined 

cytotoxic response while limiting off-tumour cytotoxicity152.

Light-responsive CAR T cells that resemble an on-switch system can be used to induce 

localized CAR expression. The introduction of a light-inducible nuclear translocation 

and dimerization (LINTAD) system was shown to control CAR T cell-mediated tumour 

cell killing in vitro and in mice153 (Fig. 7b). Elsewhere, a light-responsive universal 

CAR T cell has been developed that relies on the UV-sensitive small molecule CMNB 

(5-carboxymethoxy-2-nitrobenzyl) for TAA recognition. In vitro tumour cell binding and 

killing were dependent on the presence of UV light154. Spatial and temporal induction 

of CAR expression using sound-controlled or light-controlled CAR T cells might prevent 

systemic CAR T cell activation and thus reduce the potential for OTOT.

Local administration of CAR T cells

CAR T cells are traditionally administered systemically, presenting challenges both for 

adequate CAR T cell trafficking to tumour sites and minimal trafficking to non-malignant 

tissues. Where possible, regional155 or local156,157 administration could help to overcome 

these challenges. For instance, intraventricular and intrathecal administration of CAR 

T cells targeting CNS tumours has shown promising preclinical and early clinical 

results61,158,159,160,161. Intracranial delivery of anti-IL13Rα2 CAR T cells resulted in 

transient antitumour responses in two of three patients with glioblastoma. Adverse events 

were manageable, although grade 3 neurotoxicities were observed in a patient with high 

IL13Rα2-expressing tumour cells61. Similarly, anti-HER2 CARs were infused directly 

into the tumour cavity or ventricular system of paediatric patients with recurrent and/or 

refractory CNS tumours in a phase I trial41 (Fig. 7c). Preliminary data from this trial 

suggest that repeated local administration is well tolerated and leads to localized immune 

responses41. In March 2022, investigators described the successful intracerebroventricular 

administration of anti-GD2 CAR T cells in patients with diffuse intrinsic pontine glioma, a 

highly lethal paediatric CNS tumour. Three out of four patients had clinical and radiographic 

improvements with no OTOT observed despite GD2 expression on normal brain tissues68.

Local delivery of anti-FAP CAR T cells to the pleural cavity has also been performed 

in three patients with malignant pleural mesothelioma (MPM)157. This trial demonstrated 

the feasibility of local delivery in an organ-confined tumour, such as MPM157. Similarly, 

anti-mesothelin CAR T cells were administered via intrapleural infusion in 27 patients with 

malignant pleural disease. Although CAR T cells were detected in peripheral blood samples 

from 39% of patients for >100 days, no signs of OTOT were reported162.

Anti-B7-H3 CAR T cells have been studied in several tumour types with a specific focus on 

delivery routes. When delivered locoregionally, anti-B7-H3 CAR T cells resulted in more-

effective antitumour responses in mouse xenograft models of atypical teratoid/rhabdoid 

tumours161. However, data from a study using an immunocompetent mouse model suggest 

that B7-H3 CAR T cells are safe and effective regardless of the route of administration163. 
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Ongoing early phase clinical trials of anti-B7-H3 CAR T cells involving paediatric 

patients with brain tumours (NCT04185038) and other solid tumours (NCT04483778, 

NCT04897321) might provide additional insights into the implications of delivery routes 

on antitumour activity and OTOT. Although local administration of CAR T cells can limit 

cytotoxicity to the specific tissue compartment164, a possibility remains that these cells 

could enter the systemic circulation162.

Conclusion

CAR T cell therapies with additional modifications that augment their potency are 

being developed for solid tumours, and are steadily moving towards clinical testing. The 

identification of numerous TAAs has laid the groundwork for testing CAR T cells in patients 

with solid tumours, although their expression on non-malignant tissues might portend an 

increased risk of OTOT. Strategies for assessing such risks are imperfect as observed by data 

from several CAR T cell clinical trials, where OTOT is inconsistent with preclinical data. 

An important area of research is to refine animal models and/or advance in vitro systems to 

more accurately predict these toxicities.

Intensive research has focused on developing more specific CAR systems, including those 

that permit exogenous control of T cell function or survival. Tuning the affinity of scFvs and 

altering the CAR architecture can potentially mitigate the risk of OTOT. Various protein-

based logic-circuit strategies aiming to further restrict CAR T cell activation and killing to 

the tumour site have been explored in preclinical models. Other attempts to control CAR T 

cell-mediated OTOT include engineering approaches designed to exogenously control CAR 

T cell activity or that lead to timely CAR T cell elimination. Locoregional administration of 

CAR T cells to concentrate antitumour activity within the tumour milieu might avoid OTOT 

and has already been tested in early phase clinical studies. Addressing the risk of OTOT 

during the development of novel CAR T cells for solid tumours is imperative to guide the 

successful development of safe and effective therapeutic strategies in the clinic.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key points

• Chimeric antigen receptor (CAR) T cell therapies have led to on-target, 

off-tumour toxicity (OTOT) in clinical trials involving patients with solid 

tumours.

• Preclinical mouse models might provide inaccurate predictions of OTOT in 

patients, reflecting the need for better models to perform preclinical safety 

assessments.

• Logic-gating circuits and synthetic biology approaches to CAR T cell 

engineering have demonstrated specificity in mice, although many of these 

approaches remain untested in clinical studies.

• Methods of controlling CAR T cell activity and responding to unexpected 

OTOT have the potential to improve safety after infusion.

• We advocate for robust preclinical analyses of the risks of OTOT and the 

implementation of control strategies capable of regulating CAR T cell activity 

in patients.
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Figure 1. CAR architecture.
Standard second-generation chimeric antigen receptor (CAR) with a single-chain variable 

fragment (scFv) derived from a monoclonal antibody linked via a transmembrane domain 

(TM) to a co-stimulatory signalling domain (for example, from CD28 or 4–1BB) and an 

intracellular CD3ζ signalling domain. CD28 allows rapid expansion but less durability165, 

and 4–1BB promotes sustained effector function and persistence166. ITAM, immunoreceptor 

tyrosine-based activation motif; VH, heavy chain variable region; VL, light chain variable 

region.
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Figure 2. CAR T cell cytolytic mechanisms and paracrine effects.
Upon recognition of a tumour-associated antigen (TAA) by a chimeric antigen receptor 

(CAR) T cell167, an immune synapse is formed, followed by CAR T cell activation. 

Subsequently, cytotoxic granules containing perforin and granzymes are released, with 

the latter entering the target cell via perforin channels, triggering intrinsic apoptosis by 

damaging mitochondria and activating caspases28,30. Additionally, CAR T cells upregulate 

FAS ligand, which engages the FAS receptor on target cells, triggering the extrinsic pathway 

of apoptosis and caspase-mediated targeted cell death29. Further, CAR T cells release IFNγ 
and TNF that activate immune cells such as macrophages168. CAR T cells might recognize 

TAAs on non-malignant cells, leading to undesired lysis of healthy tissues. Next-generation 

CAR T cells can also be equipped with additional effector functions (such as IL-12 

secretion) that extend the immune response to include endogenous T cells169,170. OTOT, 

on-target, off-tumour toxicity.
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Figure 3. Publicly available protein expression densities of selected solid tumour TAAs on non-
malignant tissues.
Expression scores were established using immunohistochemistry and are based on staining 

intensity, the fraction of stained cells (<25%, 25–75% and >75%) and subcellular 

localization58,171. TAA, tumour-associated antigen. *B4GALNT1 is analysed as a proxy for 

GD2 expression (B4GALNT1 is involved in the biosynthesis of GD2)172. Data are correct as 

of October 2022.
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Figure 4. Principles of Boolean logic-gating to circumvent OTOT.
a, AND-logic chimeric antigen receptor (CAR) T cells are activated by binding to 

two different tumour-associated antigens (TAAs) on target cells. b, IF/THEN tumour 

microenvironment-based logic-gated CAR T cells can only be activated when certain tumour 

microenvironment-specific characteristics are present. Examples include pH-restricted 

binding of TAAs, hypoxia-dependent expression of CARs or protease-dependent liberation 

of the antigen-binding site. c, NOT-logic CAR T cells co-express a stimulatory CAR 

and an inhibitory CAR targeting distinct antigens. The inhibitory CAR suppresses T cell 

activation when the target cell expresses selected ligands associated with non-malignant 

tissues. d, In IF/THEN TAA-based logic circuits, CAR T cells become activated only 

when encountering two different TAAs on target cells. The recognition of one TAA by a 

constitutively expressed synthetic Notch receptor subsequently induces the expression of a 

CAR targeting the other TAA. scFv, single-chain variable fragment; TM, transmembrane 

domain.
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Figure 5. Examples of logic-gating strategies tested in CAR T cells.
a, Conventional second-generation chimeric antigen receptor (CAR) T cells combine the 

two signals required for optimal CAR T cell function within a single construct. b, Dual 

AND-logic CAR T cells accomplish signalling and co-stimulation via two independent 

receptors that bind distinct tumour-associated antigens (TAAs)84. c, Synthetic Notch 

(synNotch) CAR T cells constitutively express a synNotch receptor. Antigen binding by 

this receptor leads to exposure of protein cleavage sites in the Notch regulatory region 

and transmembrane domains, allowing sequential cleavage via the enzymes ADAM and 

γ-secretase. This releases a tethered, intracellular transcription factor, which promotes 

CAR expression. The expressed CAR can recognize its own cognate antigen and trigger 

a cytotoxic response97. d, Split, universal and programmable (SUPRA) CAR T cells express 

a leucine zipper as an extracellular binding domain. The leucine zipper can bind a leucine 

adaptor molecule carrying a single-chain variable fragment (scFv). This soluble adaptor–

scFv endows the CAR T cells with antigen recognition capabilities toward a specific target. 

As the adaptor–scFv conjugate is administered independently to the CAR T cells, infusing 

a different scFv allows in vivo switching of the CAR target. A soluble zipper–scFv can 

competitively bind the adaptor–scFv, preventing CAR T cell signalling. This system can 

also be designed using the AND-logic split architecture as in b108. e, AND-logic avidity-

controlled CAR T cells contain low-affinity scFvs that rely on avidity for TAA encounter. 

CAR T cell activation is dependent on antigen recognition and dimerization of two low-

affinity CARs in the presence of a soluble dimerizer109. f, The Co-LOCKR system uses 
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cage and key intermediary proteins to recognize and bind to target cells. The cage and key 

molecules carry a TAA binding domain, whereas only the cage carries a latch that contains 

a hidden Bim domain (binding site). Once the cage and key bind their cognate antigens, the 

latch is released, exposing the Bim domain and allowing recognition by CAR T cells119. 

Co-stimulation is either via CD28 or 4–1BB. TF, transcription factor; TM, transmembrane 

domain; VH, heavy chain variable region; VL, light chain variable region.
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Figure 6. Control switches in CAR T cells.
a, Reversible inhibition of the tyrosine kinase LCK with dasatinib prevents phosphorylation 

of immunoreceptor tyrosine-based activation motifs (ITAMs) within CD3ζ, interrupting 

a necessary signal for chimeric antigen receptor (CAR) T cell effector functions122,123. 

b, Administration and binding of AP1903 to FKBP12-F36V leads to dimerization 

and activation of an inducible caspase 9-based suicide construct (iCaspase 9), which 

triggers apoptosis of the CAR T cell131. c, The CAR transgene can be engineered 

to also encode the selection marker RQR8, which can be targeted with rituximab to 

trigger complement-dependent cytotoxicity (CDC) and/or antibody-dependent cell-mediated 

cytotoxicity (ADCC) and thus depletion of the CAR T cells129. d, A protease target site, a 

protease and a degron are fused to the intracellular C terminus of the CAR. The protease can 

cleave itself and the degron from the CAR, preventing CAR degradation and maintaining 

its expression on the cell surface. However, inhibition of the protease with asunaprevir 

prevents cleavage, leading to retention of the degron and thus degradation of the entire 

CAR construct138. e, The inclusion or exclusion of exons during mRNA splicing can be 

altered using so-called splicing modifier drugs. By inserting the start codon (ATG) of the 

CAR into a site that is responsive to a splicing modifier, CAR translation and expression 

can be controlled. In the presence of this drug, the start codon of the CAR remains part 
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of the mRNA. This allows translation of the mRNA and permits assembly and expression 

of the CAR. In the absence of the drug, the start codon is removed and CAR translation 

is not initiated150. LTR, long terminal repeat; scFv, single-chain variable fragment; TM, 

transmembrane domain; VH, heavy chain variable region; VL, light chain variable region.
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Figure 7. Regional restriction of CAR T cell activity.
a, The chimeric antigen receptor (CAR) transgene can be placed under regulatory control of 

a heat shock protein (HSP), such that focused ultrasound can be used to generate a localized, 

transient increase in temperature. This activates the HSP and thus reversibly upregulates 

CAR transcription and expression152. b, Blue light-induced CAR transcription can be 

achieved using the 3-component light-inducible nuclear translocation and dimerization 

(LINTAD) system. In addition to the CAR transgene, the T cells express a LexA-CIB1-

biLINuS (LCB) construct. The biLINuS-responsive element is activated upon localized 

application of blue light, resulting in exposure of a nuclear localization sequence (NLS) 

and translocation of the LCB construct into the nucleus. LexA (as part of LCB) can bind 

to a LexA binding sequence (BS) engineered in the CAR transgene. The CIB1 component 

of LCB can then recruit a co-expressed CRY2–VPR fusion construct that can target the 

minimal promoter and trigger the expression of the CAR153. c, Locoregional intraventricular 

administration of CAR T cells as an alternative to systemic intravenous infusion41. CNS, 

central nervous system.
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