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Abstract

As clinical advances with chimeric antigen receptor (CAR) T cells are increasingly described and 

the potential for extending their therapeutic benefit grows, optimizing the implementation of this 

therapeutic modality is imperative. The recognition and management of cytokine-release 

syndrome (CRS) marked a milestone in this field; however, beyond the understanding gained in 

treating CRS, a host of additional toxicities and/or potential late effects of CAR T cell therapy 

warrant further investigation. A multicentre initiative involving experts in paediatric cell therapy, 

supportive care and/or study of late effects from cancer and haematopoietic stem-cell 

transplantation was convened to facilitate the comprehensive study of extended CAR T cell-

mediated toxicities and establish a framework for new systematic investigations of CAR T cell-

related adverse events. Together, this group identified six key focus areas: extended monitoring of 

neurotoxicity and neurocognitive function, psychosocial considerations, infection and immune 

reconstitution, other end-organ toxicities, evaluation of subsequent neoplasms, and strategies to 

optimize remission durability. Herein, we present the current understanding, gaps in knowledge 

and future directions of research addressing these CAR T cell-related outcomes. This systematic 

framework to study extended toxicities and optimization strategies will facilitate the translation of 

acquired experience and knowledge for optimal application of CAR T cell therapies.

TOC blurb

A host of additional toxicities and/or potential late effects of chimeric antigen receptor (CAR) T 

cell therapy beyond cytokine-release syndrome (CRS) warrant further investigation. Herein, 

experts in paediatric cell therapy, supportive care and/or study of late effects from cancer and 

haematopoietic stem-cell transplantation present six key focus research areas related to CAR T 

cell-related outcomes beyond CRS.
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Introduction

The clinical application of chimeric antigen receptor (CAR) T cell therapy has been one of 

the most important advances in paediatric cancer therapy. CD19-targeted CAR T cells were 

infused for the first time in children with B cell acute lymphoblastic leukaemia (B-ALL) in 

20121,2. In 2017, the CD19-targeted CAR T cell product tisagenlecleucel was approved by 

the FDA for children and young adults (aged <25 years) with relapsed and/or refractory 

(R/R) B-ALL3. Comparable successes have been achieved in adults with R/R B cell 

lymphomas, for whom multiple CD19-targeted CAR T cell products are currently approved 

(tisagenlecleucel,4 axicabtagene ciloleucel,5 and bexucabtagene autoleucel6). Now, the field 

continues to evolve; aspects under evaluation include new antigens as potential CAR T cell 

targets in a growing range of malignancies, combinatorial targeting strategies and 

optimization strategies in every capacity.

These successes, however, would not have been feasible without overcoming the potentially 

life-threatening adverse events (AEs) seen in the acute phase (that is, within the first month) 

after CAR T cell infusion. Managing cytokine-release syndrome (CRS), the most notable 

acute toxicity of CAR T –cell therapy, was the first major complication that needed to be 

solved for a safe and effective delivery of such treatment7,8. Standardized grading algorithms 

for CRS have now been developed and are used across CAR T cell trials9. First-line 

therapies to mitigate CRS are well-established10, and second-line agents and/or treatment of 

refractory CRS are under active clinical investigation11,12. Current studies are focused on 

further limiting toxicities, optimizing the timing of cytokine-targeted interventions13 and 

developing constructs14 or methodologies15 that enable fine-tuning of CAR T cell expansion 

and associated inflammatory responses16.

Beyond efficacy and CRS, a host of considerations must be addressed as this field moves 

forward. These aspects are of particular relevance to children and young adults, who can 

experience long-term benefits but also potentially long-term adverse effects, including 

defects in neurocognitive development and chronic health conditions, that can have life-long 

implications. With a primary goal of comprehensively identifying and studying non-CRS 

toxicities and/or late effects of CAR T cells, we established a collaborative network to focus 

on key domains associated with CAR T cell therapy and subsequent toxicities that warrant 

further investigation. This initiative led to the establishment of the multicentre CAR T cell 

Beyond the Storm consortium, involving experts in paediatric cell therapy (including 

children and young adults), supportive care, and/or study of late effects from cancer and 

haematopoietic stem cell transplantion, to primarily focus on six key domains: extended 

monitoring of neurotoxicity and neurocognitive function, psychosocial considerations, 

infection and immune reconstitution, other end-organ toxicities, evaluation of subsequent 

neoplasms, and strategies to optimize remission durability (FIG. 1). In this Review, we 

provide a comprehensive overview and practice recommendations based on expert opinion 

from experience acquired with anti-CD19 and anti-CD22 CAR T cells in children and young 

adults. With the ultimate goal of developing evidenced-based guidelines in the future, we 

identify limitations in our knowledge and address future directions that will be particularly 

important as CAR T cells are used in new indications and to target novel antigens (TABLE 

1).
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Neurotoxicity and neurocognition

Immune effector cell-associated neurotoxicity (ICANS) is a common AE associated with 

CAR T cell therapy9,17,18, with a frequency of 25–44% in published trials of anti-CD19 or 

anti-CD22 CAR T cells in children with haematological malignancies2,3,19–21. ICANS is 

typically preceded by CRS and usually presents within the first 7–10 days after CAR T cell 

infusion as a syndrome involving confusion, language disturbance and/or depressed 

consciousness. More severe presentations, such as seizures or coma, have been described in 

10–20% of patients, and an estimated 1% of patients receiving some CAR T cell constructs 

have died from rapidly progressive cerebral oedema5,17,22–24. A high tumour burden, severe 

CRS, neurological comorbidities, high CAR T cell doses and high peak levels of CAR T cell 

expansion have all been implicated as risk factors for severe ICANS22,25,26, whereas no 

correlation has been found between the presence of active or previously-treated central 

nervous system (CNS) disease in patients with haematological malignancies and increased 

ICANS severity26,27.

No consensus or high-quality evidence exists to guide the treatment of ICANS, especially in 

children with B-ALL28. First-line therapy is typically focused on supportive care and/or 

short-term use of corticosteroids, with other agents (for example, anakinra) under study11. 

Overt ICANS symptoms, such as confusion and language disturbances, typically resolve by 

28 days after CAR T cell infusion. Chronic neurological sequelae (such as epilepsy), tend to 

be rare in paediatric patients29, although subtle neurocognitive dysfunction might not be 

recognized without prospective monitoring. No prospective studies have addressed whether 

acute neurotoxicity affects long-term neurocognitive outcomes. To address the key question 

of whether CAR T cell therapy can have long-term neurocognitive sequelae, we advocate for 

the importance of longitudinal neurocognitive evaluations, neuroimaging, and the 

development of biomarkers for neurotoxicity risk and quantification of neurological injury 

using the tools outlined below.

Neurocognitive effects of CAR T cells

Acute neurocognitive effects observed during ICANS include confusion and difficulties with 

memory, attention and/or language2,3,18,19,26,29,30. To systematically monitor for acute 

neurotoxicity in early phase trials of CAR T cells, investigators at the National Cancer 

Institute (NCI) developed a caregiver-reported neurological symptom checklist that was 

administered at baseline (n = 22) and at days 14 (n = 21) and 28 (n = 19) after–CAR T cell 

infusion. Patients also underwent neurocognitive testing that assessed attention, cognitive 

flexibility, working memory and processing speed before and after infusion. This evaluation 

was deemed feasible in acute treatment settings, captured relevant neurological changes in 

patients and showed overall stable cognitive functioning in children and young adults with 

and without neurotoxicity30.

Currently, no longitudinal studies of the long-term neurocognitive outcomes of children 

treated with CAR T cells using validated performance tests or measures of patient-reported 

outcomes (PROs) have been published. In adults, one cross-sectional study used the Patient-

Reported Outcomes Measurement Information System (PROMIS) forms to assess 

psychosocial functioning and a newly developed four-item questionnaire to evaluate 
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neurocognitive function at one time point between 1–5 years (median 3 years) after CAR T 

cell infusion31. Among 40 patients, 15 (38%) reported one or more difficulties in the 

cognitive functions assessed (concentration, word finding, memory and problem solving)31.

To address the lack of long-term neurocognitive research in children treated with CAR T cell 

therapy, we convened a multidisciplinary group of psychologists, neuropsychologists, 

neurologists and oncologists to develop a systematic neuropsychological testing paradigm. 

The proposed core cognitive domains to assess across trials of CAR T cell therapies include 

attention, processing speed, working memory, cognitive flexibility and verbal fluency. These 

domains constitute cognitive processes that are typically vulnerable to impairment in 

survivors of childhood ALL treated with cranial radiation and/or chemotherapy32,33 and also 

might be affected by CAR T cell-related neurotoxicity18. Furthermore, impairments in these 

core cognitive processes might lead to secondary deficits in intellectual, academic and social 

functioning34. Key considerations when planning neurocognitive assessments for CAR T 

cell trials are: 1) baseline testing prior to infusion to assess the core cognitive domains, 

which must be concise given the acutely ill status of the patients, time constraints and the 

multiple demands on their family; 2) assessments of the sequelae of ICANS should be 

simple, brief and easy to administer at the bedside; and 3) follow-up testing for late effects 

should evaluate a wider range of domains deemed at risk of secondary impairments (such as 

intellectual, academic, socioemotional and adaptive functioning), consist of tests with 

multiple versions available to minimize the impact of repeated testing (that is, practice 

effects), and include a remote testing option available to reduce hospital-based assessments 

and promote compliance (Supplementary Table 1).

Additional complexities in characterizing the neurological sequelae of CAR T cell therapy 

arise from prior exposure to other potentially neurotoxic therapies, including radiation, 

intrathecal chemotherapy and haematopoietic stem cell transplantation (HSCT). Indeed, 

neurocognitive AEs of these therapies can be delayed, sometimes years after completion of 

treatment32,33. Thus, collecting a detailed medical history in addition to developmental and 

demographic information in order to examine the effect of a range of factors on 

neurocognitive outcomes is crucial. Assessing patients systematically over time will help in 

understanding the effects of these treatments on neurocognitive functioning and provide 

opportunities for interventions to mitigate long-term toxicity.

Imaging in ICANS

The role of neuroimaging in the long-term monitoring of ICANS outcomes remains unclear. 

Although brain MRI is performed during acute neurotoxicity in 40–80% of paediatric and 

adult patients22,25,26,29, no prospective studies have been published that determine the utility 

of baseline neuroimaging, imaging during acute AEs or follow-up brain MRI. 

Recommendations are based on expert opinion35 and specific guidelines for prospective 

neuroimaging are lacking.

Abnormal brain MRI findings are observed in 20–40% of patients during acute ICANS22,25. 

These specific findings include T2-weighted fluid-attenuated inversion recovery (T2 FLAIR) 

hyperintensities in the bilateral thalami and pons, and white matter changes, often involving 

the extreme and external capsule, as well as less-specific findings of vasogenic oedema, 
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leptomeningeal enhancement or restricted diffusion in the splenium of the corpus callosum. 

When follow-up MRI is available, changes typically resolve by day 28 after CAR T cell 

infusion22,29. Interpretation of acute imaging findings is often hampered by the lack of 

baseline imaging, which frequently reveals abnormalities in children who have received 

numerous courses of chemotherapy32. Moreover, whether any correlation exists between 

acute neuroimaging findings and ultimate clinical outcomes remains unknown. Current 

approaches for baseline neuroimaging in children receiving CAR T cell therapy are variable, 

ranging from screening all patients to limiting imaging to a subset of patients with pre-

existing neurological risk factors, such as a history of neurotoxicity, seizures and/or CNS 

disease. Baseline MRI might become more feasible with the availability of rapid MRI 

protocols, which even young children (<8 years) might tolerate without sedation. Whether 

imaging findings can be used to predict clinical outcome and guide management, and for 

how long, subtle chronic neuroimaging findings persist, remains to be determined.

Biomarkers of ICANS

No validated serum biomarkers are currently available to assess the risk, severity and long-

term outcomes of ICANS. In clinical trials involving children and adults, elevated serum 

levels of cytokines such as IL-6, IL-10, IL-15 and IFNγ have been consistently associated 

with ICANS17,18. In many patients, however, concurrent CRS confounds the interpretation 

of biomarker assessments, and findings are discrepant across studies. For instance, changes 

in angiopoietin–TIE2 signalling that are indicative of endothelial injury were shown to be 

associated with neurotoxicity in adults but not in children22,29. Gofshteyn et al.26 identified 

IL-2, soluble IL-4R, HGF and IL-15 as markers for which high serum concentration were 

exclusively associated with neurotoxicity and not CRS, which differs from other reports16,36. 

Acute rises of the levels of two markers of glial injury (S100-B and glial fibrillary acidic 

protein) in cerebrospinal fluid (CSF) have been reported in a paediatric cohort receiving 

CD19-targeted CAR T cells, but the persistence of such abnormalities, or whether they 

correlate with neurocognitive outcomes, remain to be determined29. Several studies have 

proposed predictive models based on clinical parameters and cytokines16,22,25,26, but these 

predictive models were developed in small cohorts and require validation in prospective 

studies with larger cohorts. Additional biomarkers of acute and chronic neurological injury, 

such as neurofilaments, might also prove useful for predicting and measuring 

neurotoxicity37.

Practice recommendations

1. Obtain a thorough medial history, including prior treatment-related neurotoxicity 

or neurological comorbidities; perform baseline neuroimaging in high-risk 

patients or in those with history of neurotoxicity; and consider baseline imaging 

in patients without known neurological risk factors.

2. Establish standardized neurocognitive assessments before and after infusion that 

include core cognitive domains to facilitate comparison of acute and late effects 

across trials.
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Future directions

Determining the clinical features and biomarkers that enable the identification of patients at 

highest risk of developing ICANS, the late effects of ICANS on neurocognitive functioning 

and whether treatment of ICANS mitigates the potential long-term toxicities are crucial 

needs. These data will guide future interventions for improved clinical care of patients 

experiencing neurotoxicity and will help to prevent long-term toxicity. Although the current 

evidence is insufficient for making universal clinical management recommendations for 

ICANS, we propose the following research agenda to move toward evidence-based clinical 

practice: 1) conduct prospective multicentre neurocognitive studies that assess a core set of 

domains using similar neuropsychological tests and PROs or caregiver-reported outcome 

measures (Supplementary Table 1); 2) implement prospective studies to determine the utility 

of baseline and follow-up neuroimaging in paediatric patients receiving CAR T cell therapy; 

3) investigate biomarker development on correlative samples (including CSF and serum); 

and 4) conduct future research examining correlation between neurocognitive performance, 

neuroimaging and biomarkers to explore the aetiology of CAR T cell-related late effects.

Psychosocial considerations

Patients with B-ALL deemed eligible for CAR T cell treatment are a unique population: they 

typically have treatment-resistant disease, a highly uncertain prognosis, a high incidence of 

acute toxicities and often receive treatment far from their home institution38. Many of these 

patients and their families have been prepared for the likelihood of death from their 

disease39, and CAR T cell therapy is presented as their only hope for a durable remission. 

This complex situation demands an interdisciplinary40, thoughtful approach to patient-

centred care. A comprehensive care team model optimizes health outcomes, minimizes 

distress and improves quality of life38.

Psychosocial assessment and PROs

Assessing how patients feel and function is a crucial aspect of understanding the effect of 

anticancer treatment and ensuring appropriately tailored care41. This attention to the ‘whole 

person’ is particularly important for patients receiving CAR T cells, whose previous medical 

experience has already been complex and whose disease course after treatment can be 

complicated by serious acute toxicities as well as by the longer-term issues discussed herein. 

Information about the symptoms, physical functioning and AEs should be obtained directly 

from patients receiving CAR T cells using PROs42,43, because understanding a child’s 

experience during therapy enables appropriate anticipatory guidance, and improves patient-

centred decision-making, supportive care and psychosocial support. Systematic data 

collection from paediatric patients and their families is essential, both in routine care and 

clinical trials.41,44–47

In trials of CAR T cells in adults, studies of PROs have demonstrated sustained 

improvements in health-related quality-of-life (HRQOL) in responders48 and suggest 

superior HRQOL outcomes over those of patients undergoing HSCT49. Similarly, an 

international CAR T cell trial in paediatric patients showed that longitudinal collection of 
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PROs in children is feasible and most patients have clinically meaningful HRQOL 

improvements over time50.

As described in adults51,52, the identification and harmonization of patient-reported domains 

and instruments is necessary for a standard approach to treating children with CAR T cells. 

These instruments must also be utilized in patients receiving other therapies for R/R 

leukaemia, including HSCT, to enable meaningful comparisons between treatment 

modalities that might reveal benefits of one treatment over another. Measures should include 

baseline social determinants of health, upfront and longitudinal assessments of psychosocial 

needs, and early and ongoing symptom assessments. Physical function, disease-related and 

treatment-related symptoms, emotional, social and cognitive function (Supplementary Table 

1), as well as financial toxicity and global HRQOL, are important domains to capture. 

Mixed methods and longitudinal qualitative research approaches will ensure that the 

domains captured are the most meaningful for patients and their families. Specific to 

paediatrics, proxy reporters are necessary to capture experiences of patients too young (<8 

years) or too ill to self-report53.

Practice recommendations

1. Establish comprehensive care models that begin with the decision to proceed 

with CAR T cell therapy, in order that expectations are understood, psychosocial 

risk factors are identified and educational needs are addressed.

2. Involve the referring team throughout the CAR T cell therapy process to provide 

comfort and essential continuity for the patient and their family and to enable 

evaluation of different care models following CAR T cells, including pursuit of 

HSCT in remission.

Future directions

Cooperative engagement of patients, their families and interdisciplinary clinicians51 should 

be leveraged to implement robust patient-centred outcomes research in order to design 

evidence-based models of care for CAR T cell therapy. A longitudinal focus on the patient’s 

psychiatric and psychosocial needs, as well as their long-term symptoms, will enable 

delivery of continued high-quality, tailored care and improve the outcomes of this vulnerable 

population. As novel CAR T cells are developed, evaluating the outcomes, including 

psychosocial and subjective symptom experiences, associated with emerging approaches to 

targeting novel antigen targets in B cells will be imperative, given the unknown elements of 

toxicity and response.

Infections and immune reconstitution

Incidence and type of infection

CAR T cell recipients are immunocompromised and at a high risk of infection owing to their 

underlying malignancy, prior cytotoxic treatments, potentially prior HSCT and 

lymphodepletion before CAR T cell infusion. Studies in patients with R/R B cell 

malignancies after infusion demonstrated that infections can occur both early (<30 days after 

infusion) and late (>30 days after infusion), although the majority (22–42%) occurred within 
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the first month3,54–56. In this early period, the most common infections were bacterial (16–

30%, including infections with multi-drug resistant organisms), usually bacteremias, 

followed by viral (8–19%) and fungal (1–8%) infections (FIG. 2). After 1 month, this 

pattern changed, with viral respiratory infections being the most frequent (11–28%), 

followed by bacterial (6–16%) and fungal infections (1–3%).

Risk factors associated with infection

Several factors have been associated with the risk of infection after CAR T cell treatment, 

including the diagnosis of ALL, ≥4 prior lines of antitumour therapy, high CAR T cell doses 

(such as 2 × 107 CAR T cells/kg), and higher grade (grade 3–4) CRS55,56. During CAR T 

cell therapy, antimicrobial prophylaxis varies; in one survey involving 30 institutions, the 

frequencies of administration of prophylaxis for infection with Pneumocystis jirovecii, 
viruses, bacteria and fungi were 100%, 100%, 90% and 87%, respectively, with varying 

practices on discontinuation after infusion57. Severe cytopenias are also a complication 

arising from CAR T cell therapy58 and can contribute to the increased risk of infection54,59.

BCA and immune reconstitution

‘On-target, off-tumour’ activity of CAR T cells targeting B cell markers (such as CD19), in 

addition to baseline immune dysfunction and the effects of lymphodepleting chemotherapy, 

can result in depletion of non-transformed CD19+ B cells. As a result, many CAR T cell 

recipients with ongoing remissions have prolonged B cell aplasia (BCA) persisting for 

months to years58–60. Nevertheless, polyclonal CD19+ B cells recover in up to 50% of 

paediatric and adult patients in remission 6–12 months after CAR T cell infusion, although 

recovery might indicate a greater risk of CD19+ disease relapse23,55,61,62. Importantly, 

restoration of immunoglobulin production upon B cell recovery has not been well described. 

Persistence of CAR T cells with anti-CD19 and 4–1BB co-stimulatory domains (CD19/4–

1BB) can result in profound hypogammaglobulinaemia or agammaglobulinaemia2, generally 

indicating a need for immunoglobulin replacement therapy. In adults, pathogen-specific 

antibodies can remain present in the blood owing to the persistence of CD19− plasma 

cells63,64, although the plasma cell mass is smaller in children, and serum IgM and IgA have 

been found progressively decline or become undetectable in children after receipt of 

tisagenlecleucel65. No data supporting the safety of withholding IgG replacement in 

paediatric patients are available and thus, replacement remains standard practice despite 

associated costs and logistical challenges. Immunoglobulin replacement strategies differ 

depending on institutional preferences and the duration of BCA, but often involve treatment 

with monthly intravenous infusions targeting trough serum levels of IgG >400–500 mg/dl or, 

on the basis of a single-centre study, with subcutaneous IgG preparations to keep serum IgG 

levels >1,000 mg/dl66.

Considering T cell recovery, one study reported that absolute CD4+ T cell counts remained 

low (median of 155 cells/μl, range 33–269 cells/μl) 1 year after treatment with axicabtagene 

ciloleucel for R/R large B cell lymphomas58. Given the lack of B cells to mount a response, 

the efficacy of vaccination as an infection prevention strategy in patients lacking 

seroprotective antibody titres is unknown, but this approach is under active clinical 

investigation67.
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Practice recommendations

1. Patients receiving CAR T cell therapy should receive prophylaxis against 

bacterial and fungal infections until neutropenia resolves.

2. Prophylaxis against Pneumocystis jirovecii-caused pneumonia should be 

instituted and continued for at least 3 months, and potentially longer in patients 

with delayed CD4+ T cell count recovery.

3. Viral prophylaxis for the prevention of Varicella zoster virus reactivation should 

be administered; further studies are required to determine duration of use.

Future directions

Aspects that remain to be elucidated include the infection profiles with CAR T cell 

constructs beyond CD19-targeted strategies68, the risks associated with CAR T cell 

treatment and lymphodepletion, and the optimal antimicrobial prophylaxis approaches in the 

period after cell infusion. Herein, we provide an overview of best practices for infection 

prevention, as benchmarks to guide future studies (TABLE 2). Standardization through a 

risk-stratification-based algorithm remains a goal. Dedicated studies are needed to determine 

the risk–benefit profile of prophylactic IgG and vaccination strategies in recipients of CAR 

T cells. Lastly, improved knowledge of inherent infectious disease complications will also 

facilitate management of emerging infections in CAR T cell recipients.

Other end-organ toxicities

HLH-like toxicities

Haemophagocytic lymphohistiocytosis (HLH) or macrophage activation syndrome-like 

toxicities, including hyperferritinaemia, cytopenias, hypofibrinogenaemia, hepatic 

dysfunction and other end-organ involvement, have been described as distinct toxicities 

occurring in a subset of patients who receive CAR T cells69,70. The overlap between CAR T 

cell-associated HLH (carHLH) and severe CRS associated with currently approved or 

investigational CD19-targeted CAR T cell products is substantial, with similar cytokine 

profiles and clinical manifestations16,70, but might vary with alternative CD19-targeted CAR 

T cell constructs or CD22-targeted CAR T cells. Additionally, carHLH can occur beyond the 

onset and resolution of CRS12,71. Treatment paradigms also vary in accordance with the 

timing of carHLH onset; carHLH might be resolved with standard management of CRS28,70 

or can necessitate alternative approaches, particularly when clinical manifestations are 

delayed and more suggestive of secondary HLH such that common CRS-directed therapies 

(such as tocilizumab) are not indicated12,70,71. Given the variability in onset and 

manifestations71 and lack of well-defined diagnostic criteria69, and with symptoms ranging 

from asymptomatic to life-threatening, a better understanding of the pathophysiology of 

carHLH is needed to more optimally identify, treat and potentially prevent this toxicity.

Bone marrow aplasia

Initial studies of CD19-targeted CAR T cells have demonstrated that more than 40–50% of 

patients will have persistent grade 3–4 thrombocytopenia and/or neutropenia beyond day 28 

after cell infusion, and at least 15% of patients will continue to have severe cytopenias 
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beyond 3 months after infusion3,61. Furthermore, the pattern of cytopenias occurring after 

CAR T cell infusion can vary and can present in bimodal fashion, with both early and 

delayed (that is, after CRS) cytopenias72,73.

Previous leukaemic bone marrow infiltration, infection, cumulative effects of prior 

chemotherapy and/or radiotherapy and, occasionally, previous HSCT, probably contribute to 

bone marrow dysfunction and subsequent persistent cytopenias in patients treated with CAR 

T cells.60,73,74 Standard lymphodepleting regimens, which do not generally cause prolonged 

cytopenias, might exert additional myelosuppression in patients with pre-existing bone-

marrow dysfunction.60,73,74 Moreover, cytokine profiling in such patients revealed 

elevations of the serum levels of IFNγ, IL-6 and IL-8 in patterns similar to those seen in 

acquired bone marrow failure states (such as acquired aplastic anaemia and hypocellular 

myelodysplastic syndrome)16,75. In particular, high levels of IFNγ might suppress 

haematopoiesis via multiple mechanisms, including a role in carHLH, as well as by inducing 

stem-cell exhaustion through stress haematopoiesis and inducing damage to bone-marrow 

stem-cell niches76. Finally, immune dysregulatory conditions, such as antibody-mediated 

autoimmune cytopenias and thrombotic microangiopathy, can occur after CAR T cell 

infusion leading to cytopenias extrinsic to bone-marrow dysfunction. Further preclinical and 

clinical studies defining relative contributions of these factors in precipitating cytopenias 

will be crucial in developing cause-specific targeted therapies to prevent complications from 

cytopenias after CAR T cell infusion.

Characterizing patterns of cytopenias and related complications during CAR T cell therapy, 

and defining the use and efficacy of both pharmacological agents and allogeneic stem cell 

boosts in preventing cytopenia complications are future goals. The state of haematopoiesis 

after CAR T cell treatment has many similarities with other bone marrow failure states, 

although limited published data is available on the use of growth factor support after CAR T 

cell treatment. Anecdotal experiences indicate that GM-CSF might exacerbate HLH77, and 

theoretical concerns that thrombopoietin mimetics might promote clonal hematopoiesis 

remain78. Nonetheless, both agents have anecdotally been used in patients after resolution of 

CRS and/or day 28 and warrant further study, particularly with emerging preclinical data 

suggesting a potential role in managing cytopenias79. G-CSF is used routinely in many 

adults receiving CAR T cells in order to mitigate cytopenia73. Cytokine-mediated cytopenias 

could potentially be mitigated with cytokine-targeted therapies, but given the 

immunosuppressive nature of these agents, whether these treatments could compromise 

long-term CAR T cell efficacy and/or further contribute to the risk of infection and 

immunosuppression is unknown. In patients who have previously received allogeneic HSCT, 

the bone marrow reserve can be particularly poor; limited experience suggests a role for 

CD34-selected allogeneic stem cell boosts80,81 in restoring blood counts for prolonged CAR 

T cell-associated cytopenias, although systematic studies are needed to define indications for 

and the optimal timing of this intervention.

Other end-organ toxicities

Cardiac toxicities—Cardiovascular dysfunction is an important, yet incompletely defined, 

component of CRS and can manifest as tachycardia, haemodynamic instability and 
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depressed cardiac ejection fraction.82 Risk factors include a high disease burden, pre-

existing cardiac dysfunction, high-grade CRS (grade ≥3), and delays in the administration of 

tocilizumab for CRS83–86. In a single-centre study83, 7% (n = 7) of paediatric patients had 

new cardiac dysfunction at discharge, which was reversible in six of them within 6 months. 

Guidelines have been developed in 2019 for the evaluation of cardiac risk factors and their 

management in adults84. However, long-term outcomes data are scarce, and consensus on a 

systematic approach to continued clinical surveillance and testing in children is needed.

Pulmonary toxicities—Patients with pulmonary manifestations of their malignancy (such 

as malignant pleural effusions or pleural-based disease) are potentially at risk of developing 

severe respiratory toxicity associated with CAR T cell-related inflammation87, in addition to 

complications associated with CRS. Critical care medicine has had an essential role in the 

optimal management of patients during the acute phases of CRS, especially regarding fluid 

resuscitation in those with capillary leak syndrome; however, limited data on long-term 

pulmonary complications or sequelae and their management are available88.

Ophthalmological toxicities—Insufficient information is available on the effects of CRS 

and CAR T cells on ophthalmological function89. Ophthalmologic manifestations of acute 

leukaemia and/of complications from leukaemia treatment can involve all parts of the eye90, 

and can be affected during CAR T cell therapy. Progression of leukaemic ocular lesions 

during treatment can threaten vision, and distinguishing between CAR T cell-associated 

inflammation (or ‘pseudoprogression’) and primary disease progression can be difficult. A 

case report has highlighted the potential for and treatment of retinal detachment as a 

consequence of CAR T cell therapy in a patient with established ocular leukaemic 

involvement91. Transient ocular manifestations, such as conjunctivitis, photophobia and 

blurred vision as a prodrome to CRS, have also been reported in studies of CD22-targeted 

CAR T cells12. Only 28 CAR T cell therapy-associated ocular AEs amongst 1,421 patients 

(1.9%), the majority comprising vision impairments, have been reported to the FDA, but 

these AEs might be underreported92. Collaborative efforts to compile specific data on 

ophthalmological AEs will be a necessary component of future efforts to more 

comprehensively profile these CAR T cell-related toxicities.

Renal toxicities—CAR T cell-derived nephrotoxicity can vary in presentation and can be 

either an indirect consequence of CRS on kidney function or a direct effect of renal-targeted 

off-tumour toxicity in patients with renal involvement by leukaemia. Manifestations can 

include electrolyte disturbances related to CRS or tumour cell lysis, pre-renal acute kidney 

injury or acute tubular injury resulting from CAR T cell-related hypotension, inflammatory 

cytokine-mediated injury or endothelial activation and/or injury affecting renal function, all 

of which can range from mild to severe93,94. CAR T cell-related atypical haemolytic uremic 

syndrome occurred in 3 of 58 participants in a study of CD22-targeted CAR T cells12. 

Limited data are available on the direct effects of CAR T cells in patients with malignant 

extramedullary lymphomatous involvement of the kidneys; however, knowledge of such 

effects could also inform future CAR T cell therapies for primary renal cancers. Long-term 

nephrotoxicities are seen infrequently95, but are potentially understudied and underreported.
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Practice recommendations

1. Close monitoring for end-organ toxicities related to CRS and/or toxicities 

extending beyond the period of CRS is needed to inform the potential for longer-

term toxicities and/or late effects that might require additional intervention or 

optimization strategies (TABLE 3).

Future directions

In order to optimize further therapy, an enhanced understanding of extended toxicities and 

the effects of CRS on other end-organs is needed to elucidate the underlying 

pathophysiology and clinical sequelae. A study in adults with diffuse large B cell 

lymphomas receiving CAR T cells (n = 60) published in 2020 described a high burden of 

end-organ toxicities and their effect on outcomes96. Retrospective multicentre studies 

compiling the collective data from single-institutional trials are needed in order to determine 

the toxicity profiles of CAR T cell therapies, and several efforts are underway including 

those undertaken by this group.

Subsequent neoplasm

The risk of second malignancies is of particular concern in patients with R/R disease, for 

whom cumulative therapies can increase the risk of mutagenesis. Experience thus far 

suggests that no second malignancies have been caused by CAR T cell therapy, but the issue 

remains of regulatory concern given the theoretical risks of insertional mutagenesis when 

using lentiviral and retroviral vectors for CAR T cell production97. Of note, no malignancies 

associated with replication-competent retroviruses or lentiviruses have been reported to 

date98,99. In addition to the US FDA guidance regarding monitoring for secondary 

malignancies100 in this high-risk population, a systematic approach is needed for the 

evaluation of subsequent neoplasms following treatment with CAR T cells, with 

categorization according to one of two primary presentations: 1) immunophenotypic 

evolution of the underlying primary disease, and 2) distinct subsequent neoplasm.

Lineage switching from B-ALL to a myeloid malignancy is a mechanism of immune escape 

following CAR T cell therapy. Lineage switching as a mechanism for post-CAR T cell 

relapse is now well appreciated, in particular in patients with KMT2A rearrangement, who 

can initially present with either acute myeloid leukaemia (AML) or ALL, and in whom 

treatment directed at one immunophenotype can lead to relapse with the alternative 

leukaemic subtype101. Several case reports have described lineage switching after treatment 

with CD19-targeted CAR T cells or blinatumomab (a CD3/CD19-bispecific T cell engager) 

in patients with B cell malignancies with and without KMT2A rearrangement102–107.

Beyond lineage switching, development of myelodysplastic syndrome (MDS) or AML as a 

de novo treatment-related malignancy or subsequent neoplasm is a well-established risk 

associated with chemotherapy and/or radiotherapy108,109. The occurrence of subsequent 

neoplasms following novel immunotherapies, however, is less well-described. Determining 

whether prolonged cytopenias after CAR T cell treatment are a result of MDS from prior 

therapy or of ongoing CAR T cell activity can be difficult59,110. Insufficient information is 
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available on the risks of developing solid tumours or carcinomas after treatment with CAR T 

cells, which can be further complicated by the inherent risks of HSCT. A case report has 

described a young adult who developed cholangiocarcinoma following CAR T cell therapy 

and subsequent HSCT111. Given the potentially long latency of development of secondary 

malignancies, long-term monitoring will be necessary.

Practice recommendations

1. In addition to following the FDA guidance for monitoring of all patients 

receiving CAR T cells for the occurrence of secondary malignancies, a thorough 

evaluation to distinguish lineage switching of the pre-existing malignancy from 

development of a secondary (new) neoplasm should be undertaken in the event 

that a second malignancy is detected.

Future directions

Given the lack of knowledge on long-term risks of subsequent malignancies following CAR 

T cell therapy, close prospective monitoring for subsequent neoplasms will be important. 

Owing to the risks associated with the evolution of the primary malignancy, the acquisition 

of new cytogenetic abnormalities or the increased life-expectancy after anticancer 

treatment112,113, a systematic framework for the evaluation of subsequent neoplasms will be 

needed. Given the importance of long-term surveillance, engaging with large cooperative 

groups (for example, the European Society for Blood and Marrow Transplantation, or the 

Center for International Blood and Marrow Transplant Research) to share CAR T cell-

related data can facilitate such efforts. Indeed, the NCI-funded Cellular Immunotherapy Data 

Resource was developed specifically to serve the biomedical community by capturing data 

on recipients of CAR T cells and other cellular immunotherapies, as well as to meet the 

FDA post-marketing requirement of a 15-year follow-up to assess long-term effects of these 

therapies. Coordinating efforts within these types of infrastructures will facilitate the 

development of a robust outcomes database available for future research.

Optimizing remission durability

CD19-targeted CAR T cells have elicited high response rates in children with R/R B-ALL, 

some of whom seem to be cured with various CD19-targeted approaches alone. 

Nevertheless, disease relapses occur in 40–50% of patients20,114,115, leaving room for 

improvement of long-term disease free survival outcomes (FIG. 3).

Monitoring for loss of BCA

BCA is a pharmacodynamic marker of ongoing CAR T cell activity; thus, loss of BCA 

might enable to predict relapse with CD19+ ALL associated with early loss of functional 

CAR T cells20. Monthly monitoring for loss of BCA is useful in predicting a patient’s risk 

of CD19+ disease relapse, although the definition for loss of BCA remains variable. The 

Children’s Hospital of Philadelphia team developed a definition of an increase of 3% or 50 

CD19+ cells per ml of peripheral blood, or of 1% CD19+ haematogones in bone marrow. 

The appearance of CD19+ haematogones in the marrow can precede B cell recovery by 

several months and, thus, follow-up assessment at 3 months might be warranted. The Seattle 
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Children’s group defines BCA as a 1% increase in CD19+ cells in bone marrow or 

peripheral blood between two consecutive time points. While loss of BCA prior to 6 months 

after infusion might increase the risk of CD19+ disease relapse, no clear time thresholds 

have been defined, and late CD19+ relapses after prolonged BCA have been described116. 

Furthermore, while ongoing functional persistence of CAR T cells can protect against 

CD19+ disease relapse, the risk of CD19– relapse remains.

Antigen-negative disease relapse

Efforts to prevent CD19− disease relapse117–120 have included the use CAR T cells dually 

targeting CD19 and CD22121–123. While these products have been well-tolerated and induce 

similar rates of remission as single-antigen targeting approaches, longer follow-up is needed 

to determine whether this strategy effectively prevents antigen escape. Additional targets on 

B cells (such as CD123, BAFF-R and TSLPR) are being explored for the treatment of B-

ALL, with potential roles both in single-agent and/or combinatorial strategies124–126. A 

comprehensive discussion regarding antigen-negative relapse is outside the scope of this 

manuscript.

Role for consolidative HSCT

Given the unpredictable risk of disease relapse following treatment with CD19-targeted 

CAR T cells, the role of consolidative HSCT remains undefined. In two trials of CD19/4–

1BB CAR T cells in adults, consolidative HSCT was identified as a factor conferring a 

leukaemia-free survival or event-free survival (EFS) benefit127,128, although this effect was 

not shown in a trial of CD19-targeted CAR T cells with a CD28 co-stimulatory domain 

involving adult patients129. Two studies showed superior outcomes in children and young 

adults who underwent consolidative HSCT following therapy with CD19-targeted CAR T 

cells, particularly among those who had not undergone a prior HSCT130 and in those with 

very early loss of BCA (<2 months after CAR T cell infusion)116. A randomized controlled 

study would be the optimal method to determine whether consolidative HSCT is superior for 

long-term cure relative to CAR T cells alone, although the ability to identify those patients at 

high-risk of relapse who could potentially benefit from HSCT remains a valid goal.

Next-generation sequencing (NGS) assessment of minimal residual disease (MRD) can help 

to distinguish those patients who are likely to maintain a durable remission without further 

therapy. In a trial involving adult patients, those with NGS-assessed MRD negativity 3 

weeks after CAR T cell infusion had a longer median EFS duration than those with MRD 

positivity (8.4 months versus 3.6 months; P = 0.036)131. Among children and young adults 

involved in the ELIANA trial, those with NGS-assessed MRD negativity 1 month after cell 

infusion had superior progression-free survival than those with MRD positivity (80% versus 

30%), the majority of whom had not undergone consolidative HSCT131. An updated analysis 

of this cohort revealed that NGS-assessed MRD negativity at 3 months was predictive of 

long-term durable remission (M.A.P., unpublished work). Therefore, early assessment of 

MRD status with NGS specifically might enable the prediction of which patients do not 

require consolidative HSCT; however, the optimal timing of this assessment requires 

validation.
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Of note, the described investigations and optimization strategies are specific for CD19-

targeted CAR T cells. Different considerations might apply to alternative CAR T cell 

constructs associated with higher relapse rates12 or to the treatment of diseases other than B 

cell malignancies.

Novel strategies to enhance persistence

Preferential use of CD19/4–1BB CARs might extend the persistence of functional CAR T 

cells. A Low antigen burdens might be associated with shorter durations of CAR T cell 

persistence, as was shown by one study demonstrating better long-term persistence if there 

was a higher presence of CD19+ cells at baseline20, although additional studies are needed. 

CAR cells. In an ongoing pilot clinical trial132, patient-derived CD19+ T cell-antigen 

presenting cells (T-APCs) are being used to provide periodic CD19 antigen stimulation to 

CD19-targeting CAR T cells in vivo with the aim of improving their persistence. 

Preliminary results have demonstrated secondary expansions of CAR T cells in patients 

following CD19+ T-APC infusion without recrudescence of CRS133.

Immunogenicity against murine-derived scFv domains can also limit the persistence of CAR 

T cells134. Accordingly, humanized and fully-human anti-CD19 scFv-containing CARs have 

been developed to reduce the risk of immunological rejection. A phase I trial of a humanized 

CD19-targeted CAR T cell product135 in 30 children and young adults revealed MRD-

negative complete response rates of 45% and 100% in individuals who had received prior 

CD19-targeted CAR T cells and those who had not, respectively136. Several ongoing clinical 

trials are investigating fully-human CD19-targeted CAR products, which might further 

mitigate rejection responses, although whether these products will prolong durable responses 

remains to be determined.

Finally, upon B cell recovery following CD19-targeted CAR T cell infusion, immune-

checkpoint inhibition (ICI) with pembrolizumab (following either initial cell infusion or 

reinfusion) re-established functional persistence of CAR T cells in 3 of 6 patients who had 

early B cell recovery137. CRs occurred in 2 of 4 patients who started pembrolizumab for 

bulky extramedullary disease unresponsive to CAR T cell monotherapy137. Further studies 

are needed to determine which patients are more likely to respond to ICI administered to 

enhance the efficacy of CAR T cells, and when to initiate ICI after CAR T cells.

Extramedullary disease

Published trials of CAR T cells in paediatric patients with R/R B-ALL have largely excluded 

patients with isolated extramedullary disease relapse2,12,19,20,138. However, several trials 

have included patients with CNS disease and demonstrated CRs with trafficking of CAR T 

cells into the CSF19,20. Reports of CAR T cell therapy in patients with non-CNS 

extramedullary disease (for example, in bone or kidney) are infrequent, although antitumour 

responses with anti-CD19 or anti-CD22 CAR T cells have been demonstrated in the context 

of B-ALL12,87,134. Indeed, one of the first paediatric patients treated with CD19-directed 

CAR T cells experienced resolution of kidney disease and remains in a long-term remission 

(>8 years)1. Despite the small numbers of patients with non-CNS extramedullary disease 

treated to date, the available evidence indicates that the kinetics of disease resolution can be 
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delayed and complete radiographic resolution of such disease can take several weeks to 

months87.

One strategy to fully optimize the efficacy, delivery and potency of CAR T cells in patients 

with extramedullary disease could involve immune modulation with ICI139. Several groups 

have demonstrated the safety and efficacy combining PD-1 inhibition with CD19-targeted 

CAR T cells in children with extramedullary B-ALL140 and in adults with B-cell 

lymphoma141,142. An additional strategy in this setting involves the use of radiotherapy, 

either for local disease control as a bridge to CAR T cell therapy or to synergize with and 

enhance CAR T cell-induced cytotoxicity143–147. Future prospective studies will be needed 

to identify optimal combinatorial strategies to improve CAR T cell efficacy and durability in 

patients with extramedullary disease.

Practice recommendations

1. For eligible patients, HSCT should be encouraged if CAR T cell persistence does 

not last 6 months (as evidenced by loss of BCA).

2. Experimental options exist for patients in remission with loss of CAR T cell 

persistence before 6 months who are not eligible for HSCT, who have already 

undergone HSCT previously or who decline HSCT. These approaches include re-

infusion with another aliquot of the original treatment product or a fully human 

or humanized CD19-targeted CAR T cell product, and/or re-infusion followed by 

treatment with an immune-checkpoint inhibitor (such as pembrolizumab). 

Limited published data are available on these options, which are best pursued in 

the context of a clinical trial.

Future directions

Extending remission durability, preventing relapse and optimizing response are areas of 

active investigation. Defining BCA, identifying the role and timing of combinatorial ICI 

therapy, improving outcomes after second CAR T cell infusions and gaining a better 

understanding of which patients are most likely to benefit from HSCT will be essential to 

extending the therapeutic benefits of B cell-targeted CAR T cells.

Conclusions

In response to a need for systematic evaluation of late effects and/or subacute toxicities of 

CAR T cells, we have sought to address gaps and limitations in the current understanding of 

challenges in CAR T cell therapy that extend beyond CRS. As more patients receive CD19 

CAR T cell products with the goal of long-term durable remission, a systematic approach to 

evaluating CAR T cell-related toxicities will be essential for monitoring of long-term 

outcomes. Furthermore, lessons learned from the initial studies B cell antigen-targeted CAR 

T cells will be useful when testing similar products with novel targets.

Herein, we provide a contextual framework for evaluating toxicities of novel CAR T cell 

constructs, as well as an overview of strategies currently used to optimize responses and 

assess other long-term outcomes of CAR T cell therapy, which is of particular relevance in 
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children and young adults who might subsequently become cancer survivors. Future 

multicentre prospective studies focused on toxicity mitigation and optimization strategies 

will provide much needed insight that facilitate the formulation of hypothesis-generating 

questions imperative to further address the biology and pathophysiology underscoring the 

multitude of extended toxicities and impact on late effects of CAR T cell therapies.

Supplementary Material

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

• A host of extended toxicities and/or potential late effects of CAR T cell 

therapy and cytokine release syndrome (CRS) in children warrant further 

investigation with a systematic approach and with prospective studies.

• Herein, we provide a contextual framework for evaluating toxicities of novel 

CAR T cell constructs, as well as an overview of strategies currently used to 

optimize responses and assess other long-term outcomes of CAR T cell 

therapy.

• Longitudinal neurocognitive evaluations, established time points for and 

interpretation of neuroimaging, and development of biomarkers for 

assessment of neurotoxicity risk and quantification of neurological injury 

across CAR T cell trials will be needed to further optimize neurological 

outcomes.

• Comprehensive care models that include the patient, family, referring and 

primary teams should be embedded into all CAR T cell therapy programmes 

to provide comfort, address expectations, and understand psychosocial risk 

factors and educational needs.

• CAR T cell recipients are at high risk for infection owing to a host of factors 

and developing optimal guidelines for infection prevention during both acute 

CRS and longitudinally is necessary to optimize outcomes. Monitoring 

immune reconstitution after treatment will help to identify future risks of 

infection and how vaccination strategies might be effective in this population.

• Extending the durability of remission following CAR T cell treatment 

remains a primary goal, for which the study of late effects remains imperative. 

The results of ongoing studies of a host of strategies will inform the role for 

remission consolidation and risk stratification to identify patients at highest 

risk of relapse.
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Fig. 1 |. Comprehensive overview of CAR T cell-related toxicities and subacute effects.
Pictorial depiction of six key areas of research focused on toxicities and subacute effects and 

monitoring for patients after CAR T cell therapy beyond cytokine-release syndrome (CRS).
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Fig. 2 |. Risk and timing of infection post CAR T-cell therapy
Overview of the phases and timeline of common opportunistic infections in the acute and 

subacute period post CAR T cell therapy. Adapted with permission from Hill J.A. et al. 

2020.
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Fig. 3 |. Strategies to prevent relapse after CAR T cell therapy in children.
Proposed algorithm for monitoring of relapse after CAR T cell infusion and optimization 

strategies for subsequent treatment based on the phenotype of relapsed and/or refractory B 

cell acute lymphoblastic paediatric leukaemia.
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Table 1 |

Comprehensive overview of CAR T-cell related toxicities and subacute effects

Domain Current knowledge Limitations and gaps in 
knowledge

Active areas of research and 
future directions

Neurotoxicity 
and 
neurocognitive 
function

ICANS is common (25– 44% of treated 
patients) and independent from but related to 
CRS. The serum levels of several cytokines 
are elevated in ICANS. Predictive models 
based on symptoms and cytokine levels have 
been described but they are not prospectively 
validated.
Prospective short-term neurocognitive studies 
after CAR T cell infusion in children are 
feasible. Neuroimaging abnormalities during 
acute ICANS (<28 days or during CRS) are 
variable; specific findings include symmetric 
white matter and thalamic T2 FLAIR 
hyperintensities on MRI.

No consensus recommendations 
exist regarding ICANS treatment 
or imaging guidelines.
Whether ICANS or its treatment 
affects long-term neurocognitive 
outcomes is unknown. 
Heterogeneous patient populations 
in terms of treatment exposure 
make evaluation of late 
neurocognitive outcomes 
challenging. Centres delivering 
CAR T cells tend to be far from 
patients’ home institutions, 
creating a barrier in long-term 
neurocognitive evaluation.

Long-term neurocognitive 
outcomes after CAR T cell 
therapy.
Prospective validation of the 
clinical utility of neuroimaging.
Biomarker development for acute 
and chronic neurological injury. 
Examination of correlation 
between acute ICANS and its 
treatment, imaging findings, 
biomarkers and long-term 
neurocognitive outcomes to guide 
evidence-based interventions.

Psychosocial 
considerations

PROs are crucial in understanding the 
physical, emotional and psychological effect 
of CAR T cell treatment on patients.
Adults who have a response to CAR T cell 
treatment have sustained improvement in 
HRQOL measures.
Collection of PROs from CAR T cell-treated 
children is feasible and has revealed clinically 
meaningful QOL improvement over time.

Centres delivering CAR T cells 
tend to be far from patients’ home 
institutions, creating a barrier to 
longitudinal data collection.
A standard approach using 
prespecified and validated 
instruments to measure PROs 
across relevant domains in 
paediatric patients is lacking.

Development and implementation 
of robust patient-centred 
outcomes research to design 
evidence-based models for CAR 
T cell therapy.
Development of consensus 
measures to capture specific 
domains at baseline and over time 
that could be performed onsite or 
remotely.

Infections and 
immune 
reconstitution

Acute infection after infusion occurs in 22– 
42% of patients; bacterial infections are most 
common during the first month.
Risk factors associated with infection include 
an B-ALL diagnosis, ≥4 prior lines of therapy, 
higher CAR T cell doses (>2 × 107 CAR 
Tcells/kg) and higher grade CRS (grades 3–4). 
Most centres in the USA implement 
antimicrobial prophylaxis, although the type 
and duration are centre-specific. Prolonged 
BCA can persist for months or years, and 
IVIG treatment might result in fewer 
infections.

Utility and duration of 
prophylactic IVIG therapy is not 
well defined.
Vaccine strategies might be more 
cost-effective and durable, but 
immunogenicity and safety in the 
context of CAR T cell therapy 
remain unknown. Antimicrobial 
prophylaxis practice has not been 
optimized.

Developmentment of algorithms 
for antimicrobial prophylaxis 
based on patient riskstratification.
Prospective studies to evaluate 
risk–benefit profile of 
prophylactic IVIG and response 
to vaccines after infusion.

Other end-
organ toxicities

CARHLH, bone marrow, cardiovascular, 
pulmonary, ocular and renal toxicities can all 
occur after CAR T cell infusion, with varying 
clinical presentations. CarHLH is increasingly 
becoming recognized as distinct from CRS 
and is a hyperinflammatory entity.
Cytopenias, including grade 3–4 
thrombocytopenia or neutropenia, occur in 
>40% of patients treated and can persist in 
some patients (~15%) beyond 3 months after 
infusion. Prolonged severe cytopenias have 
multiple causes.

Identifying carHLH has been 
challenging owing to variability in 
symptom manifestations based on 
the construct and target antigen, 
leading to difficulty in diagnosis 
and treatment recommendations. 
Whether acute toxicities seen in 
the cardiovascular, pulmonary, 
ocular and renal systems result in 
sub-acute or late dysfunction is 
unknown.

Identification of biomarkers 
and/or predictive models to 
determine the risk of developing 
carHLH, to enable early 
mitigation and/or prevention. 
Collaborative and comprehensive 
data collection regarding end-
organ toxicities to profile novel 
adverse events and provide a 
systematic approach to 
monitoring patients for long-term 
toxicity

Subsequent 
neoplasms

No events of
leukaemogenesis related to replication-
competent retrovirus or lentivirus have been 
reported in patients treated with CAR T cells.
Immunophenotypic evolution of underlying 
primary malignancy (lineage switching) after 
CAR T cell infusion has been reported in 
patients with B cell malignancies. Secondary 
neoplasms following immunotherapy are a 
cause of concern but not well-described.

Elucidating the risk of neoplasms 
subsequent to CAR T cell therapy 
alone is difficult.

Establish protocols for close 
monitoring for second 
malignancies in all patients who 
receive CAR T cell therapy, with 
particular emphasis on long-term 
monitoring.

Disease 
optimization

BCA and loss thereof can help to predict risk 
of CD19+ disease relapse. Several CAR T cell 
persistence optimization strategies are 

Variability in the definition of loss 
of BCA exists.
Which patients might need 

Establish a consensus on 
definitions involving BCA.
Identify risk factors in patients 
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Domain Current knowledge Limitations and gaps in 
knowledge

Active areas of research and 
future directions

currently being investigated, with promising 
early results. Antigen escape remains a 
substantial concern; trials of dual-targeted 
CAR T cells are underway and additional 
targets are being explored.
Consolidative HSCT has shown benefit.
CAR T cell treatment of patients with 
extramedullary disease can lead to objective 
responses, although the time to best response 
might be prolonged.

consolidative HSCT immediately 
post CAR T cell-induced 
remission remains unknown.
Limited data are available on how 
effectively CAR T cells traffic to 
sites of extramedullary disease, the 
durability of response or the 
influence of extramedullary 
disease on CAR T cell expansion, 
persistence and toxicities.

for whom transplantation might 
be beneficial.
Systematically identify the 
incidence of extramedullary 
disease in ALL, and optimize 
disease targeted strategies with 
CAR T cells to promote delivery 
and persistence of cells at 
extramedullary sites while 
limiting toxicities within these 
organ systems.

ALL, acute lymphoblastic leukaemia; BCA, B cell aplasia; CAR, chimeric antigen receptor; carHLH, CAR T-related haemophagocytic 
lymphohistiocytosis; CRS, cytokine-release syndrome; CNS, central nervous system; HRQOL, health-related quality of life; HSCT, haematopoietic 
stem cell transplant; ICANS, immune effector cell-associated neurotoxicity syndrome; IVIG, intravenous immunoglobulin; PROs, patient-reported 
outcomes; T2 FLAIR, T2-weighted fluid-attenuated inversion recovery.
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Table 2 |

Strategies to prevent infections after CD19-targeted CAR T cell therapy

Types of immune 
dysfunction Causes Infectious 

complications Mitigation strategies Active research topics

Neutropenia

Underlying disease 
Lymphodepleting 
chemotherapy 
Prolonged cytopenia 
after CAR T cell 
treatment

Bacterial infections 
Fungal infections

Prophylaxis for 
bacterial and fungal 
infections until 
neutropenia resolves 
Consideration for 
filgrastim

Define best practice for 
prophylaxis in this patient 
population Aetiology of 
prolonged cytopenia Correlation 
between CRS and infections

Lymphopenia

Prior chemotherapy 
Underlying disease 
Lymphodepleting 
chemotherapy

Viral reactivation 
(for example, of 
VZV) Viral and 
fungal infection (for 
example, resulting in 
PJP)

Viral prophylaxis 
Prophylaxis against 
PJP

Determination of duration of 
prophylaxis Correlation between 
BCA and CD4+ T cell counts

Hypogammaglobulinaemia

BCA Sinopulmonary 
infections

Immunoglobulin 
replacement with IVIG 
or subcutaneous 
immunoglobulin

Define extent of humoral 
immunity preservation in patients 
with ongoing BCA Define 
optimal immunoglobulin 
replacement strategy, including 
duration of administration 
Determine efficacy and utility of 
vaccination in the setting of 
ongoing BCA

BCA, B cell aplasia; CRS, cytokine release syndrome; IVIG: intravenous immunoglobulin; PJP, Pneumocystis jirovecii-caused pneumonia; VZV, 
Varicella zoster virus
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Table 3 |

Recommendations for monitoring of non-neurological end-organ toxicities after CAR T cell therapy

Organ 
system Toxicity Proposed surveillance studies

Bone 
marrow

Haemophagocytic 
lymphohistiocytosis Cytopenias, 
including grade 3–4 neutropenia and 
thrombocytopenia

Baseline CBC/D and bone marrow prior to lymphodepletion
Frequent laboratory assessments including
CBC/D, hepatic panel, inflammatory markers (such as C-reactive protein and 
ferritin), bone marrow aspirate or biopsy to evaluate cellularity and assess for 
haemophagocytosis, dysplasia or relapse

Cardiac Sinus tachycardia Hypotension Shock 
requiring inotropic support Depressed 
systolic ejection fraction Cardiac 
arrhythmias Cardiac failure or arrest

Baseline electrocardiogram, transthoracic echocardiogram, biomarkers
a
 Cardiology 

consult
b
 Consider cardiac monitoring, repeat transthoracic echocardiogram and 

biomarker assessments
a
 in patients with ≥grade 2 CRS Follow-up 

electrocardiogram, transthoracic echocardiogram, and biomarkers
a
 1 month after 

infusion, with serial evaluations in patients who developed cardiac dysfunction or in 
those with persistent symptoms

Pulmonary Hypoxia Cough Pulmonary oedema 
Acute respiratory failure

Baseline pulse oximetry and consideration of pulmonary imaging prior to 
lymphodepletion in patients with neutropenia or history of fungal disease During 
CRS, consider continuous pulse oximetry and/or pulmonary imaging in patients with 
respiratory symptoms Routine follow-up assessments, with repeat imaging in 
clinically indicated situation only

Ocular Conjunctivitis Photophobia Vision 
changes and/or impairment 
Papilloedema Retinal detachment

Baseline clinical eye exam Ophthalmology consult as clinically indicated In patients 
with a known history of ocular involvement from malignancy perform consultation 
prior to CAR T cell infusion

Renal Acute kidney injury Electrolyte 
disturbances Atypical haemolytic 
uremic syndrome Renal failure

Baseline urinalysis and laboratory assessments including electrolyte panel, creatinine 
and albumin Daily laboratory assessments during CRS, including electrolyte panel, 
creatinine, albumin and urinalysis Nephrology consultation as clinically indicated

CBC/D, complete blood count with differential; CRS, cytokine-release syndrome.

a
Troponin, and B-type natriuretic peptide or N-terminal pro B-type natriuretic neptide.

b
Consider cardiology consult if patient has a history of heart failure, cardiomyopathy and/or arrhythmias, and/or has received prior mediastinal 

radiotherapy.
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