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Toxicities Post CART Cell Therapy

ØPathophysiology of CART Associated Toxicities
ØCytokine Release Syndrome (CRS)
ØImmune Effector Cell-Associated Neurotoxicity Syndrome (ICANS) 
ØOther neurological complications

ØManagement of CRS and ICANS
ØStandard of Care
ØCytokine Directed Therapies 
ØSmall Molecules to Modulate CART Cells 
ØCART Engineering Strategies



B-ALL DLBCL MCL FL MM

ELIANA ZUMA-3 FELIX JULIET ZUMA-1 TRANSCEND ZUMA-2 ZUMA-5 KarMMa CARTITUDE

CART construct Tis-cel Brexu –cel Obe-cel Tisa-cel Axi-cel Liso-cel Brexu-cel Axi-cel Ide-cel Cilta-cel

CRS, % 77 93 75 58 93 42 91 82 76 95

Grade ≥ 3 CRS, 
% 46 29 3 22 13 2 15 7 6 5

NT, % 40 78 23 21 64 30 63 77 18 17

Grade ≥ 3 NT, % 13 38 7 12 28 10 31 11 3 2

CRS and ICANS



CRS Neurologic AEs

Axicabtagene ciloleucel 2 (1-12) 4 (1-43) 

Brexucabtagene autoleucel 3 (1-13) 6 (1-32)

Tisagenlecleucel 3 (1-51) 6 (1-359)

Lisocabtagene maraleucel 4 (3-15) 6 (5-15)

Idecabtagene vicleucel 1 (1-27) 2 (1-148)

Ciltacabtagene autoleucel 7 (1-12) 8 (7-10)

CRS and ICANS
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Ø High fevers, myalgia, nausea, hypotension, hypoxia, 
etc.

Ø Very high levels of IL6; IFN-g, modest TNF-a; Mild 
increases in IL-2

Ø Severe CRS associated with higher levels of 
CART19 cells

Ø IL-6 is produced by myeloid cells

Ø IL-6 and dexamethasone are the main treatment 
options for CRS

Grupp S…. June C, NEJM 2013

CRS: Pathophysiology



Lee D….. Mackall, Lancet 2015

Teachey D… Grupp S,  Cancer Discov 2015

Hay K…. Turtle C, Blood 2017

CRS: Pathophysiology – Myeloid Cytokines



Giavirdis…. Sadelain M, Nat Med 2018

CRS: Pathophysiology – Macrophages are Required



Morris et al, Nat Rev Immunol 2021

Immune Effector Cell-Associated Neurotoxicity Syndrome

Ø Alterations in level of 
consciousness

Ø Confusion
Ø Behavioral changes
Ø Speech abnormalities 
Ø Language abnormalities.
Ø Seizures
Ø Risk of diffuse cerebral edema

ASTCT Grading



Santomasso B….Brentjens R, Cancer Discov 2018

Gust J…. Turtle C, Cancer Discov. 2017

ICANS: BBB Disruption and Endothelial Activation



Neelapu S…. Go W, NEJM 2017Gust J…. Turtle C, Cancer Discov. 2017

ICANS: Myeloid Cells and Cytokines

Diorio C…. Teachy D, Clin Cancer Res 2022

IL-18 in pediatric ALL



Sterner R…. Kenderian S, Blood 2019
Cox M…. Kenderian S, Leukemia 2021

ICANS: BBB Disruption and Endothelial Activation
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CART19 in humanized ALL PDX model:
Ø Brain inflammation 
Ø BBB disruption 
Ø Microglial activation 



Vinnakota J…. Zeiser R, Nat Cancer 2024

ICANS: BBB Disruption and Endothelial Activation

CART19 in mouse models:
Ø Microglial activation 
Ø TGFβ mediated 
Ø Activated MAPK pathways
Ø Ameliorated by Tak1 deletion

Patients with ICANS
Ø Microglial activation 
Ø Shift from resting state 



CD19 Expression on Human Brain/Pericytes

Parker K….. Satpathy A, Cell 2020

Ø CD19 expression on murine and human 
brain 

Ø May explain toxicity following CART19 cell 
therapy

Ø Does not explain neurotoxicity after non 
CD19 CART cell therapy 

ICANS: Target Expression on the Brain



CAR construct

ØCD28 costimulated CART (axi-cel and brexu-cel)

ØHigh affinity scFv (Obe-cel < other CART19)

ØHigher CART cell dose 

Disease

ØDisease (ALL>MCL>DLBCL)

ØHigh disease burden

Host

ØEarly onset CRS (ICANS)

ØPre-existing neurological diseases (ICANS) 

Ø Increased lymphodepletion 

ØHighly inflammatory state 

CRS and ICANS: Risk Factors



Karschnia P…. Dietrick J. Blood 2019

Neurotoxicity: Implication on Overall Survival?



Neurotoxicity: Pathophysiology



• Unresponsive bradykinesia, postural instability, hypomimia, 
hypophonia, micrographia, and impaired short-term memory.

• Weeks to months after BCMA directed T cell therapy
• CARTITUDE-1: 6%
• KarMMA-2: 2 cases
• Off tumor targeting of BCMA expression 

Van Oekelen….. Parekh S, Nat Med 2022

CART Associated Parkinsonism



ØProposed as a separate mechanism 
ØMostly after CART19
ØAbout 20% following CNS lymphoma treated with CART19
ØCorrelated with higher response rates to CART19 therapy (90% 

vs 50%)

Tumor Inflammation Associated Neurotoxicity (TIAN)



Refractory CRS/ICANS
Ø Cytokine blockade 

Ø IL-1
Ø IFN-γ
Ø GM-CSF
Ø TNF
Ø IL-5

Ø Small molecules to modulate T cell response
Ø Ibrutinib/BTK inhibitors
Ø Dasatinib 
Ø JAK/STAT inhibitors 

Standard of Care
Ø Tocilizumab
Ø Dexamethasone 

CRS and ICANS: Management

Ø CAR Engineering Strategies



• ZUMA-1 cohort 4 (N=41) : 
• Steroid intervention starting at Grade 1 NE/CRS when no improvement after 3 days of 

supportive care   
• Grade ≥ 3 CRS (2%) and NE (17%) (vs. 11% and 32% of pts, respectively, in ZUMA-1)
• Tocilizumab use 76%

• ZUMA-1 cohort 6 (N=40): 
• Prophylactic steroid intervention on days 0-3
• Grade 2 CRS (45%), Gr 3 CRS (0%) and ≥Gr3 NE (13%)
• Tocilizumab use 58% 

Topp M…. Kersten M. BJH 2021 

CRS and ICANS: Earlier Interventions



Locke F…. Miklos D, TCT 2024

CRS and ICANS: Earlier Interventions



Norelli M…. Bondanza A, Nat Medicine 2018

Summary: 
- CD44v6 CART cells in humanized model 
- Neurotoxicity developed late during CART

IL-1: Prevents Neuroinflammation in a Humanized Mouse Model



Park J….. Sadelain M , Nat Med 2023

IL-1: Phase II Trial of Anakinra Combination with CART Cells



Park J….. Sadelain M , Nat Med 2023

IL-1: Phase II Trial of Anakinra Combination with CART Cells



Frigault M…. Maus M, Blood Adv 2025

IL-1: Phase II Trial of Anakinra Combination with CART Cells



Frigault M…. Maus M, Blood Adv 2025

IL-1: Phase II Trial of Anakinra Combination with CART Cells



Yun K…. Kenderian, Mol Ther Oncol 2025

IL-1: IL-1 Pathway Blockade May Impair CART Cell Activity
CART19 in xenograft mouse models
Ø Continuous IL-1 blockade impairs IL-

1β mediated CART19 antigen specific 
proliferation 

Ø Continuous IL-1 blockade impairs 
CART19 antitumor activity 

Ø Continuous IL-1 blockade reduced 
overall survival 



Yun K…. Kenderian, Mol Ther Oncol 2025

IL-1: IL-1 Pathway Blockade May Impair CART Cell Activity

MCL patients treated with brexu-cel on 
the ZUMA-2 
Ø Higher IL-1ra in baseline monocytes 

from non responders 
Ø Decreased IL-1 signaling in baseline 

CART19 cell in non responders 



Single-cell RNA sequencing of immune cells identified IFN-γ as 
a potential mechanism for escape

Frigault M…. Maus M, Blood Adv 2025

IL-1: Phase II Trial of Anakinra Combination with CART Cells



Bailey S….. Maus M, Blood Cancer Discov 2023

IFN-γ: Blockade Does Not Impair CART Cell Activity



Bailey S….. Maus M, Blood Cancer Discov 2023

IFN-γ: Blockade Reduces Macrophage Activation

NCT06285825



Untreated xenografts
CART19 + control ab
CART19 + GM-CSF ab

GM-CSF: Neutralization in vivo Prevents CRS After CART19 
Therapy

Sterner R…. Kenderian S, Blood 2019
Cox M…. Kenderian S, Leukemia 2021



GM-CSF: Neutralization in vivo Prevents CRS After CART19 
Therapy

Sterner R…. Kenderian S, Blood 2019
Cox M…. Kenderian S, Leukemia 2021



CART Toxicity –
Disruption of BBB

CART Toxicity Model – Xenografts 

GM-CSF: Neutralization Prevents Blood Brain Barrier 
Disruption After CART19 Therapy 



Lenzilumab + anti-murine GM-CSF ab
10mg/kg daily x 10 days

Control antibodies
10mg/kg daily x 10 days

GM-CSF: Neutralization Enhances CART Cell Effector Function 
in a Humanized Patient Derived Xenograft Model

Sterner R…. Kenderian S, Blood 2019
Cox M…. Kenderian S, Leukemia 2021



*** p < 0.001 (H), one-way ANOVA)
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Sterner R…. Kenderian S, Blood 2019
Cox M…. Kenderian S, Leukemia 2021

GM-CSF: Disruption Reduces Early CART Cell Activation and 
Enhances Expansion



Ø6 patients treated on two cohorts 
ØPhase I is reported
ØSafety of combination 
ØCytokine/CART correlatives

ZUMA-19: GM-CSF Neutralization in Combination with Axi-Cel 
CART19 in Patients with Lymphoma



Hu et al, Cell Discovery 2021

GM-CSFk/o CART Cell Therapy in The Clinic 



TNF Blockade in CART Cell Toxicity

ØThree patients with MM received etanercept for severe CRS post BCMA-
CART

ØOne patient with ALL treated with etanercept for severe CRS
ØLack of preclinical studies 
ØNot recommended to date 



IL-5:  Associated with CART Toxicities
CTL019 UPCC #13413 

Median of [peak_cytokine] in all grades CRS

Median of [peak_cytokine] in NO CRS

ZUMA-12 

Median of [peak_cytokine] in grade ≥ 3 CRS/ICANS

Median of [peak_cytokine] in grade < 3 CRS/ICANS
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n=24 LBLC, 14 FL
(Schuster et al., 2017, NEJM)

n=40 high-risk LBCL
(Neelapu S. et al., 2022, Nature 

Medicine)

Carturan A*, Stewart C*……… Ruella M*, Kenderian S*, ASH 2025
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IL-5 Blockade Reduces CART Toxicity in Mouse Models

IL-5 Blockade Reduces CRS in 
humanized mouse models

IL-5 Blockade Reduces CRS in 
immunocompetent mouse models

Carturan A*, Stewart C*……… Ruella M*, Kenderian S*, ASH 2025

Ø IL-5 depletion or knockout reduces CART cell 
toxicities 

Ø Enhanced activity after IL-5 depletion
Ø Direct effect on eosinophils



Ruella M…. Gill S, Leukemia 2017

Ibrutinib: Ameliorates CRS in Preclinical Models



Gauthier J…. Turtle C, Blood 2020

Ibrutinib: Combination with CART in the Clinic



Huarte E….Smith P, Clin Cancer Res 2020
Kenderian S, Ruella M….. Gill S, ASH 2017

JAK/STAT Inhibition: Prevents CRS in Preclinical Models



Pan J….. Tan Y, J Cell Mol Med 2020

JAK/STAT Inhibition: Prevents CRS in Preclinical Models

Case Series of Ruxolitinib in Severe CRS



Frigault M…. Dipersio J, Blood 2025

JAK/STAT Inhibition: Itacitinib for the Prevention of CART 
Toxicities - Phase II Placebo-Controlled Trial



Mestermann K,…….. Hudecek M, Sci Transl Med 2019

Dasatanib: SRC Pathway Inhibition as a Pharmacological 
On/Off Switch



Mulvey A…….. Arber C. Nature Reviews Drug Discovery
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Hines M…. Shah N, TCT 2023

Immune Effector Cell-Associated Hemophagocytic 
Lymphohistiocytosis-Like Syndrome
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IEC-HS: Management Algorithm



Prolonged Cytopenia and ICAHT 

LD Chemotherapy

IEC-HS

Immune/cytokine mediated

PNH/LGL clones

secondary Myeloid neoplasms 

Early Cytopenia (< 30 days) Delayed Cytopenia (> 30-90 days)

Infections

Treatment:
Etiology (infections, IEC-HS, myeloid malignancy) 
Growth factors 
Stem cell boost

Strati P…….. Green M, Cell Rep Med 2023Risk Factors:
High disease burden
Prior therapies
BM infiltration 
Pre-existing cytopenia
CD28 CART 
Severe CRS 
Infections

HSC apoptosis

Disease Burden/BM Suppression Treatment:

Pre existing CHIP



Rajeski K…. Yakoub-Agha I, IECAH: EHA/EBMT consensus grading, Blood 2023

Prolonged Cytopenia and ICAHT 



Gurney M…. Shah M, JAMA Oncology 2024 Farina M…. Russo D, BMT 2025

SPM Risk: 5.8%

Tix T…. Rejeski K, Clin Cancer Res 2025

Risk: 10%

Alkhateeb H…. Shah M, Blood Cancer Journal 2022
Pre-existing CHIP 2 cases of MDS U2AF1 and TP53

Secondary Myeloid Malignancies Post CART Cell Therapy

Risk: 2.5%

Development of MN 
is faster post CART



ØHigher incidence of CHIP at baseline in patients treated with 
CART
Ø35-50% vs 5-10% in matched cohorts
ØAssociated with increased risk of side effects

§Severe Neurotoxicity
§Severe CRS

Ø? Pre-existing high inflammatory status 
ØTET-2 CAR insertion

Saini N….. Takahashi K, Bloon Cancer Discov 2022

Fraietta J….. Melenhorst J, Nat 2018

CHIP and CART



Cordas dos Santos….. Rajeski, Nat Med 2024

Non-Relapse Mortality After CART Cell Therapy



Mohty R……..Kharfan Dabaja M, TCT 2025

T Cell Malignancies Post CART Cell Therapy

Rate of T cell lymphoma is 0.03% - 1%



Ø T cell lymphoma after DLBCL
Ø Both DLBCL and TCL were positive for 

DNMT3 and TET2

Ozdermirli M……..Anderson K, NEJM 2024

Ø Indolent GI T cell lymphoma 
Ø SSU72 intron integration

Hamilton M……..Miklos D, NEJM 2024

T Cell Malignancies: Linked to CART Cells?



Bruan T……..Richardson T, Nat Med 2025

Ø Cutaneous and Intestinal T lymphoma after Cilta-Cel 
Ø Distinct integration sites: ZGPAT, KPNA4 and clonal 

expansion of TET+ CAR+ T cells  

Perica K……..Mailankody S, NEJM 2025

Ø TP53 integration after BCMA CART cell 
therapy 

T Cell Malignancies: Linked to CART Cells?



• 1-2% of BCMA CART cell therapy (Cilta-cel > Ida-cel)
• T cell infiltration and CART infiltration into the gut
• Unclear etiology: possibly related to BCMA expression 
• Poor outcomes 
• Treatment: Vedolizumab, infliximab 

Fortuna G….. Hansen D, Blood Cancer J 2024

Immune Effector Cell Associated Colitis



Target Products Off Tumor Toxicity

CD19 CART19 cells (tisa-cel, axi-cel, liso-cel, brexu-cel, Obe-cel)
BiTE (blinatumomab)

Ø B cell aplasia
Ø ? CD19 targeting in the brain

CD20 BiTE (Mosunetuzumab, Glofitamab, Epcoritamab) Ø B cell aplasia

BCMA BCMA-CART cells (ida-cel, cilta-cel) 
BiTE (Teclistamab, Linvoseltamab, Elranatamab)

Ø Plasma cell aplasia 
Ø Caudate nucleus/basal ganglion
Ø BCMA+ cells in the GI mucosa

DLL3 Taraltamab Ø DLL3+ cells in brain - higher rates of neurotoxicity
Ø Pulmonary toxicity

GPRC5D Talquetamab Ø Skin toxicity 

gp100 Tebentafusp Ø Skin toxicity

On-Target Off-Tumor Toxicity


