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Chimeric antigen receptors

Key advantages
• Independency from MHC restriction
• Targeting of proteins, sugars, lipids
• Multiple effector mechanisms
• Living drugs (expansion, memory)

Mod. da Majzner RG, et al. Nat Med 2019; 25: 1341-1355



CAR generations

Natural T cells require costimulation to fully activate 

Mod. da Majzner RG, et al Nat Med 2019; 25: 1341-1355

cytokines, expansion, persistence



CD19 CAR-T in B-cell tumors

Cancer Site n CAR CR (%) Reference
B-ALL NCI 21 28z 60 Lee, Lancet 2015

B-ALL MSKCC 53 28z 67 Park, NEJM 2018

B-ALL FHCC 30 BBz 93 Turtle, JCI 2016

B-ALL Multiple ELIANA 75 BBz 81 Maude, NEJM 2018

NHL Multiple ZUMA-1 101 28z 54 Neelapu, NEJM 2018

NHL Multiple JULIET 93 BBz 40 Schuster, NEJM 2019

NHL FHCC 32 BBz 33 Turtle, STM 2016

CLL UPenn 14 BBz 29 Porter, STM 2015

CLL FHCC 24 BBz 17 Turtle, JCO 2017



CD19 CAR-T products for lymphoma

Strong interaction between academia and industries

Axi-cel Tisa-cel Liso-cel Brexu-cel
Institution NCI/MDACC UPenn SCH/FHCRC MDACC

Sponsor Kite-Gilead Novartis Juno-BMS Kite-Gilead

Trial ZUMA-1 JULIET TRANSCEND ZUMA-2

FDA approval 2017 (Yescartaâ) 2018 (Kymriahâ) 2021 (Breyanziâ) 2020 (Tecartusâ)

Tumor DLBCL, t-FL, 
PMBCL DLBCL, t-FL DLBCL, t-FL MCL

CAR design CD28-CD3z 41BB-CD3z 41BB-CD3z CD28-CD3z

Reference Locke, Lancet 2019 Schuster, NEJM 
2019

Abramson, Lancet 
2020 Wang, NEJM 2020



Main CAR-related toxicities

On-target off-tumor toxicity

• Damage of healthy tissues expressing the target antigen
• Quite relevant: tumor-specific antigens are rare
• Severity depends on how vital, accessible and widespread the 

targeted tissue is (CD19 à B-cell aplasia à Immunoglobulin 
Replacement Therapy)

• Particularly dangerous for solid tumors



Main CAR-related toxicities

Cytokine release syndrome

Cancer Site CAR Severe CRS (%) Reference
B-ALL NCI 28z 29 Lee, Lancet 2015

B-ALL MSKCC 28z 26 Park, NEJM 2018

B-ALL FHCC BBz 23 Turtle, JCI 2016

B-ALL Multiple ELIANA BBz 47 Maude, NEJM 2018

NHL Multiple ZUMA-1 28z 13 Neelapu, NEJM 2018

NHL Multiple JULIET BBz 22 Schuster, NEJM 2019

NHL FHCC BBz 13 Turtle, STM 2016

CLL UPenn BBz 43 Porter, STM 2015

CLL FHCC BBz 8 Turtle, JCO 2017



CRS

• Systemic inflammatory reaction 
• Rapid onset within a few days after CAR-T cell infusion
• Fever, hypotension, hypoxia, capillary leak, coagulopathy
• Potentially life-threatening

• Severe CRS associated with:
⎯ Higher tumor burden
⎯ Higher T-cell dose
⎯ Cy/Flu lymphodepletion
⎯ à More robust CAR-T cell expansion in vivo 

Teachey DT, et al. Cancer Discov 2016; 6: 664-679
Hill JA, et al. Blood 2018; 131:121-130



CRS biomarkers

• Laboratory markers of inflammation and organ failure
⎯ Including C-reactive protein (CRP) and ferritin

• Inflammatory cytokines 
⎯ Including IL-6, IL-8, IFN-g, MCP1, MIP1a, GM-CSF

• Laboratory markers of coagulopathy

• Markers on endothelial activation
⎯ Including VWF, increased angiopoietin-2/angiopoitin-1 ratio 

Teachey DT, et al. Cancer Discov 2016; 6: 664-679
Hill JA, et al. Blood 2018; 131:121-130



CRS pathophysiology

• Initiated by CAR-T cells activation upon antigen engagement
• Which other cellular compartments are involved?

• à Development of animal models recapitulating CRS 
development
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Genetically engineering T cells modified with CARs repre-
sents a highly sophisticated and radically innovative method 
for treating cancer. The basic structure of a CAR usually 

comprises a tumor-targeting domain derived from a monoclonal 
antibody fused to the CD3 zeta chain and a CD28 (refs 1–3) or a 
4-1BB4,5 costimulatory endodomain. In first-in-man studies, CD19-
specific CAR T cells showed remarkable antitumor efficacy against 
B cell malignancies. More recently, two distinct Food and Drug 
Administration (FDA) approvals have paved the way to a wider clin-
ical availability of CD19 CAR T cell therapy6,7. Unfortunately, this 
unprecedented efficacy is accompanied by long-lasting B cell apla-
sia, and most importantly, by severe CRS. Clinical manifestations 
of severe CRS (high fever, increased levels of acute-phase proteins 
and respiratory and cardiovascular insufficiency) typically develop 
within the first days after infusion and, if left untreated, may lead to 
death8. Recognized factors for life-threatening CRS are tumor bur-
den8 and in vivo peak expansion of CAR T cells promoted by prior 
lymphodepletion9,10. CRS responsiveness to the anti-IL-6 receptor 
(IL-6R) monoclonal antibody tocilizumab as well as correlative bio-
marker studies8,11 point to a key role for IL-6 signaling in the patho-
genesis of this syndrome. A revised grading system has been also 
proposed with the aim of prospectively identifying patients at high 
risk for severe CRS and for guiding targeted interventions12.

Another increasingly reported toxicity by CD19 CAR T cells 
involves the central nervous system (CNS). Signs of neurological 
dysfunction often develop during CRS but usually subside after 
its resolution. Nonetheless, a delayed and potentially lethal form 

of neurotoxicity has been reported days to weeks after disappear-
ance of CRS signs7,9,13. Interestingly, neurotoxicity by CD19 CAR 
T cells is seemingly more frequent in acute lymphoblastic leuke-
mia (ALL) and, at odds with initial conjectures, appears to occur 
independently from leukemic CNS localization. As neurotoxicity 
is also frequently observed with the CD19–CD3-bispecific mono-
clonal antibody blinatutomab14, some authors have speculated that 
neurotoxicity might be, for some reasons, specifically linked to the 
CD19 target antigen. Interestingly preliminary clinical experience 
suggests that, although effective in CRS management, tocilizumab 
may fail at preventing delayed neurotoxicity9,13.

Currently available preclinical xenograft mouse models are 
poorly predictive of the clinical behavior of CAR T cells owing 
to the lack of bystander human hematopoiesis and to the almost 
invariant development of xenogeneic graft-versus-host disease 
(X-GVHD)15,16. Most importantly, these models fail at reproducing 
severe CRS and lethal neurotoxicity, and as tocilizumab does not 
cross-react with mouse IL-6R, it cannot be used to address potential 
hindrance with antitumor efficacy. In this study, we have established 
a new xenotolerant mouse model recapitulating all major toxicities 
induced by CD19 CAR T cells in humans, including long-lasting  
B cell aplasia, severe CRS and lethal neurotoxicity, and we took 
advantage of this model to shed new light on the mechanisms 
underlying these toxicities. The results obtained address funda-
mental questions in the CAR T cell field, such as whether similar 
toxicities are observed with other antigens besides CD19, whether 
pharmacological prophylaxis or treatment hampers antileukemic 

Monocyte-derived IL-1 and IL-6 are differentially 
required for cytokine-release syndrome and 
neurotoxicity due to CAR T cells
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In the clinic, chimeric antigen receptor–modified T (CAR T) cell therapy is frequently associated with life-threatening cytokine-
release syndrome (CRS) and neurotoxicity. Understanding the nature of these pathologies and developing treatments for them 
are hampered by the lack of appropriate animal models. Herein, we describe a mouse model recapitulating key features of CRS 
and neurotoxicity. In humanized mice with high leukemia burden, CAR T cell–mediated clearance of cancer triggered high fever 
and elevated IL-6 levels, which are hallmarks of CRS. Human monocytes were the major source of IL-1 and IL-6 during CRS. 
Accordingly, the syndrome was prevented by monocyte depletion or by blocking IL-6 receptor with tocilizumab. Nonetheless, 
tocilizumab failed to protect mice from delayed lethal neurotoxicity, characterized by meningeal inflammation. Instead, the IL-1 
receptor antagonist anakinra abolished both CRS and neurotoxicity, resulting in substantially extended leukemia-free survival. 
These findings offer a therapeutic strategy to tackle neurotoxicity and open new avenues to safer CAR T cell therapies.
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© 2018 Nature America Inc., part of Springer Nature. All rights reserved.

LETTERS
https://doi.org/10.1038/s41591-018-0041-7

1Center for Cell Engineering and Immunology Program, Sloan Kettering Institute, New York, NY, USA. 2Laboratory of Comparative Pathology, Rockefeller 
University, Weill Cornell Medicine and Memorial Sloan Kettering Cancer Center, New York, NY, USA. *e-mail: m-sadelain@mskcc.org

Chimeric antigen receptor (CAR) therapy targeting CD19 is an 
effective treatment for refractory B cell malignancies, espe-
cially acute lymphoblastic leukemia (ALL)1. Although a major-
ity of patients will achieve a complete response following a 
single infusion of CD19-targeted CAR-modified T cells (CD19 
CAR T cells)2–4, the broad applicability of this treatment is 
hampered by severe cytokine release syndrome (CRS), which 
is characterized by fever, hypotension and respiratory insuf-
ficiency associated with elevated serum cytokines, includ-
ing interleukin-6 (IL-6)2,5. CRS usually occurs within days of 
T cell infusion at the peak of CAR T cell expansion. In ALL, it 
is most frequent and more severe in patients with high tumor 
burden2–4. CRS may respond to IL-6 receptor blockade but can 
require further treatment with high dose corticosteroids to 
curb potentially lethal severity2–9. Improved therapeutic and 
preventive treatments require a better understanding of CRS 
physiopathology, which has so far remained elusive. Here we 
report a murine model of CRS that develops within 2–3 d of 
CAR T cell infusion and that is potentially lethal and respon-
sive to IL-6 receptor blockade. We show that its severity is 
mediated not by CAR T cell–derived cytokines, but by IL-6, 
IL-1 and nitric oxide (NO) produced by recipient macrophages, 
which enables new therapeutic interventions.

To model CAR T cell–induced CRS in mice, we aimed to establish 
conditions whereby CD19 CAR T cells would engage a high tumor 
burden and initiate CRS within a few days, as is commonly observed 
in the clinical setting2,3,9,10. Whereas CRS could not be induced in 
mice with medullary disease, intraperitoneal tumor growth allowed 
for a sufficient tumor burden to accumulate and for severe CRS to 
develop in SCID-beige mice within 2–3 d of CAR T cell adminis-
tration (Fig. 1a). Human 1928z CAR T cells reproducibly elicited 
an acute inflammatory response associated with reduced activity, 
general presentation of malaise, piloerection, weight loss (Fig. 1b) 
and eventual mortality (Fig. 1c). Remarkably, the serum cytokine 
profile elicited in these mice was highly similar to that reported 
in clinical studies2,11,12 (matching 18 out of 19 reported cytokines; 
Supplementary Table 1). Serum levels of the murine equiva-
lent of C-reactive protein (CRP), serum amyloid A3 (SAA3)13,14  
(Fig. 1d), and IL-6 (Fig. 1e and Supplementary Fig. 1a) increased as 
was observed in the clinic2,3,10, as did several other proinflammatory 
cytokines (Fig. 1e and Supplementary Fig. 1a)13,14. The overall levels 
of these cytokines, including mouse IL-6 (mIL-6), mouse chemo-
kine (C–C motif) ligand 2 (mCCL2), mouse granulocyte colony–
stimulating factor (mG-CSF), human interferon-γ  (hIFN-γ ), hIL-3, 

human granulocyte–macrophage-CSF (hGM-CSF) and hIL-2, cor-
related strongly with CRS severity and survival (Fig. 1e). Taking 
advantage of the xenogeneic nature of this model to discern the T 
cell or host cell origin of these cytokines and chemokines, we dem-
onstrated that some cytokines, such as IFN-γ  and GM-CSF, were 
products of human CAR T cells, whereas others, such as IL-6, were 
produced by endogenous mouse cells (Fig. 1f and Supplementary 
Fig. 1b). This finding establishes that the CRS cytokine signature is 
the result of a multicellular network and not merely a binary tumor–
CAR T cell interaction. Furthermore, the lack of activity of hIFN-γ  
and hGM-CSF on the mouse cognate receptor (Supplementary 
Table 2) indicates that other CAR T cell–derived cytokines and/
or CAR T cell activities account for CRS. Although dispensable in 
this model, T cell–derived IFN-γ  and GM-CSF may yet contribute 
to CRS in other settings. Consistent with clinical CRS11, IL-15 was 
not differentially elevated upon CAR transfer (Supplementary Fig. 
1c). In accordance with clinical experience2,3,9,10, treating mice with 
a mIL-6R-blocking antibody prevented CRS-associated mortality 
(Fig. 1g and Supplementary Fig. 1d).

Histopathological analyses performed 2 and 5 d after CAR T cell 
infusion did not reveal any evidence of graft-versus-host disease 
(GVHD) or tissue destruction (Supplementary Fig. 2), consistent 
with the initiation of this inflammatory response following tumor 
recognition by CAR T cells as well as the full recovery of mice sur-
viving CRS. Histopathological examination of the central nervous 
system (CNS) and meninges at 1, 2 and 5 d after CAR T cell transfer 
did not reveal morphological evidence of acute damage or toxicity 
(Supplementary Fig. 3), consistent with the absence of overt neu-
rological symptoms (seizures, limb dyskinesia or paralysis). None 
of the reported pathologic findings indicative of neuropathology15 
or associated with neurotoxicity (cortical laminar necrosis, hem-
orrhages, disseminated intravascular coagulation (DIC), gliosis or 
vasogenic, neurotoxic or interstitial edema) in human patients16 
were observed in any of the mice examined in the present study. 
The occurrence of subclinical functional alterations or ultrastruc-
tural morphological changes cannot be excluded. Mice surviving 
CRS rapidly returned to a highly active state, akin to healthy, tumor-
free mice. No clinical neurological anomalies were noted until mice 
were euthanized because of tumor progression.

The high serum levels of mIL-6, a predominantly myeloid-derived 
cytokine, together with the presence of tumor-infiltrating myeloid 
cells (Fig. 2a) prior to CAR T cell transfer and more so thereafter 
led us to hypothesize that tumor-associated myeloid cells are closely 
linked with the induction of CRS. Only after infusion of CAR T 

CAR T cell–induced cytokine release syndrome  
is mediated by macrophages and abated by  
IL-1 blockade
Theodoros Giavridis! !1, Sjoukje J. C. van der Stegen! !1, Justin Eyquem1, Mohamad Hamieh1, 
Alessandra Piersigilli2 and Michel Sadelain1*
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Humanized model for CAR-T
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Mod. da Norelli M, et al. Nat Med 2018; 24: 739-748

Efficacy and CAR-related toxicities



Role of monocytes in CRS

Mod. da Norelli M, et al. Nat Med 2018; 24: 739-748

ARTICLES NATURE MEDICINE

both time points. As expected, cluster 6, comprising both B cells 
and leukemic cells, was present at the earlier time point, but dis-
appeared later on, mirroring on-target clearance of CD19+ cells. 
Contrariwise, clusters 1, 8 and 3 (CD4+ and CD8+ T cells) were 
selectively enriched at day 7, reflecting CAR T cell expansion. At 
the single-cell level, monocytes specifically expressed high levels 
of IL1B and IL6 as well as CXCL8 (IL8), CCL2, CCL8 and CXCL10 
(Fig. 5d). Other cell types contributing to inflammatory cytokine 
production included DCs (Fig. 5d, Supplementary Fig. 17a–h and 
Supplementary Table 3).

Anakinra protects from lethal neurotoxicity by CAR T cells. In 
humans, tocilizumab is often used, either alone or in combination 
with steroids, to manage CAR T cell toxicities; it ameliorates fever 
and hypotension typical of severe CRS, but apparently fails to revert 
severe neurotoxicity7,9,13. Despite anecdotal reports, definitive data 
on CRS responsiveness to anakinra, an IL-1 receptor antagonist, are 
lacking. Motivated by the in vitro observation of early IL-1 induc-
tion in monocytes by CAR T cells, we used our xenograft mouse 
model of human CRS to verify whether anakinra might have some 
advantages over tocilizumab. At the time of CAR T cell infusion, 
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Fig. 4 | Monocyte ablation protects HuSGM3 mice from CRS. a,b, Eight-week-old female NSG (HuNSG F, n!= !26 from 3 independent experiments) 
mice, male SGM3 (HuSGM3 M, n!= !10) or female SGM3 (HuSGM3 F, n!= !26) mice were co-infused i.v. with 1!× !105 HSPCs (n!= !3 donors) and 5!× !106 
CD19+CD44v6+ ALL-CM leukemic cells and, after 5 weeks, with nHuSGM3 T cells transduced with a CD19.28z CAR. Mean counts!± !s.d. of human CD14+ 
monocytes before CAR T cell infusion are shown. A one-way ANOVA with Bonferroni correction was used for statistical analysis; ***P!< !0.001 (a). Kaplan–
Meyer survival plots for the mice are shown. Exact P values from a Mantel–Cox two-sided log-rank test are shown for HuSGM3 F versus HuNSG F (blue; 
hazard ratio, 3.8; 95% CI, 1.1–13.3) (b). c–e, Eight-week-old SGM3 mice were co-infused i.v. with HSPCs (HuSGM3, n!= !3 donors) and CD19+CD44v6+ 
ALL-CM leukemic cells and, after 7 weeks, with nHuSGM3 T cells transduced with a CD19.28z CAR (19.28z, n!= !20 from 2 independent experiments). 
Three days before CAR T cell infusion, mice were left untreated or were treated with liposomal clodronate (LC, n!= !10 per group). Non-HSPC-humanized 
SGM3 mice were used as control (n!= !10). Mean temperature change!± !s.d. is shown; dashed lines indicate the threshold for high fever (Δ T!> !2!°C). A 
two-way ANOVA with Bonferroni correction was used for statistical analysis; ***P!< !0.001 (c). Kaplan–Meyer survival plots are shown. Exact P values from 
a Mantel–Cox two-sided log-rank test are shown for HuSGM3!+ !LC versus HuSGM3 (red; hazard ratio, 8.3; 95% CI, 0.9–80.5) (d). Mean leukemic cells 
percentages!± !s.d. at Day 1 (D1), Day 7 and Day 14 from CD19.28z CAR T cell infusion are shown. A one-way ANOVA with Bonferroni correction was used 
for statistical analysis; ***P!< !0.001. Percentages are gated on total human CD45+ cells circulating in mouse blood (e). f–h, HuSGM3 mice were infused i.v. 
with nHuSGM3 T cells transduced with either a CD44v6.28z CAR (44v6.28z, n!= !15 from 3 independent experiments) or a CD19.28z CAR (19.28z, n!= !15). 
Three weeks later, mice received 5!× !106 CD19+CD44v6+ ALL-CM leukemic cells. Non-HSPC-humanized SGM3 mice were infused with either nHuSGM3 
CD44v6.28z or CD19.28z CAR T cells as control, and results were pooled (44v6/19.28z in SGM3, n!= !17). Mean temperature change!± !s.d is shown; 
dashed lines indicate the threshold for high fever (Δ T!> !2!°C). A two-way ANOVA with Bonferroni correction was used for statistical analysis; ***P!< !0.001 
(f). Kaplan–Meyer survival plots are shown. Exact P values from a Mantel–Cox two-sided log-rank test are shown for 19.28z in HuSGM3 versus 28z in 
SGM3 (blue; hazard ratio, 13.9; 95% CI, 1.8–105.0) (g). Mean bone marrow (BM) leukemic cells percentages!± !s.d. at 24 weeks after CAR T cell infusion 
are shown. A one-way ANOVA with Bonferroni correction was used for statistical analysis; ***P!< !0.001. Percentages are gated on total human and mouse 
CD45+ cells (h).
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IL-6 sources Monocyte’s ablation



IL-1 precedes IL-6 release
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IC staining monocytes 

In vitro co-cultures
19.CAR28z + target + mTHP-1

Mod. da Norelli M, et al. Nat Med 2018; 24: 739-748

IL-1 source IL-1 kinetics



CRS initiating cascade

Mod. da Rooney C, Sauer T. Nat Med 2018; 24: 705-706 

CAR-T cells release perforin to 
form pores, leading to the entry 
of granzyme B into target tumor 
cells, which causes the 
subsequent activation of GSDME
and pyroptosis (programmed 
necrotic cell death)
Proptosis supernatants contain 
ATP and HMGB1 that induce 
macrophages to release IL-1b
and IL-6, respectively

Liu YL, et al. Science Immunol 2020; 5: eaax7969



Main CAR-related toxicities

Neurotoxicity

Cancer Site CAR Severe NTX (%) Reference
B-ALL NCI 28z 5 Lee, Lancet 2015

B-ALL MSKCC 28z 42 Park, NEJM 2018

B-ALL FHCC BBz 50 Turtle, JCI 2016

B-ALL Multiple ELIANA BBz 13 Maude, NEJM 2018

NHL Multiple ZUMA-1 28z 28 Neelapu, NEJM 2018

NHL Multiple JULIET BBz 12 Schuster, NEJM 2019

NHL FHCC BBz 28 Turtle, STM 2016

CLL UPenn BBz 7 Porter, STM 2015

CLL FHCC BBz 25 Turtle, JCO 2017



Neurotoxicity

• Characterized by aphasia, delirium, headache, seizures and edema
• Potentially life-threatening (cerebral hemorrhage and edema)
• Characterized by endothelial activation
• Characterized by increased permeability of the BBB
• Typically occurs after CRS 

• Severe neurotoxicity is frequently associated with:
⎯ Earlier and more severe CRS (fever and cytokines)
⎯ Higher tumor burden
⎯ Cy/Flu lymphodepletion
⎯ More robust CAR-T cell expansion in vivo
⎯ Higher CAR T-cell dose
⎯ Neurologic comorbidities

Gust J, et al. Cancer Discov 2017; 7: 1404-1419
Santomasso BD, et al. Cancer Discov 2018; 8: 958-971



Neurotoxicity pathophysiology

1

2



CRS and neurotoxicity management

• Tocilizumab
⎯ Anti-IL-6R antibody
⎯ Active against CRS
⎯ Unable to control neurotoxicity in most of patients

• Corticosteroids
⎯ At high-doses can be detrimental for efficacy

The search for strategies 
to mitigate these toxicities is extremely active



Mitigating CRS and neurotoxicity

1. Early intervention in patients at risk of developing severe toxicities 

• Identification of predictive biomarkers

2. Cytokine inhibitors

• IL-6, IL-1, GM-CSF, catecholamine



Anakinra abolished neurotoxicity in mice

ARTICLES NATURE MEDICINE

cohorts of leukemic HuSGM3 mice were administered either tocili-
zumab or anakinra or vehicle as control. Neither drug substantially 
interfered with in vivo CAR T cell expansion or in vivo IFN-γ  and 
IL-2 production (Supplementary Fig. 18a–f), and both were effec-
tive at preventing CRS by both CD19.28z and CD44v6.28z CAR 
T cells (Fig. 6a,b and Supplementary Fig. 18g–j). CRS prevention 
by tocilizumab was associated with early normalization and a later 
increase in systemic human IL-6 levels (Supplementary Fig. 18k–m).  
Initial normalization of systemic human IL-1 levels by anakinra was 
not followed by a similar increase (Supplementary Fig. 18n), pos-
sibly owing to a different pharmacology in mice than in humans. 
Systemic human IL-8 and CCL3/MIP-1α  levels were protract-
edly abated following treatment with either drug (Supplementary 
Fig.  18o–r). Importantly, leukemia clearance by CAR T cells in 
HuSGM3 mice that received either tocilizumab or anakinra was 
similar to that in control mice (Fig. 6c,d).

After a median of 30 d (range, 27–33 d) in HuSGM3 mice that 
prophylactically received either vehicle or tocilizumab, but not in 
those that received anakinra, we unexpectedly documented the 

occurrence of a sudden (24-h duration) and lethal neurological syn-
drome (Fig. 6e,f) characterized by generalized paralysis and, in some 
cases, by seizures. This form of delayed neurotoxicity was common 
to both CD19.28z and CD44v6.28z CAR T cell–infused mice and 
emerged only in mice with previous CRS (P <  0.01 by Fisher’s exact 
test; data not shown). Postmortem analysis did not reveal any sign 
of X-GVHD in target organs (skin and liver; data not shown) but 
conversely showed multifocal brain meningeal thickening without 
leukemic cell infiltration in the CNS (Fig. 6g). Meningeal thicken-
ing that was accompanied by human macrophage infiltration in 
subarachnoid space, as ascertained by scattered positivity for CD68 
by immunohistochemistry (Fig.  6h), was effectively prevented by 
anakinra but not by tocilizumab (Supplementary Fig.  19a). As a 
result, only anakinra prophylaxis had a statistically significant effect 
on overall survival (Fig.  6i). HuSGM3 mice infused with control 
EGFR.28z CAR T cells did not develop either CRS or neurotoxicity 
but died from leukemia within 12 weeks (data not shown).

We finally investigated whether administering tocili-
zumab or anakinra to leukemic HuSGM3 mice after fever onset  
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Fig. 6 | Anakinra, but not tocilizumab, abolishes neurotoxicity. Eight-week-old SGM3 mice were co-infused i.v. with HSPCs (n!= !5 donors, HuSGM3) 
and 5!× !106 CD19+CD44v6+ ALL-CM leukemic cells and, after 7 weeks (for high leukemia burden), with 2!× !106 nHuSGM3 T cells transduced with a 
CD44v6.28z CAR (44v6.28z, n!= !50 from 3 independent experiments) or a CD19.28z CAR (19.28z, n!= !50). Just before CAR T cell infusion, mice received 
vehicle (n!= !14 per group), tocilizumab (n!= !18) or anakinra (n!= !18). a,b CRS mortality curves (see Methods for CRS mortality definition). Exact P values 
from a Mantel–Cox two-sided log-rank test are shown for tocilizumab (red; hazard ratio, 6.4; 95% CI, 1.6–24.7) or anakinra (blue; hazard ratio, 3.9; 95% CI, 
1.1–14.4) versus vehicle in mice infused with 19.28z CAR T cells or for tocilizumab (red; hazard ratio, 7.9; 95% CI, 2.2–29.2) or anakinra (blue; hazard ratio, 
5.3; 95% CI, 1.5–18.4) versus vehicle in mice infused with 44v6.28z CAR T cells. c,d, Mean leukemic cells counts!± !s.d. Black arrows indicate CAR  
T cell infusion. e,f, Lethal neurotoxicity curves (see Methods for lethal neurotoxicity definition). Exact P values from a Mantel–Cox two-sided log-rank test 
are shown for anakinra (blue; hazard ratio, 6.3; 95% CI, 1.1–37.1) versus vehicle in mice infused with 19.28z CAR T cells or for anakinra (blue; hazard ratio, 
4.0; 95% CI, 0.8–20.4) versus vehicle in mice infused with 44v6.28z CAR T cells. g,h, Brain histology (H&E, g) and human CD68 immunohistochemistry 
images (h) of a vehicle-treated mouse (representative of n!= !4) dying from neurotoxicity. i,j, Kaplan–Meyer survival plots are shown. Exact P values from 
a Mantel–Cox two-sided log-rank test are shown for anakinra (blue; hazard ratio, 3.9; 95% CI, 1.2–12.7) versus vehicle in mice infused with 19.28z CAR 
T cells or for anakinra (blue; hazard ratio, 3.5; 95% CI, 1.0–11.7) versus vehicle in mice infused with 44v6.28z CAR T cells. k,l, HuSGM3 mice with a high 
leukemia burden were infused with 5!× !106 nHuSGM3 T cells transduced with a CD19.28z CAR (19.28z, n!= !30 mice). At fever onset, mice received vehicle 
(n!= !10 per group), tocilizumab (n!= !10 per group) or anakinra (n!= !10 per group). CRS mortality curves are shown. Exact P values from a Mantel–Cox two-
sided log-rank test are shown for tocilizumab (red; hazard ratio, 9.180; 95% CI, 1.247–67.57) versus vehicle or for anakinra (blue; hazard ratio, 4.343; 95% 
CI, 0.6998–26.95) versus vehicle (k). Lethal neurotoxicity curves are shown. Exact P values from a Mantel–Cox two-sided log-rank test are shown for 
anakinra (blue; hazard ratio, 8.33; 95% CI, 0.8615–80.54) versus vehicle (l).
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cohorts of leukemic HuSGM3 mice were administered either tocili-
zumab or anakinra or vehicle as control. Neither drug substantially 
interfered with in vivo CAR T cell expansion or in vivo IFN-γ  and 
IL-2 production (Supplementary Fig. 18a–f), and both were effec-
tive at preventing CRS by both CD19.28z and CD44v6.28z CAR 
T cells (Fig. 6a,b and Supplementary Fig. 18g–j). CRS prevention 
by tocilizumab was associated with early normalization and a later 
increase in systemic human IL-6 levels (Supplementary Fig. 18k–m).  
Initial normalization of systemic human IL-1 levels by anakinra was 
not followed by a similar increase (Supplementary Fig. 18n), pos-
sibly owing to a different pharmacology in mice than in humans. 
Systemic human IL-8 and CCL3/MIP-1α  levels were protract-
edly abated following treatment with either drug (Supplementary 
Fig.  18o–r). Importantly, leukemia clearance by CAR T cells in 
HuSGM3 mice that received either tocilizumab or anakinra was 
similar to that in control mice (Fig. 6c,d).

After a median of 30 d (range, 27–33 d) in HuSGM3 mice that 
prophylactically received either vehicle or tocilizumab, but not in 
those that received anakinra, we unexpectedly documented the 

occurrence of a sudden (24-h duration) and lethal neurological syn-
drome (Fig. 6e,f) characterized by generalized paralysis and, in some 
cases, by seizures. This form of delayed neurotoxicity was common 
to both CD19.28z and CD44v6.28z CAR T cell–infused mice and 
emerged only in mice with previous CRS (P <  0.01 by Fisher’s exact 
test; data not shown). Postmortem analysis did not reveal any sign 
of X-GVHD in target organs (skin and liver; data not shown) but 
conversely showed multifocal brain meningeal thickening without 
leukemic cell infiltration in the CNS (Fig. 6g). Meningeal thicken-
ing that was accompanied by human macrophage infiltration in 
subarachnoid space, as ascertained by scattered positivity for CD68 
by immunohistochemistry (Fig.  6h), was effectively prevented by 
anakinra but not by tocilizumab (Supplementary Fig.  19a). As a 
result, only anakinra prophylaxis had a statistically significant effect 
on overall survival (Fig.  6i). HuSGM3 mice infused with control 
EGFR.28z CAR T cells did not develop either CRS or neurotoxicity 
but died from leukemia within 12 weeks (data not shown).

We finally investigated whether administering tocili-
zumab or anakinra to leukemic HuSGM3 mice after fever onset  
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5.3; 95% CI, 1.5–18.4) versus vehicle in mice infused with 44v6.28z CAR T cells. c,d, Mean leukemic cells counts!± !s.d. Black arrows indicate CAR  
T cell infusion. e,f, Lethal neurotoxicity curves (see Methods for lethal neurotoxicity definition). Exact P values from a Mantel–Cox two-sided log-rank test 
are shown for anakinra (blue; hazard ratio, 6.3; 95% CI, 1.1–37.1) versus vehicle in mice infused with 19.28z CAR T cells or for anakinra (blue; hazard ratio, 
4.0; 95% CI, 0.8–20.4) versus vehicle in mice infused with 44v6.28z CAR T cells. g,h, Brain histology (H&E, g) and human CD68 immunohistochemistry 
images (h) of a vehicle-treated mouse (representative of n!= !4) dying from neurotoxicity. i,j, Kaplan–Meyer survival plots are shown. Exact P values from 
a Mantel–Cox two-sided log-rank test are shown for anakinra (blue; hazard ratio, 3.9; 95% CI, 1.2–12.7) versus vehicle in mice infused with 19.28z CAR 
T cells or for anakinra (blue; hazard ratio, 3.5; 95% CI, 1.0–11.7) versus vehicle in mice infused with 44v6.28z CAR T cells. k,l, HuSGM3 mice with a high 
leukemia burden were infused with 5!× !106 nHuSGM3 T cells transduced with a CD19.28z CAR (19.28z, n!= !30 mice). At fever onset, mice received vehicle 
(n!= !10 per group), tocilizumab (n!= !10 per group) or anakinra (n!= !10 per group). CRS mortality curves are shown. Exact P values from a Mantel–Cox two-
sided log-rank test are shown for tocilizumab (red; hazard ratio, 9.180; 95% CI, 1.247–67.57) versus vehicle or for anakinra (blue; hazard ratio, 4.343; 95% 
CI, 0.6998–26.95) versus vehicle (k). Lethal neurotoxicity curves are shown. Exact P values from a Mantel–Cox two-sided log-rank test are shown for 
anakinra (blue; hazard ratio, 8.33; 95% CI, 0.8615–80.54) versus vehicle (l).

NATURE MEDICINE | www.nature.com/naturemedicine

© 2018 Nature America Inc., part of Springer Nature. All rights reserved.

ARTICLES NATURE MEDICINE

cohorts of leukemic HuSGM3 mice were administered either tocili-
zumab or anakinra or vehicle as control. Neither drug substantially 
interfered with in vivo CAR T cell expansion or in vivo IFN-γ  and 
IL-2 production (Supplementary Fig. 18a–f), and both were effec-
tive at preventing CRS by both CD19.28z and CD44v6.28z CAR 
T cells (Fig. 6a,b and Supplementary Fig. 18g–j). CRS prevention 
by tocilizumab was associated with early normalization and a later 
increase in systemic human IL-6 levels (Supplementary Fig. 18k–m).  
Initial normalization of systemic human IL-1 levels by anakinra was 
not followed by a similar increase (Supplementary Fig. 18n), pos-
sibly owing to a different pharmacology in mice than in humans. 
Systemic human IL-8 and CCL3/MIP-1α  levels were protract-
edly abated following treatment with either drug (Supplementary 
Fig.  18o–r). Importantly, leukemia clearance by CAR T cells in 
HuSGM3 mice that received either tocilizumab or anakinra was 
similar to that in control mice (Fig. 6c,d).

After a median of 30 d (range, 27–33 d) in HuSGM3 mice that 
prophylactically received either vehicle or tocilizumab, but not in 
those that received anakinra, we unexpectedly documented the 

occurrence of a sudden (24-h duration) and lethal neurological syn-
drome (Fig. 6e,f) characterized by generalized paralysis and, in some 
cases, by seizures. This form of delayed neurotoxicity was common 
to both CD19.28z and CD44v6.28z CAR T cell–infused mice and 
emerged only in mice with previous CRS (P <  0.01 by Fisher’s exact 
test; data not shown). Postmortem analysis did not reveal any sign 
of X-GVHD in target organs (skin and liver; data not shown) but 
conversely showed multifocal brain meningeal thickening without 
leukemic cell infiltration in the CNS (Fig. 6g). Meningeal thicken-
ing that was accompanied by human macrophage infiltration in 
subarachnoid space, as ascertained by scattered positivity for CD68 
by immunohistochemistry (Fig.  6h), was effectively prevented by 
anakinra but not by tocilizumab (Supplementary Fig.  19a). As a 
result, only anakinra prophylaxis had a statistically significant effect 
on overall survival (Fig.  6i). HuSGM3 mice infused with control 
EGFR.28z CAR T cells did not develop either CRS or neurotoxicity 
but died from leukemia within 12 weeks (data not shown).

We finally investigated whether administering tocili-
zumab or anakinra to leukemic HuSGM3 mice after fever onset  
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Fig. 6 | Anakinra, but not tocilizumab, abolishes neurotoxicity. Eight-week-old SGM3 mice were co-infused i.v. with HSPCs (n!= !5 donors, HuSGM3) 
and 5!× !106 CD19+CD44v6+ ALL-CM leukemic cells and, after 7 weeks (for high leukemia burden), with 2!× !106 nHuSGM3 T cells transduced with a 
CD44v6.28z CAR (44v6.28z, n!= !50 from 3 independent experiments) or a CD19.28z CAR (19.28z, n!= !50). Just before CAR T cell infusion, mice received 
vehicle (n!= !14 per group), tocilizumab (n!= !18) or anakinra (n!= !18). a,b CRS mortality curves (see Methods for CRS mortality definition). Exact P values 
from a Mantel–Cox two-sided log-rank test are shown for tocilizumab (red; hazard ratio, 6.4; 95% CI, 1.6–24.7) or anakinra (blue; hazard ratio, 3.9; 95% CI, 
1.1–14.4) versus vehicle in mice infused with 19.28z CAR T cells or for tocilizumab (red; hazard ratio, 7.9; 95% CI, 2.2–29.2) or anakinra (blue; hazard ratio, 
5.3; 95% CI, 1.5–18.4) versus vehicle in mice infused with 44v6.28z CAR T cells. c,d, Mean leukemic cells counts!± !s.d. Black arrows indicate CAR  
T cell infusion. e,f, Lethal neurotoxicity curves (see Methods for lethal neurotoxicity definition). Exact P values from a Mantel–Cox two-sided log-rank test 
are shown for anakinra (blue; hazard ratio, 6.3; 95% CI, 1.1–37.1) versus vehicle in mice infused with 19.28z CAR T cells or for anakinra (blue; hazard ratio, 
4.0; 95% CI, 0.8–20.4) versus vehicle in mice infused with 44v6.28z CAR T cells. g,h, Brain histology (H&E, g) and human CD68 immunohistochemistry 
images (h) of a vehicle-treated mouse (representative of n!= !4) dying from neurotoxicity. i,j, Kaplan–Meyer survival plots are shown. Exact P values from 
a Mantel–Cox two-sided log-rank test are shown for anakinra (blue; hazard ratio, 3.9; 95% CI, 1.2–12.7) versus vehicle in mice infused with 19.28z CAR 
T cells or for anakinra (blue; hazard ratio, 3.5; 95% CI, 1.0–11.7) versus vehicle in mice infused with 44v6.28z CAR T cells. k,l, HuSGM3 mice with a high 
leukemia burden were infused with 5!× !106 nHuSGM3 T cells transduced with a CD19.28z CAR (19.28z, n!= !30 mice). At fever onset, mice received vehicle 
(n!= !10 per group), tocilizumab (n!= !10 per group) or anakinra (n!= !10 per group). CRS mortality curves are shown. Exact P values from a Mantel–Cox two-
sided log-rank test are shown for tocilizumab (red; hazard ratio, 9.180; 95% CI, 1.247–67.57) versus vehicle or for anakinra (blue; hazard ratio, 4.343; 95% 
CI, 0.6998–26.95) versus vehicle (k). Lethal neurotoxicity curves are shown. Exact P values from a Mantel–Cox two-sided log-rank test are shown for 
anakinra (blue; hazard ratio, 8.33; 95% CI, 0.8615–80.54) versus vehicle (l).
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CRS



Mitigating CRS and neurotoxicity

1. Early intervention in patients at risk of developing severe toxicities 

• Identification of predictive biomarkers

2. Cytokine inhibitors

• IL-6, IL-1, GM-CSF, catecholamine

3. On/off switches

• Pharmacological control over CAR T-cell activity (drugs or CAR designs)



On/off switches to mitigate toxicity

Mod. da Rafiq S, et al. Nat Rev Clinical Oncol 2020; 17: 147-167

Short treatment with 
dasatinib can rapidly 
and temporary switch-off 
CAR T-cell function

CAR constructs able to 
induce full T-cell activation 
only upon administration of 
a dimerizing agent 

CAR constructs including a 
domain that enable drug-
dependent degradation of 
the CAR protein


