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Adoptively transferred, tumour antigen-specific T cells 
genetically engineered to express chimeric antigen 
receptors (CARs)1 have achieved durable clinical 
responses in patients with some types of cancer, par-
ticularly CD19-expressing refractory and relapsed 
B cell malignancies2–6. CARs are synthetic antigen rec-
ognition receptors, which include an antibody-derived 
single-chain variable fragment (scFv), hinge and 
transmembrane domains and intracellular signalling 
domains. The intracellular signalling domains — typ-
ically, the CD3ζ signalling domain plus co-stimulatory 
signalling domains such as those from CD28 (ref.7) and 
4-1BB (also known as TNFRSF9)8 — together with the 
cellular phenotype of the engineered T cell influence 
the specific cytokine secretion profile and in vivo pro-
liferative capacity of the CAR T cells once activated by 
antigen-expressing target cells.

Despite their clinical success, the use of CAR T cells 
can result in significant toxicities that are directly asso-
ciated with the induction of powerful immune effec-
tor responses. Two major toxicities arising from CAR 
T cells were not revealed in early mouse models but were 
eventually observed in clinical trials — cytokine release 
syndrome (CRS) and immune effector cell-associated 
neurotoxicity syndrome (ICANS; often referred to 
as neurotoxicity). CRS usually starts with fever and 

constitutional symptoms such as rigours, malaise and 
anorexia9. The fever can be of high grade and persist for 
several days. In severe cases, CRS manifests with other 
features of a systemic inflammatory response, including 
hypotension, hypoxia and/or organ dysfunction. Organ 
dysfunction may occur secondary to the hypotension 
or hypoxia but can also result from the direct effects of 
cytokine release. Dysfunction of all major organ systems, 
including cardiac, pulmonary, hepatic, renal and gastro-
intestinal systems, has been observed in patients with 
CRS. However, this organ dysfunction is preventable or 
reversible in most patients if the symptoms and signs of 
CRS are promptly recognized and managed9–15.

ICANS typically manifests as a toxic encephalopa-
thy and starts with word-finding difficulty, confusion, 
dysphasia, aphasia, impaired fine motor skills and 
somnolence14,16,17. In more severe cases, seizures, motor 
weakness, cerebral oedema and coma have been noted. 
The majority of patients who develop clinical features of 
ICANS will have had preceding CRS. CRS can therefore 
be considered an ‘initiating event’ or cofactor for ICANS. 
ICANS generally occurs after the symptoms of CRS have 
subsided (Fig. 1), although, less frequently, concurrent 
presentation of CRS and ICANS can occur1,18. Similar 
to CRS, ICANS is reversible in most patients with no 
permanent neurological deficits10,11,14–17.
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Currently, most clinical applications of CAR T cells 
are for patients with poor-risk malignant disease, and 
within the field of haemato-oncology, most patients 
have been treated with CD19-directed CAR T cells 
(CD19CAR T cells), which are therefore the focus of 
this Review. However, it should be noted that similar 
toxicities to those described here have been observed 
in multiple clinical indications for a wide range of CAR 
T cell specificities. Rapid progress is underway in the 
development of genetically modified immune cells for 
non-malignant indications such as autoimmune diseases 
and solid organ transplant tolerance. In these cases, the 
risk–benefit balance is less favourable for potentially 
toxic therapies, requiring improved management of 
toxicities or lower toxicity profiles of the immunothera-
peutic interventions. As a result, it is important to better 

understand the clinical features and pathophysiological 
mechanisms of CRS and ICANS. Here, we discuss what 
is known so far and address how this might impact the 
development of novel therapeutics for the prevention 
and/or management of these toxicities. A greater under-
standing of CRS and ICANS also has wider relevance to 
other systemic, cytokine-mediated inflammatory dis-
eases, such as septic shock, macrophage activation syn-
drome (Box 1), neuroinflammatory disease and infection 
with emerging pathogens such as SARS-CoV-2 (Box 2), 
as well as to other therapeutic interventions such as 
the potential role of IL-1 blockade in cancer immuno-
therapy (Box 3). As detailed below, our understanding 
of the pathophysiology of CRS and ICANS associated 
with CAR T cell therapy started with bedside to bench 
research but now has been further extended by detailed 
investigation in animal models.

Pathophysiology of CRS
The pathophysiology of CRS can be divided into 
five main phases. Phase 1 involves the trafficking of 
CAR T cells to the tumour site following their infu-
sion into a patient and CAR-mediated recognition of 
antigen-expressing target cells. In phase 2, there is prolif-
eration of CAR T cells at the tumour site, in situ cytokine 
production by both activated CAR T cells and cellular 
components of the tumour microenvironment, activa-
tion of ‘bystander’ endogenous immune cells, direct and 
indirect tumour cell killing, and onset of CRS. In phase 
3, there is an increase in cytokine levels and expansion 
of CAR T cell populations in the peripheral blood, which 
is associated with a systemic inflammatory response. 
This leads to endothelial injury and vascular leakage in 
multiple tissues and organs, and their associated effects 
including hypoxia, hypotension and/or organ damage. 
The diffusion of cytokines and transmigration of CAR 
T cells, endogenous T cells and peripherally activated 
monocytes into the cerebrospinal fluid (CSF) and cen-
tral nervous system (CNS) in phase 4, including break-
down of the blood–brain barrier (BBB), coincides with the 
onset of ICANS. In phase 5, activation-induced cell death 
of T cells following eradication of the tumour results in 
decreased serum cytokine levels and a reduced systemic 
inflammatory response, the end of CRS and/or ICANS 
symptoms and, potentially, the persistence of long-term 
memory CAR T cells. The relative timings for the onset 
and duration of CRS and ICANS are shown in Fig. 1.

CRS had not been anticipated from preclinical 
studies of CD19CAR T cells8,19,20 and was only recog-
nized after phase I clinical trials of CAR T cells were 
initiated4,7. Although the resulting fever and hypotension 
in patients were immediately associated with increased 
serum cytokine levels, the mechanisms underlying this 
occasional outcome, which is more common in patients 
with high tumour burden4,7,21, were initially unclear. 
It is now understood that nearly all patients treated 
with CD19CAR T cells develop some level of CRS; in 
the registration trials, up to one-third of patients with 
B cell acute lymphoblastic leukaemia developed severe 
CRS and up to one-half of patients developed ICANS22, 
although the real-world rates of CRS and ICANS may 
be lower than this. The empirical testing of different 
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Fig. 1 | Schematic diagram showing a relative timescale for the onset and duration 
of CRS and ICANS. Also shown are the kinetics of chimeric antigen receptor (CAR)  
T cell proliferation and cytokine levels in peripheral blood. Conditioning chemotherapy, 
such as with cyclophosphamide and fludarabine, was given for a period of 3–5 days 
before infusion of CD19-directed CAR T cells (CD19CAR T cells; day 0) in patients  
with lymphoma or leukaemia. The onset and peak of cytokine release syndrome (CRS) 
generally precede those of immune effector cell-associated neurotoxicity syndrome 
(ICANS), with CRS generally occurring in the first week after CAR T cell infusion and 
ICANS occurring in the second week after infusion. CAR T cell numbers peak in the 
peripheral blood 1–2 weeks after infusion. Following activation-induced cell death  
of effector CAR T cells, some of the CAR T cells may persist as long-term memory  
T cells. Levels of homeostatic cytokines, such as IL-2, IL-7 and IL-15, may increase after 
conditioning therapy owing to lymphodepletion and the elimination of cytokine sinks, 
with a further increase in cytokine levels observed after CAR T cell infusion. These 
cytokines promote the survival and proliferation of CAR T cells. Levels of IL-1β and its 
natural antagonist IL-1 receptor agonist (IL-1Ra), as well as of granulocyte–macrophage 
colony-stimulating factor (GM-CSF), tend to peak earlier than other pro-inflammatory 
cytokines, which suggests that these cytokines might have a role in initiating the 
inflammatory cascade, together with IL-6. The pathophysiology of CRS can be divided 
into five main phases as indicated (see main text for details). IFNγ, interferon-γ; TNF, 
tumour necrosis factor.

Poor-risk malignant disease
Subtypes of malignancy (cancer) 
that have a poor prognosis with 
conventional therapies.

Blood–brain barrier
(BBB). A network of blood 
vessels and tissues that form a 
functional barrier to prevent 
harmful substances from 
entering the brain.

Activation-induced cell death
In peripheral T cells, death  
that is often the result of 
engagement of cell death 
pathways (for example, CD95–
CD95L) that are upregulated 
during immune activation.
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blocking antibodies soon identified IL-6 as a crucial 
mediator of CRS4,7 and tocilizumab, a monoclonal anti-
body that blocks signalling through the IL-6 receptor 
(IL-6R), became a staple of CRS management3,23. As acti-
vated T cells can produce IL-6, it was initially assumed 
that the CAR T cells themselves were its main source, 
even though some observations suggested additional 
possible contributors3,24. However, subsequent investiga-
tions, discussed below, have identified macrophage and 
monocyte lineage cells as the source of IL-6. It is note-
worthy that, despite there seeming to be significant dif-
ferences in some studies between the activation kinetics 
and cytokine-producing abilities of CAR T cells includ-
ing either CD28 or 4-1BB signalling domains4,7,10,21,25,26, 
the CRS associated with either type of CAR is highly 
similar12,27,28. Although the CRS induced by CD28-based 
CAR T cells tends to develop earlier than that initiated 
by 4-1BB-based CAR T cells, the cytokine profiles 
observed in patient serum hardly differ with regards to 
peak levels of cytokines and chemokines, which is con-
sistent with a common pathophysiological mechanism. 
Levels of IL-6, IL-8, IL-1 receptor antagonist (IL-1Ra), 
CC-chemokine ligand 2 (CCL2) and CCL3, which are 
not primarily T cell-derived products, are commonly 
increased7,17,25,29, which indicates that there is likely to 
be a common mechanism of CRS that extends beyond 
the CAR T cells themselves and involves host cells.  

A schematic representation of the pathophysiology of 
CRS is shown in Fig. 2.

The similarities between CRS and systemic inflam-
matory response syndromes such as haemophago-
cytic lymphohistiocytosis and macrophage activation 
syndrome are discussed in Box 1. Although these and 
other later-onset inflammatory toxicities have been 
observed independently of CAR T cell specificity, the 
published data suggest that they occur more frequently 
with CD22CAR T cells, which were developed to target 
tumour relapse secondary to CD19 antigen escape30–32.

Cellular interactions and molecular mediators. Two 
mouse models eventually showed that CRS results from 
a multicellular network involving CAR T cells and host 
cells, with central involvement of macrophage and  
monocyte lineage cells. One study showed that in a 
CD19+ lymphoma xenograft model, several endogenous cell  
populations at the tumour site, including dendritic 
cells, monocytes and macrophages, produced IL-6, 
with macrophages vastly outnumbering the other cell 
types29. In this xenogeneic setting, levels of mouse IL-6 
greatly exceeded levels of human IL-6 produced by the 
CAR T cells. IL-6 production was not induced at dis-
tal tumour-free sites, which supports the idea that CRS 
originates locally but produces a systemic pathology. 
The other study33 showed in humanized NSG mice using 
a patient-derived leukaemic cell line34 that depletion of 
phagocytic cells with clodronate or CAR T cell-mediated 
targeting prior to therapeutic CAR T cell adminis-
tration abrogated IL-6 production and overt CRS. 
Single-cell RNA-sequencing data of leukocytes isolated 
during CRS confirmed that monocyte lineage cells are 
the origin of IL-6. In both models and in accordance 
with clinical experience, blockade of IL-6 largely miti-
gated CRS-associated toxicity29,33. Both studies further 
revealed that IL-1, a monocyte- and macrophage-derived 
cytokine, is also a potent driver of CRS-associated 
toxicity.

Potential triggers of macrophage recruitment or 
activation during CRS are emerging. CAR T cells must 
themselves be activated to induce cytokine production 
by myeloid cells29, which is in agreement with the clin-
ical observation that CRS is mild or absent in patients 
who do not respond to CAR T cell therapy4,10,11,28,35. 
It is uncertain whether contact-dependent interac-
tions between CAR T cells and host myeloid cells  
are required. CD40–CD40L interactions, although 
not required to elicit CRS, can exacerbate macrophage 
activation, thereby increasing IL-6 production and 
aggravating CRS29. It remains to be determined what 
other contact-dependent mechanisms, if any, may be 
crucial for CRS development or amplification. T cell 
surface molecules such as the integrin LFA1 and the 
co-stimulatory molecule CD28 interact with cognate 
receptors (ICAM1 and CD80 or CD86, respectively) 
that are robustly expressed by myeloid cells36,37. The 
CD28–CD80/CD86 axis may be of particular interest 
in the context of CRS given its reported bidirectional 
signalling and potential role in inducing IL-6 production 
by myeloid cells37. Blockade of these interactions could 
potentially reduce CRS severity38,39.

CD19+ lymphoma xenograft 
model
A lymphoma model in which 
immunodeficient mice are 
engrafted with human 
lymphoma cells positive for the 
CD19 surface antigen.

Humanized NSG mice
An immunodeficient mouse 
strain (NSG) reconstituted  
with human immune cells; in 
some iterations of this model, 
mice are engineered with 
transgenes encoding human 
haematopoietic cytokines.

Box 1 | Similarities between cytokine release syndrome, haemophagocytic 
lymphohistiocytosis and macrophage activation syndrome

Haemophagocytic lymphohistiocytosis (HLH) and macrophage activation syndrome 
(MAS) are clinical syndromes of pathological hyperinflammation and uncontrolled 
macrophage activation that are usually associated with triggers such as viral infections, 
rheumatological diseases or inherited defects in T cell and natural killer cell functions117–119. 
A connection between cytokine release syndrome (CRS) and MAS has been clear since  
the first recognition of CRS. Patients with either MAS or chimeric antigen receptor  
(CAR) T cell-mediated CRS were both noted to have biochemical profiles consistent  
with hyperinflammation, including hyperferritinaemia, prolonged cytopenia, fever, 
coagulopathy and liver function abnormalities31,120. Since then, prolonged life-threatening 
systemic inflammatory responses resembling MAS and HLH14 have been observed 
following CD19-directed CAR T cell (CD19CAR T cell) infusion or use of CD19-directed 
blinatumomab, a bispecific T cell engager therapy121, and after CD22CAR T cell therapy31.

More recently, a syndrome of late HLH or MAS has been described that does not clearly 
overlap with CRS. A phase I clinical trial testing CD22CAR T cells in patients with relapsed 
or refractory B cell acute lymphoblastic leukaemia after prior treatment with CD19CAR 
T cells observed an increased rate of inflammatory toxicities30,31. These HLH/MAS-like 
toxicities only occurred in patients who had experienced CRS and the onset of HLH-like 
features occurred a median of 14 days after CD22CAR T cell infusion, typically after the 
resolution of CRS. The second phase of this biphasic inflammatory response was associated 
with re-expansion of CAR T cell populations. This temporal dissociation between CRS 
and late HLH/MAS is suggestive of a unique pathophysiology, and further studies into 
IL-1 receptor (IL-1R1) blockade are warranted in this context. T cell factors may be 
important. Significantly higher serum concentrations of IL-6, interferon-γ (IFNγ), IL-8, 
IL-15, IL-10, tumour necrosis factor and IL-1β were documented following the infusion  
of CD22CAR T cell products that included a CD8+ and CD4+ selection step in the 
manufacturing process, which was also associated with greater HLH/MAS-like toxicity.

A preclinical mouse model of late-onset CAR T cell-mediated toxicities has recently 
been published122 using wild-type or perforin-deficient CAR T cells. Recipients of 
perforin-deficient CAR T cells developed an HLH-like hyperinflammatory response 
associated with re-expansion of the CAR T cell population in the absence of detectable 
target antigen. Interestingly, the perforin-deficient CAR T cells upregulated a complex 
pro-inflammatory cascade, including increased circulating IFNγ levels, upregulation of 
IL-1 family members and secondary inflammatory changes reminiscent of gene expression 
signatures reported in patients with HLH and MAS123,124.
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Cytokine mediators: IL-6 and IL-1. Contact-independent 
interactions involving the cytokines IL-6 and IL-1 are 
known to have important roles in the pathophysiology 
of CRS, as discussed above. IL-6 is a pleiotropic cytokine 
that has both pro-inflammatory and anti-inflammatory 
effects. IL-6 is primarily produced by macrophages and 
other cells of the myeloid lineage and can function in an 
autocrine manner, promoting macrophage maturation 
and activation in combination with other inflamma-
tory signals. IL-6R is primarily expressed by immune 
cells, including microglia, and by hepatocytes40,41. IL-6 
can signal and promote inflammation through both 
cis-signalling and trans-signalling. Signalling in trans 
has broad effects outside the immune system when 
soluble IL-6–IL-6R forms a complex with ubiquitously 
expressed membrane-bound gp130. For example, in 
addition to controlling the acute phase response, IL-6 
participates in the regulation of hyperthermia, glucose 
metabolism, the neuroendocrine system and appetite41,42. 
However, the precise role of IL-6 in CRS remains elusive. 
IL-6 blockade can lead to the reversal of most symptoms 
and across-the-board cytokine downregulation in many 
patients4,7,10,11. In preclinical models, IL-6 was also found 
to mediate mortality from CRS29,33 as well as to contrib-
ute to macrophage activation through the induction of 
nitric oxide synthase (iNOS) and production of nitric 
oxide (NO)29.

IL-1 is also a pleiotropic cytokine with multiple 
functions43. It is produced predominantly by monocytes 

and macrophages. The IL-1 receptor (IL-1R1) is ubiq-
uitously expressed and responsible for transducing 
pro-inflammatory signalling. IL-1 can induce tissues 
to produce downstream pro-inflammatory cytokines, 
such as IL-6, as well as a range of chemokines that 
organize the maturation and recruitment of immune 
cells. In addition, IL-1 can activate the production of 
pro-inflammatory lipid mediators (such as prostaglan-
din E2, which can promote oedema44), induce acute 
phase proteins and signal to the hypothalamus to induce 
fever, as well as to the pituitary and adrenal glands, with 
direct and indirect effects on the circulatory system43,45,46.

In two independent studies, IL-1 was found to be a 
crucial mediator of CRS (Fig. 2). In a humanized xeno-
graft model, blockade of IL-1-induced signalling with the 
IL-1R antagonist anakinra protected mice from weight 
loss and fever and prevented CRS-associated mortality33. 
In a SCID–beige xenograft model, anakinra protected mice 
from CRS-associated mortality and reduced macrophage 
expression of iNOS. CAR T cells that were engineered 
to overexpress IL-1Ra likewise afforded protection from 
the lethality of CRS29. Importantly, in both mouse mod-
els, the antitumour efficacy of the CAR T cells remained 
intact with concomitant suppression of CRS, when IL-1 
inhibition was initiated prophylactically. Timing of treat-
ment with anti-IL-1 therapy may be crucial for its effec-
tiveness. Interestingly, in the humanized NSG mouse 
model, IL-6 blockade did not ameliorate macrophage 
infiltration to the brain in contrast to IL-1R blockade33. 

Box 2 | Cytokine release syndrome and COVID-19

Recently, cytokine release syndrome (CRS) has attracted a lot of interest in 
the context of COVID-19 caused by SARS-CoV-2 infection. A significant 
number of patients with COVID-19 develop immune complications and 
respiratory debilitation known as acute respiratory distress syndrome 
(ARDS) that resembles CRS-related ARDS. In both cases, respiratory 
support through intubation may be required and the pathophysiology 
involves cytokine hypersecretion, dysregulated macrophage activation, 
lymphopenia and subsequent cardiovascular effects125. Indeed, in one 
meta-analysis of clinical outcomes of COVID-19, 93% of fatal cases  
were attributed to respiratory failure and/or cardiovascular failure126, 
pathologies that are also commonly observed in chimeric antigen receptor 
(CAR) T cell-derived CRS. Intriguingly, in this study, IL-6 levels were  
found to be differentially increased in those patients who eventually died 
from these complications. Another study also showed that cytokine 
hypersecretion strongly correlates with fatal outcomes in COVID-19 
(ref.127); levels of cytokines and their signalling mediators, such as IL-6, 
soluble IL-2 receptor, IL-8, IL-10 and tumour necrosis factor, were found  
to be differentially increased in severe cases, stratified by increasingly 
impaired respiratory fitness128, a cytokine profile similar to that observed  
in CAR T cell-induced CRS13.

Given that the IL-6 receptor (IL-6R)-blocking antibody tocilizumab is 
approved for the treatment of patients with CAR T cell-derived CRS and 
that increased levels of IL-6 have been observed in patients with severe 
COVID-19, tocilizumab has been tested at various centres for its efficacy 
in treating COVID-19-related cytokine hypersecretion. In some studies, 
use of tocilizumab reduced the length of and/or need for ventilation128, 
accelerated fever resolution and acute phase protein control129, produced 
a statistically significant reduction in risk for mortality128 or resulted in a 
beneficial survival trend130. A recently published larger study concluded 
that tocilizumab reduced the likelihood of progression to mechanical 
ventilation or death but did not improve survival131. Some studies have 
suggested that clinical benefit is restricted to patients requiring 

mechanical ventilation132. It should be noted that these studies were 
carried out rapidly in response to the evolving pandemic and, therefore, 
that confounding factors, such as the co-treatment of patients with other 
modalities such as corticosteroids, hydroxychloroquine and antiretrovirals, 
may complicate interpretation of the results. Moreover, these studies  
were not blinded and patient allocation to the tocilizumab plus standard  
of care arm versus the standard of care alone arm was, in some cases, 
disproportionate in terms of disease severity and ventilation requirement. 
In early 2021, the Medicines and Healthcare products Regulatory Agency 
(MHRA) in the United Kingdom issued guidance to encourage the use of 
tocilizumab and sarilumab (another IL-6R-blocking antibody), especially 
for the treatment of critically ill patients receiving supportive ventilation.

Interestingly, serum levels of IL-1β were not noted to differ between 
patients with moderate and severe COVID-19 (ref.127). Nonetheless,  
based on prior knowledge of IL-1 biology and recent preclinical findings 
regarding its role in CAR T cell-induced CRS, four clinical trials recently 
reported a benefit from treatment of patients with COVID-19 with the  
IL-1 receptor antagonist anakinra. In one study that compared patients 
with severe COVID-19 treated with anakinra against a historical control of 
patients mirroring the inclusion criteria, anakinra reduced the frequency  
of intensive care admission for respiratory support and death in a statistically 
significant manner133. In another study using a retrospective patient 
cohort, anakinra reduced the incidence of death from COVID-19 in a 
statistically significant manner. Moreover, levels of the inflammatory 
marker C-reactive protein were reduced, as was the requirement for 
respiratory support concomitant with ARDS resolution134. In a third study, 
anakinra in combination with the corticosteroid methylprednisone led to a 
statistically significant reduction in mortality and risk of death in treated 
patients135. Lastly, in a fourth study, patients with COVID-19 who received 
early treatment with anakinra had a rapid resolution of fever without any 
deaths reported136. Additional controlled trials of both tocilizumab and 
anakinra will be required to confirm these results.

Acute phase response
An early-onset, innate, 
systemic inflammatory reaction 
that results from various insults 
such as infection and tissue 
injury.

SCID–beige xenograft 
model
Severe combined 
immunodeficient (SCID)–beige 
mice lack mature B cells and 
T cells and exhibit defective 
natural killer cell responses, 
which makes them permissive 
to engraftment with human 
tumour tissue.
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Based on these animal studies, several clinical trials have 
been initiated to evaluate the administration of ana
kinra in the context of CRS and neurotoxicity preven-
tion (ClinicalTrials.gov NCT04148430, NCT04205838, 
NCT03430011, NCT04432506 and NCT04359784). 
Given the clinical availability of IL-1β-blocking phar-
maceuticals such as the monoclonal antibody canaki-
numab, future preclinical studies should shed more 
light on the specific roles of IL-1α versus IL-1β in the 
CRS cascade, as these cytokines show large overlap in 
pro-inflammatory functionality but are also set apart by 
differences in expression and disease context45.

Damage-associated molecular patterns and other soluble 
mediators. The propensity of CAR T cells to induce cell 
death via the inflammatory process of pyroptosis rather 
than apoptosis results in the release of damage-associated 
molecular patterns such as ATP and HMGB1 (ref.47). The 
release of damage-associated molecular patterns from 
tumour cells can lead to the activation of macrophages 
in vitro to produce IL-6 and IL-1, and in vivo inhibi-
tion of pyroptosis in the SCID–beige xenograft model 
reduced CRS-associated mortality (but might also affect 
the cytolytic activity of CAR T cells)47.

Granulocyte–macrophage colony-stimulating fac-
tor (GM-CSF) is produced by a multitude of cell types, 
including activated CAR T cells, and its blockade can 
abrogate the production of IL-6 and other cytokines 
by monocytes in vitro48. However, IL-6 production 
was robust and CRS eventually lethal in a xenograft 
model29 wherein human T cell-derived GM-CSF does 
not cross-react with the cognate mouse receptor49. 
Nevertheless, GM-CSF may still be a contributing 

factor in CRS without being a requirement for it. In a 
human PBMC xenograft model, blockade of both mouse 
and human GM-CSF decreased IL-6 production50 
(Figs 2,3).

Tumour necrosis factor (ΤΝF) is another pleio-
tropic cytokine that mediates inflammation through 
the activation of T cells, macrophages, monocytes and 
other cells of the immune system. In contrast to IL-1 
and IL-6, TNF also has direct tumoricidal activity51. 
TNF was recently proposed as a potential contributor to 
CRS induced by CD3 and HER2 bispecific antibodies 
in a HER2-humanized mouse mammary tumour virus 
(MMTV) model of breast cancer. Pretreatment with 
TNF inhibitors in this model reduced circulating IL-6 
levels, and in some cases IL-1 levels, but did not impair 
antitumour efficacy52. In the SCID–beige xenograft 
model29, TNF blockade significantly reduced IL-6 pro-
duction by myeloid cells and abrogated CRS-associated 
mortality, but could also reduce the antitumour activity 
of CAR T cells depending on the CAR construct (T.G., 
unpublished data) (Figs 2,3).

Interferon-γ (IFNγ) is abundantly produced by 
activated T cells and can promote macrophage mat-
uration and enhance NO production through iNOS 
induction53,54. Moreover, IFNγ can promote increased 
permeabilization of other tissues, including the BBB, 
by loosening tight junctions49–51,55–58. In patients with 
severe CRS, the serum concentration of IFNγ can be 
increased up to 100-fold, as is also observed in macro
phage activation syndrome (Box 1). However, despite this 
observation, no specific pathogenic role for IFNγ in CRS 
has yet been described.

The adrenal system is also implicated in the devel-
opment and maintenance of CRS, as the catechola-
mines adrenaline and noradrenaline directly influence 
the activation of CAR T cells and subsequent cytokine 
release. Administration of atrial natriuretic peptide 
(ANP), a regulator of electrolytes and extracellular 
fluid volume and an inhibitor of cytokine secretion59, 
or inhibition of catecholamine synthesis by metirosine 
diminishes cytokine production by CAR T cells in vitro 
and in vivo, and also reduces mortality in a xenograft 
mouse model60 (Figs 2,3). In a syngeneic mouse model 
of B cell acute lymphoblastic leukaemia61, metirosine 
at a lower dose did not impair antitumour efficacy. 
Interestingly, immune cells were reported not only to be 
activated by catecholamines but also to natively produce 
catecholamines upon activation, and therefore create a 
positive-feedback loop61. However, dysregulated levels 
of ANP are known to promote oedema, decreased blood 
pressure and electrolyte imbalances, all of which are 
common in CRS pathology. The safety and feasibility of 
blocking catecholamine receptors, especially at the onset 
of CRS, would thus raise some concerns.

Pathophysiology of ICANS
Despite the clinical features of ICANS being readily 
recognizable, its pathophysiology remains poorly under-
stood. Recent animal models have implicated endothe-
lial cell activation and disruption of the BBB resulting in 
direct neuronal cell injury, in addition to a role for vari-
ous pro-inflammatory cytokines. However, these models 

Box 3 | Potential of IL-1 blockade in cancer immunotherapy

Immune suppression in the tumour microenvironment (TME) and dysregulated 
inflammation during cytokine release syndrome (CRS) both occur in the context  
of immune dysfunction. Might they intersect and could IL-1 provide a link? The 
modulation of macrophages expressing inducible nitric oxide synthase (iNOS)29 and 
their reduced recruitment to the sites of chimeric antigen receptor (CAR) T cell–target 
interaction under certain conditions of IL-1 blockade137 build on prior evidence that the 
IL-1 receptor antagonist anakinra and IL-1 blockade can induce remodelling of the TME. 
Indeed, there are multiple reports138 that IL-1 can support tumour growth, metastasis139 
and TME-mediated immunosuppression through the indirect recruitment of 
immunosuppressive myeloid-derived suppressor cells140,141. In a syngeneic mouse model 
of breast cancer, IL-1β deficiency resulted in reduced numbers of tumour-infiltrating 
myeloid-derived suppressor cells and increased proportions of mature dendritic cells, 
which in combination with PD1 checkpoint blockade potentiated CD8+ T cell-mediated 
antitumour immunity142. These effects were also reproduced with IL-1β blockade142. In a 
functional screen of samples derived from patients with acute myeloid leukaemia, IL-1 
was found to promote the growth of myeloid progenitors in 64% of patient samples143. 
Furthermore, knockdown of IL-1 receptor (IL-1R1) expression in patient-derived 
tumour cells transplanted into mice reduced tumour outgrowth and prolonged  
mouse survival143. Clinical evidence strongly supports the hypothesis of IL-1 
involvement in tumour incidence and progression. A fortuitous finding in the 
Canakinumab Anti-inflammatory Thrombosis Outcomes Study (CANTOS) trial testing 
the IL-1β-blocking antibody canakinumab in the context of cardiovascular disease144 
showed that IL-1β blockade significantly reduced the incidence of and mortality from 
lung cancer in smokers145. Other clinical trials in progress or completed have reported 
encouraging results of targeting the IL-1 pathway in various malignancies, which are 
reviewed elsewhere146. In summary, given the intimate involvement of the TME in both 
the progression of a multitude of cancers and the risks posed by CRS, it is of increased 
interest to combine CAR T cells with IL-1-inhibiting therapies116.

Human PBMC xenograft 
model
An immunodeficient mouse 
strain with an immune system 
reconstituted with human 
peripheral blood mononuclear 
cells (PBMCs) that can be 
engrafted with human tumour 
tissue.
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of CAR T cell-mediated neurotoxicity are limited by an 
absence of human cytokines and haematopoietic cells, 
together with the occurrence of concomitant xenograft 
versus host disease33,62–64. Despite this, recent research in 
mice and non-human primates has generated important 
insights, which, together with data from clinical trials of 
patients developing ICANS after infusion of CAR T cells, 
have improved our understanding of the pathophysiology 
of ICANS (Fig. 4).

Vascular permeability, endothelial disruption and glial 
cell injury. Patients with ICANS have increased levels 
of protein, CD4+ T cells, CD8+ T cells and CAR T cells 
in the CSF, which indicates loss of integrity of the BBB. 
Clinical studies have shown an association between the 
number of CAR T cells and level of cytokines in the CSF 
and the severity of ICANS17,21,65.

Some biochemical features of severe CRS and ICANS 
that are observed in patients, such as hypofibrinogenae-
mia and increased fibrin degradation products, are shared 

with features of disseminated intravascular coagulation and 
endothelial cell disruption, which are typically seen in 
sepsis and critical illness associated with increased vas-
cular permeability66. Indeed, there is evidence of vascu-
lar leak in patients with severe ICANS. Changes in the 
angiopoietin (ANG)–TIE2 axis, which in health regu-
lates endothelial cell activation67, have been described 
in a single-centre study of 133 patients treated with 
CD19CAR T cells16. ANG1 is constitutively produced 
by platelets and perivascular cells, and when bound to 
its endothelial receptor, TIE2, stabilizes the endothe-
lium. Following endothelial cell activation by inflam-
matory cytokines, ANG2 is released from endothelial 
Weibel–Palade bodies and displaces ANG1, which 
further increases endothelial cell activation and micro-
vascular permeability. Consistent with this mechanism, 
statistically significant increased ratios of serum ANG2 
to ANG1 were observed in patients with severe ICANS 
compared with those with less severe neurotoxicity, 
together with higher concentrations of von Willebrand 
factor (vWF) and CXC-chemokine ligand 8 (CXCL8), 
all of which are produced by platelets and perivascular 
cells68. In addition, patients with increased serum ANG2 
to ANG1 ratios prior to lymphodepletion and CAR 
T cell administration had a higher risk of developing 
ICANS. Further data point towards the sequestration of 
high molecular weight vWF multimers in patients with 
severe ICANS, resulting in coagulopathy. However, the 
factors that control baseline and perturbed levels of 
ANG2 and ANG1 remain elusive.

In addition to disruption of the BBB and increased 
vascular permeability, glial cell injury has been reported 
in paediatric and young adult patients who develop 
ICANS following CD19CAR T cell therapy69. In a cohort 
of 43 patients, a significant increase in GFAP and S100b 
levels in the CSF was found in patients with acute neuro-
toxicity. GFAP is a well-validated marker of astroglial cell 
injury irrespective of cause70, whereas S100b in the CSF 
is a marker of astrocyte activation71. In this same study, 
increased levels of IL-6, IL-10, IFNγ and granzyme B in 
CSF were also found to be associated with neurotoxicity.

Cytokines and their cell sources. In the humanized NSG 
mouse model33, the infusion of human CD19CAR T cells 
bearing either CD28 or 4-1BB co-stimulatory domains 
resulted in B cell aplasia, CRS and neurotoxicity. These 
mice developed delayed fatal ICANS following initial 
CRS, a pattern that is also observed in some patients 
(typically <1% of them)14,72. However, in this model, 
blockade of signalling through IL-6R had no impact 
on neurotoxicity. By contrast, IL-1R blockade elimi-
nated both CRS and neurotoxicity without affecting 
CAR T cell efficacy. Monocyte ablation had a nega-
tive effect on CAR T cell proliferation and population 
expansion. These differences might be explained by 
the fact that the IL-1R antagonist anakinra is known to 
cross the BBB73,74, whereas there is no clear evidence that 
the IL-6R-specific monoclonal antibody tocilizumab can 
penetrate the CNS.

A non-human primate model of ICANS using 
immunocompetent rhesus macaques has recently been 
reported74. These primates developed features consistent 
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Fig. 2 | Working model of the pathophysiological mechanisms of CRS. Upon target 
recognition, chimeric antigen receptor (CAR) T cells are activated to produce cytokines, 
such as interferon-γ (IFNγ), granulocyte–macrophage colony-stimulating factor (GM-CSF) 
and tumour necrosis factor (TNF), and soluble inflammatory mediators (for example, 
catecholamines) that can activate macrophages and surrounding tissues. In addition, 
damage-associated molecular patterns (DAMPs) released by pyroptotic tumour cells are 
recognized by pattern-recognition receptors (PRRs) on macrophages and can further 
amplify their activation. In a contact-dependent manner, macrophage-expressed CD40 
can be engaged by CAR T cell-expressed CD40 ligand (CD40L) and promote macrophage 
activation. Activated macrophages secrete inflammatory mediators, among which IL-6, 
IL-1 and nitric oxide (NO) produced by inducible nitric oxide synthase (iNOS) have been 
shown to be directly involved in the pathology of cytokine release syndrome (CRS).  
These cytokines may drive the systemic pathology of CRS owing to their ability to signal  
to a range of non-immune tissues such as the endothelium, which can result in vascular 
leakage, hypotension and further amplification of the inflammatory response by  
the secretion of cytokines and chemokines. It is hypothesized that locally produced 
chemokines attract circulating monocytes, which leads to an accumulation of activated 
macrophages at the site of interaction between CAR T cells and tumour cells, thus 
amplifying the inflammatory loop. Dashed lines denote hypothesized pathways that have 
not been experimentally confirmed in the context of CRS.

Disseminated intravascular 
coagulation
A rare condition in which 
abnormal blood clotting  
occurs throughout the body’s 
blood vessels in response to 
various triggers that activate 
coagulation pathways.
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with ICANS following the infusion of CD20CAR T cells 
bearing a 4-1BB co-stimulatory domain. Although both 
CAR T cells and non-CAR T cells were observed to 
be increased in number in the CSF and brain paren-
chyma during peak neurotoxicity, the number of CAR 
T cells was proportionately higher than the number of 
non-CAR T cells. This was associated with high con-
centrations of IL-6, CXCL8, IL-1Rα, CXCL9, CXCL11, 
GM-CSF and vascular endothelial growth factor, which 
were found at higher levels in CSF than in the corre-
sponding serum samples. Histological panencephalitis, 
including multifocal meningitis and perivascular T cell 
infiltration, was observed to varying degrees 8 days after 
CAR T cell infusion, which coincided with peak levels 
of CAR T cell proliferation in the peripheral blood. 
Detailed phenotypic analyses identified a significant 
increase in cell surface expression of the integrin VLA4 
by CAR T cells, compared with non-CAR T cells, which 
may have facilitated increased trafficking of CAR T cells 
into the CNS. Taken together, these findings suggest that 
the mechanisms driving ICANS may include accumu-
lation of both pro-inflammatory cytokines and CAR 
T cells in the CNS, although their relative contributions 
are so far unknown.

Numerous clinical trials have shown an association 
between increased serum levels of various cytokines and 
the risk of developing ICANS10,13,16,17. Those cytokines 
that are consistently increased in patients in multiple 
studies (using various CAR constructs and with different 
target malignancies) include IL-2, IL-6, IL-10 and IL-15. 
However, whereas mouse models have suggested a clear 
role for recipient monocyte-derived immune cells in 
the secretion of cytokines and pathogenesis of CRS and 
ICANS, in clinical trials it is not possible to identify the 
specific cell source of cytokines in patients who develop 
ICANS. Nevertheless, a marked increase in the number 

of myeloid cells has been observed in the CSF of patients 
who develop severe ICANS66.

Target antigen expression in the CNS. Data from clinical 
trials have shown that the presence of antigen-positive 
tumour cells in the CNS is not required for the develop-
ment of ICANS66. Moreover, it is noteworthy that when 
CAR T cells are infused intrathecally or intratumourally 
in patients with glioblastoma multiforme, these patients 
do not develop ICANS. However, in a recent study, 
single-cell RNA-sequencing analyses demonstrated 
CD19 expression in human brain mural cells, includ-
ing pericytes and vascular smooth muscle cells, which 
raises the possibility that an on-target off-tumour 
effect may contribute to the neurotoxicity associ-
ated with CD19CAR T cells75. This observation could 
explain the higher incidence of ICANS observed with 
CD19-directed therapies compared with those targeting 
CD20, CD22 and BCMA (also known as TNFRSF17), 
although alternate or additional mechanisms may 
apply. CD22, which is expressed by microglia in human 
brain76,77, has not been associated with a higher incidence 
or severity of ICANS in the setting of CD22CAR T cell 
therapy. Microglia are specialized phagocytic cells that 
persist in the CNS for decades. They phagocytose myelin 
debris and protein aggregates, thus preventing damage 
to neuronal cells and preserving brain homeostasis and 
function78–80. A previously undescribed role for CD22 
as a negative regulator of microglial phagocytosis has 
been identified using a CRISPR–Cas9 knockout screen 
in combination with RNA sequencing80. In aged mice 
with ageing microglia, CD22 was upregulated, which  
impaired the clearance of myelin debris, β-amyloid olig
omers and α-synuclein fibrils in vivo. Administration 
of CD22-blocking antibodies reversed microglial 
dysfunction and improved phagocytosis and cogni-
tive function. The role of microglial phagocytosis in the 
pathogenesis of ICANS and the consequences of CD22 
expression by microglia for CD22CAR T cell therapy 
are yet to be elucidated, but cytokine-mediated activa-
tion of microglial cells has been described in children 
with cerebral malaria76. These children develop a diffuse 
encephalopathy with disruption of the BBB and cerebral 
oedema, clinical features that are not dissimilar to those 
of ICANS.

Cerebral oedema. Cerebral oedema is a rare but poten-
tially fatal neurological complication that has been 
observed after CAR T cell therapy16,65,81. Available evi-
dence suggests that the pathophysiology of cerebral 
oedema may be different from that of the more common 
manifestation of encephalopathy seen with ICANS. In 
one clinical trial, evaluating CD19CAR T cells in adult 
patients with B cell acute lymphoblastic leukaemia, five 
patients developed fatal cerebral oedema, leading to ter-
mination of the trial81. A root cause analysis evaluating 
patient characteristics, conditioning therapy and product 
attributes showed that the patients who developed cer-
ebral oedema were younger than 30 years of age, had a 
higher percentage of CD8+ T cells in the CAR T cell prod-
uct, had higher serum IL-15 levels and low levels of blood 
platelets prior to CAR T cell infusion, and had rapid 
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Fig. 3 | Schematic representation of current and potential therapeutic interventions 
for CRS. Blockade of the IL-6 receptor (IL-6R; using the monoclonal antibody tocilizumab) 
has shown clinical benefit in patients with cytokine release syndrome (CRS)4,6,29,33.  
In vivo and in vitro models have proposed novel therapeutic interventions for CRS that 
directly target pro-inflammatory cytokines — such as IL-1 (the IL-1 receptor antagonist 
anakinra)29,33,110,116, tumour necrosis factor (TNF; adalimumab or etanercept)52 and 
granulocyte–macrophage colony-stimulating factor (GM-CSF; lenzilumab)48,50 — or other 
pro-inflammatory mediators such as catecholamines (for example metirosine, which 
inhibits catecholamine synthesis)60. Furthermore, kinase inhibitors such as dasatinib 
can inhibit chimeric antigen receptor (CAR) T cell functionality, with subsequent reduction 
in effector cytokine secretion108. Other broad-spectrum small-molecule inhibitors, such as 
ruxolitinib and ibrutinib (not shown here), that can broadly inhibit cytokine signalling and 
cytokine production across multiple cell types have been proposed for use in CRS.

Conditioning therapy
Chemotherapy and/or 
radiotherapy delivered prior to 
the infusion of chimeric antigen 
receptor (CAR) T cells, with the 
aim of increasing the expansion 
of the infused T cell population.
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expansion of CAR T cell populations peaking within the 
first week, which was associated with a sharp increase in 
serum levels of IL-2 and TNF81. Importantly, autopsies 
on two patients revealed complete breakdown of the BBB 
but an absence of activated T cells in the CNS. Although 
they are not definitive, these results suggest that the 
breakdown of the BBB and subsequent cerebral oedema 
were probably owing to the inflammatory cytokine surge 
rather than to CAR T cell infiltration into the CNS. 
Moreover, the analysis indicated that cerebral oedema 
could result from a combination of factors that include 
both patient characteristics and product attributes.

Clinical management of CRS and ICANS
Low-grade CRS is managed by supportive care with 
antipyretics while ensuring that there is no concurrent 
cause for fever, such as infection. Moderate to severe 
CRS is treated with the IL-6R-blocking antibody tocili-
zumab with or without immunosuppression with cor-
ticosteroids, together with intensive supportive care 
including fluid resuscitation and vasopressors for hypo-
tension and supplemental oxygen delivery as needed 
for hypoxia9,14,82–84. Low-grade ICANS is also typically 
managed by diagnostic work-up and supportive care, 
whereas severe ICANS is usually treated with cortico
steroids at most centres14,84. The use of tocilizumab has 
markedly reduced the incidence of severe CRS, likely 
owing to the fact that levels of IL-6 peak early during 
CRS and it is a key mediator of the downstream inflam-
matory cascade4. However, in very severe cases of CRS, 
corticosteroids are also required for management; mul-
tiple cytokines might have a role in the later stages of 
CRS13 and corticosteroids can induce global immune 

suppression, including inhibiting the proliferation of and 
cytokine secretion by CAR T cells and other bystander 
immune cells, in particular myeloid cells.

Whereas tocilizumab is very effective for the man-
agement of CRS, it has no effect in most cases of 
ICANS14,16,17,84. This may be because of the differences 
in pathophysiology between CRS and ICANS and/or 
poor penetration of tocilizumab across the BBB. Indeed, 
prophylactic use of tocilizumab decreased the incidence 
of severe CRS but increased the occurrence of severe 
ICANS, likely owing to the increase in serum IL-6 levels 
observed after tocilizumab administration that results 
from preventing its uptake into peripheral tissues by 
receptor blockade65,85. However, these observations need 
to be interpreted with caution as the study was not ran-
domized and the sample size was small65. Although cor-
ticosteroids can cross the BBB and are commonly used  
for the management of ICANS10,86, definitive evidence for  
their clinical benefit on the severity or duration  
of ICANS is lacking. Most studies indicate that the use of 
tocilizumab does not seem to affect the efficacy of CAR 
T cells10,15,86. However, the data on the effects of corti-
costeroids on CAR T cell efficacy are conflicting, with 
some studies indicating no impact but others showing 
adverse clinical outcomes with increased risk of early 
progression and death10,87,88. This further highlights the 
need for better understanding of the pathophysiological 
mechanisms of CRS and ICANS and the development of 
novel strategies for their management.

Effects of other clinical factors. The onset, severity and 
duration of CRS and ICANS after CAR T cell therapy 
may be affected by factors related to the host, tumour 
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Fig. 4 | Pathophysiology of ICANS. Similar to cytokine release syndrome (CRS), the pathophysiology of immune effector 
cell-associated neurotoxicity syndrome (ICANS) seems to start with the production of pro-inflammatory cytokines by 
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www.nature.com/nri

R e v i e w s

92 | February 2022 | volume 22	



0123456789();: 

and/or therapy. Patients with a higher baseline inflam-
matory state — as defined by levels of C-reactive pro-
tein, ferritin, D-dimer and pro-inflammatory cytokines 
— have increased risk of developing CRS and ICANS89,90. 
It is possible that these patients have a predisposition to 
a greater inflammatory response after CAR T cell infu-
sion. More severe cases of CRS and/or ICANS have also 
been associated with higher tumour burden in multi-
ple malignancies including leukaemia, lymphoma and 
multiple myeloma, which is likely to be associated with 
greater expansion of CAR T cell populations and syn-
chronous activation13,31,86,91–93. The intensity of the con-
ditioning therapy before CAR T cell infusion also seems 
to impact the severity of these toxicities, with more 
intense regimens increasing the risk of severe CRS and/
or ICANS, probably by inducing greater lymphodeple-
tion, which eliminates cytokine sinks and makes higher 
levels of homeostatic cytokines, such as IL-2 and IL-15, 
available for CAR T cell proliferation5,94–96. Interestingly, 
older age was not associated with increased risk of severe 
CRS or ICANS86,90,97.

Effects of CAR design. Recent studies indicate that the 
design of the CAR molecule itself could significantly 
affect the proliferation and cytokine profile of the CAR 
T cells, and thereby influence the incidence and sever-
ity of CRS and/or ICANS. As discussed above, CAR 
T cell products with a CD28 co-stimulatory signalling 
domain seem to proliferate more rapidly after infusion 
and their numbers seem to peak earlier than products 
engineered with the 4-1BB co-stimulatory signalling 
domain. In clinical studies, this has been associated with 
earlier onset and higher incidence of more severe CRS 
and ICANS10,15. However, a direct comparison of CAR 
T cell products with CD28 versus 4-1BB co-stimulatory 
domains has not been carried out so far. It is possible 
that differences in patient characteristics such as the 
tumour burden and variation in monitoring and grad-
ing of toxicities between studies could account for some 
of the reported differences between CD28 and 4-1BB 
domains in terms of both pharmacokinetics and adverse 
events.

Evidence in the literature also indicates that alter-
ing the non-signalling domains of the CAR molecule, 
including hinge and transmembrane regions or the 
antigen-binding domain (scFv), may impact toxicities 
associated with CAR T cell therapy. For example, alter-
ing the length of the CD8α hinge and transmembrane 
domain decreased the cytokine production of CD19CAR 
T cells bearing 4-1BB and CD3ζ signalling domains and 
reduced their proliferation, but retained their cytolytic 
activity, in preclinical models and in a phase I clinical 
trial98. Importantly, testing this product in patients with 
B cell lymphoma resulted in a high rate of complete 
response with only low-grade CRS and no ICANS98. 
CD19CAR T cells with a low-affinity scFv have high 
antitumour efficacy but without inducing severe CRS in 
paediatric patients with acute lymphoblastic leukaemia, 
compared with published studies using tisagenlecleu-
cel, a CD19CAR T cell therapy that uses a high-affinity 
scFv11,99. Patients with B cell lymphoma who were 
treated with CD19CAR T cells that contain CD28 and 

CD3ζ signalling domains identical to the approved 
CD19CAR T cell therapy axicabtagene ciloleucel95,100, 
but have different scFv and hinge and transmembrane 
domains, had similar anti-lymphoma activity but much 
lower incidence and severity of ICANS101. In a small 
study testing CD19CAR natural killer cells, high rates 
of complete response were noted in patients with B cell 
malignancies without the induction of CRS or ICANS, 
which suggests that different immune effector cells may 
have different toxicity profiles102. Lastly, CARs encod-
ing a single immunoreceptor tyrosine-based activation 
motif in CD3ζ (rather than three of these motifs) have 
been shown in preclinical studies to enhance therapeu-
tic efficacy and memory T cell differentiation without 
increasing inflammatory activity103.

Collectively, these reports indicate that reducing the 
tumour burden and the baseline inflammatory state, 
adjusting the conditioning regimen and optimizing the 
design of the CAR molecule and/or the CAR T cell prod-
uct may reduce the incidence and/or severity of CRS  
and ICANS.

New strategies to manage CRS and ICANS
Cytokine hypersecretion and dysregulation are central to 
the pathology of CRS. Non-specific immunosuppressive  
agents such as corticosteroids relieve patient symptoms 
in many cases4,7,12,27,104. Moreover, other broad-spectrum 
cytokine inhibitors — such as ruxolitinib, which blocks  
JAK1 and JAK2, or itacitinib, which blocks JAK1 (kinases  
that are required for cytokine receptor signalling) —  
would be expected to blunt the effects of pro-inflammatory  
cytokines such as IFNγ and IL-6 (refs37,105). Indeed, 
in preclinical models of CAR T cell-related toxicity,  
ruxolitinib and itacitinib reduced toxicity and cytokine 
secretion105. Similarly, ibrutinib, a Bruton’s tyrosine 
kinase (BTK) inhibitor that also inhibits IL-2 tyro
sine kinase (ITK; a kinase involved in proximal T cell 
receptor signalling)106, resulted in reduced cytokine 
secretion in vivo in a mouse model, including secre-
tion of IL-6, but also led to a reduction in levels of 
CAR T cell-derived cytokines such as IFΝγ, which 
could indicate blunted CAR T cell activation. In this 
study, antitumour efficacy was monitored only in the 
short term (day 4 after CAR T cell transfer) with no 
observed differences107. Interestingly, in co-culture 
with a mantle-cell lymphoma cell line, ibrutinib 
reduced cytokine secretion of tumour cells, demon-
strating the broad effect of such treatment approaches. 
Small-molecule kinase inhibitors can often engage 
multiple targets. These results raise the possibility that 
ruxolitinib and ibrutinib could directly affect CAR 
T cell activation levels and, thus, influence clinical  
outcomes.

Another study used the incomplete specificity  
of kinase inhibitors to create an on/off switch for CD3ζ 
chain-based CAR T cells108. Dasatinib, a BCR-ABL- 
targeting kinase inhibitor that is approved for the treat-
ment of various haematological malignancies, was 
shown to potently inhibit CAR T cell-mediated cyto-
toxicity and cytokine production in a rapid and revers-
ible manner. Moreover, short-term dosing of dasatinib 
in preclinical models reduced CRS-associated mortality 
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without impairing in vivo antitumour efficacy upon 
removal of the drug and resumption of CAR T cell 
activity108 (Fig. 3). Further supporting an integral role 
for activated CAR T cells in initiating CRS, another 
preclinical study recently showed that attenuation of 
LCK signalling through the engineered recruitment 
of the phosphatase SHP1 to the immunological syn-
apse can reduce the production of effector cytokines by 
CAR T cells and CRS severity109. In addition, a BBz CAR 
(bearing 4-1BB and CD3ζ co-stimulatory domains) with 
a modified architecture of its hinge, transmembrane and 
membrane-proximal intracellular domains had a pheno-
type of blunted activation and reduced effector cytokine 
production, resulting in decreased toxicity preclinically98 
in the SCID–beige xenograft model30 and in the clinic 
when compared with historical data98.

Cumulatively, these studies suggest that broad- 
spectrum cytokine inhibition through different mech-
anisms can reduce CRS pathology, an outcome that is 
expected given what we know about the pathophysio-
logical mechanisms of CRS. Nonetheless, the long-term 
inhibition of cytokines may be detrimental to the anti-
tumour efficacy of CAR T cells and, for this reason, tar-
geted interventions aiming to selectively disrupt specific 
cytokine signalling pathways may be favoured. In a small 
case series of eight patients with severe ICANS or hae-
mophagocytic lymphohistiocytosis following CD19CAR 
T cell therapy, IL-1R blockade with anakinra seemed to 
provide benefit in half of the patients110. The judicious 
use of novel agents targeting additional cytokines such as 
IFNγ (for example, emapalumab) may help to elucidate 
their role in the management of severe CRS111. Future 
clinical studies should be able to demonstrate the bene-
fits of such approaches when used in prophylactic and/or  
therapeutic settings.

Conclusions and future directions
Currently, the widespread adoption of CAR T cell thera-
pies is limited, in part, by the requirement for treatment 
in centres that are experienced in managing the common 
toxicities of CRS and ICANS and by the financial and 
health burden that this creates. A greater understanding of 
the molecular and cellular pathophysiologies of CRS and 
ICANS will facilitate the development of effective targeted 
therapies with reduced toxicities without compromising 
antitumour activity. Already, novel CAR constructs are 
being designed to minimize the risk of eliciting CRS and 
ICANS, while optimizing recognition of tumour antigen 
and effective T cell signalling. Another current limitation 
is the need for a greater understanding of the biology and 
mechanisms of action of CAR T cells. This includes the 
impact of the biophysical properties of the CAR and its 
co-stimulatory domain on gene expression profiles, which 
may alter T cell subset, function, memory potential and 
exhaustion. To improve the clinical efficacy of CAR T cell 
therapies, there is an urgent requirement to generate 
T cells with optimal in vivo fitness, and durable persis-
tence and efficacy. Beyond oncology, in the fields of auto-
immunity and solid organ transplantation, there is great 
interest in using CAR-based technologies for the genera-
tion of antigen-specific regulatory T cells, which have the  
potential to deliver targeted immunosuppression112–115. 
The in vivo biology and function of these regulatory CAR 
T cells will differ from those properties observed so far for 
effector CAR T cells, and some novel toxicities may also 
occur. The safe and broad use of engineered T cell thera-
pies in oncology and for non-malignant indications will 
depend on achieving effective and dependable prevention 
of these complications.
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