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Abstract
Purpose of Review T cell-based therapies (blinatumomab and CAR T cell therapy) have produced unprecedented responses in
relapsed and refractory (r/r) acute lymphoblastic leukemia (ALL) but is accompanied with significant toxicities, of which one of
the most common and serious is cytokine release syndrome (CRS). Here we will review the pathophysiology, prevention, and
treatment of CRS.
Recent Findings Efforts have been initiated to define and grade cytokine release syndrome (CRS), to identify patients at risk, to
describe biomarkers that predict onset and severity, to understand the pathophysiology, and to prevent and treat severe cases to
reduce T cell immunotherapy-related morbidity and mortality.
Summary Optimizing the timing of T cell-based therapies in ALL, identifying new biomarkers, and investigating novel anti-
cytokine agents that have anti-CRS activity are likely to be fruitful avenues of study.

Keywords Acute lymphoblastic leukemia . Cytokine release syndrome . Chimeric antigen receptor . T cell therapy .

Immunotherapy . Blinatumomab

Introduction

Advanced acute lymphoblastic leukemia (ALL) carries a dis-
mal prognosis, with only a small fraction of patients enjoying
long-term survival [1]. Leukemia relapsing after or unrespon-
sive to initial therapy usually represents chemo-resistant dis-
ease, and historically, the response to available salvage con-
ventional chemo-based regimens was disappointing, as only a
small fraction of patients were successfully able to proceed to

allogeneic hematopoietic cell transplantation (HCT) [1, 2].
The management of relapsed and refractory (r/r) B cell ALL
has markedly evolved over the last few years with newly
approved effective novel therapies, among which are two
CD19-targeted immunotherapies, namely, CD19 chimeric an-
tigen receptor (CAR) T cell and CD19 bispecific T cell
engager (BiTE®) therapy.

Blinatumomab is a CD3/CD19 BiTE that brings endoge-
nous T cells to close proximity with CD19+ leukemic cells to
allow formation of cytolytic synapses that leads to T cell acti-
vation and ALL cell lysis. This activation occurs separately
from the TCR receptor and independent of co-stimulation and
antigen-presenting cells. The activation leads to polyclonal pro-
liferation, which recruits additional T cells in the process.
Blinatumomab has shown astonishing activity in minimal re-
sidual disease (MRD)-positive r/r ALL, with anMRD-negative
complete response (CR) rate of 80% [3]. For r/r morphologic
ALL (≥ 5%blasts), blinatumomab induces CR/CRwith incom-
plete count recovery (CRi) in approximately half of treated
patients [4, 5]. Blinatumomab activity was observed across
different leukemia genetics, patient ages, and disease settings.

On the other hand, CAR T cell therapy involves adoptive
transfer of genetically engineered Tcells expressing a receptor
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of interest that can be redirected to the targeted cells (e.g.,
CD19CAR in CD19+ ALL). There are various CAR T cell
platforms with different properties influencing the timing of
expansion, peak levels, and persistence of CAR T cells
in vivo. Nonetheless, all CD19 CAR T cell platforms have
universally yielded unprecedented high rates of deep remis-
sions in relapsed/refractory ALL [6–10]. Furthermore, ongo-
ing studies are exploring immunotherapies using other ALL-
specific targets, including CD22 [11].

The successful utilization of T cell-based therapy in ALL
was accompanied with undesired consequences; the most se-
rious ones are neurotoxicity and cytokine release syndrome
(CRS), each potentially presenting life-threatening complica-
tions. Here, we focus our discussion on CRS.

Pathophysiology, Biomarkers,
and Manifestations of CRS

CRS is the result of massive inflammatory cytokine production
that substantially exceeds physiological levels and is triggered
by the activation of effector T cells upon their interaction with
targets. Stimulation of Tcells and bystander immune cells such
as monocytes/macrophages induces the release of cytokines
and chemokines, and thus mediate systemic inflammatory re-
sponses. Additionally, non-CARTcells seem to be activated as
well and potentially play a role in CRS pathophysiology [12].
Interleukin-6 (IL-6) is central in mediating CRS; however, oth-
er cytokine levels also rise during the course of CRS and drive
some of its manifestations, including IL-2, interferon-ɣ, tumor
necrosis factor, GM-CSF, MIP1α, MCP1, IL-5, IL-8, and IL-
10 [6, 13•, 14•, 15–17]. Furthermore, patients with severe CRS
(≥ grade 4) have pronounced evidence of consumptive coagu-
lopathy with prolonged thrombocytopenia, elevation of d-di-
mer, prolongation of prothrombin time (PT) and partial throm-
boplastin time (PTT), hyperfibrinogenemia, and elevation in
endothelial activation markers [13•].

The peak level of IL-6 following CAR T cell infusion
correlates with CRS severity and intensive care unit (ICU)
admission [10]. Serum IL-6 measurement is not readily
available in a timely manner to guide therapy; therefore,
C-reactive protein (CRP) levels, which are easily measured
and available, have served as a reliable, widely used sur-
rogate for IL-6 levels that is closely monitored during CRS
onset and progression [18, 19]. The upsurge and fluctua-
tions in CRP level correlate with CRS severity and resolu-
tion of manifestations of the syndrome [6, 8, 10, 20].
However, CRP is not specific to CRS, and the level is
increased by infectious and non-infectious inflammatory
causes. Other markers including ferritin, interferon, and
TNF correlate with CRS as well [6, 10, 15].

The rise of cytokines can provide a diagnostic support for
early CRS following T cell therapy. Furthermore, the dynamic

change in cytokine levels can also be utilized as a tool to predict
forthcoming severe CRS, and therefore, this feature might pro-
mote early administration of anti-cytokine-based therapies as
preemptive therapy to reduce treatment morbidities, yet this
approach need to be studied systemically [13•, 14•].

Signs and symptoms of CRS vary by the severity; however,
the syndrome is usually multi-systemic. High-grade fever as
well as constitutional symptoms occur in the majority of CRS
cases, and it can be challenging to distinguish symptoms from
underlying infectious processes. Therefore, it is crucial to ad-
minister empiric anti-microbial therapy concurrently in the
majority of CRS cases. Any organ can be affected during
CRS, and the patient can develop skin rash, nausea, vomiting,
respiratory failure, cardiac dysfunction, renal failure, dissem-
inated intravascular coagulopathy, hepatic dysfunction, and
neurological deficit [13•]. Although neurotoxicity can be an
independent complication of CD19 T cell therapies, it can be
part of CRS manifestation. Indeed, severe neurotoxicity is
observed more frequently in patients with severe CRS during
CAR T cell therapy than in patients unaffected by this syn-
drome [9, 13•]. Furthermore, the occurrence of severe CRS is
associated with delayed count recovery after treatment [13•],
and the severity of CRS was the only independent factor as-
sociated with increased infectious complications after CAR T
cell therapy [21].

Symptoms and laboratory findings of CRS can overlap and
mimic macrophage act ivat ing syndrome (MAC)/
hemophagocytic lymphohistocytosis (HLH) [22, 23], and at
least in one case, a predisposing mutation in the perforin gene
was identified in a patient who developed severe CRS during
CAR T cell therapy [23].

Incidence and Predictors of CRS

CRS is observed during the various T cell therapies in ALL,
irrespective of the target. The incidence of CRS varies by the
type of immunotherapy, and it is encountered more frequently
during CARTcell therapy compared to the rate in bispecific T
cell engagers. Any grade and severe CRSwere reported in 76–
100% and 23–47% in patients enrolled on different
CD19CAR T cells studies, respectively [6, 8–10]. In contrast,
the rate of CRS is much lower in blinatumomab studies, with
only 0–6% experiencing severe manifestations [3–5, 15, 24].
The occurrence of CRS is not restricted to T cell therapy
targeting the CD19 antigen. CD22-based CAR T cells in
ALL were associated with CRS in 76% of treated patients,
including 33% that were considered severe [11]. Refer to
Table 1 for the incidence of any grade and severe CRS and
the median onset of CRS as well as the incidence of CRS
death during blinatumomab and CAR T cell therapy studies.

Other factors influence the risk of CRS during T cell ther-
apy, including patient and leukemia characteristics as well as
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delivered pre-infusion intervention (salvage therapy between
collection and infusion as well as lymphodepletion intensity).
Leukemia burden at the time of lymphodepletion significantly
correlated with increased risk of severe CRS, as shown con-
sistently across CAR T cell studies [6–8, 10, 13•]. This corre-
lation is in part due to higher in vivo CAR T cell expansion
compared with that in low leukemia burden, resulting in cor-
respondingly higher cytokine release [6, 8, 10]. The incorpo-
ration of CAR T cell therapy following HCT in ALL patients
where the majority of patients were in remission at the time of
starting conditioning regimen produced no CRS [26].
Likewise, the CRS rate was lower in patients receiving
blinatumomab in the MRD setting, compared to the rate in
those with fully r/r ALL [3, 4, 15].

The addition of fludarabine to cyclophosphamide during
lymphodepletion resulted in increased CRS severity following
CARTcell infusion [13•]. Other factors potentially associated
with severe CRS include the infused dose of CAR T cells,
using unselected bulk CD8+ T cells, older patient age, and
severe thrombocytopenia [6, 13•, 27], but more studies are
needed to confirm these observations. No association between
the incidence of severe CRS and the co-stimulatory domain
used in the CAR product was noted [27]; however, it has been
observed that the onset of CRS typically occurs earlier with
CARs using the CD28 co-stimulatory domain compared to
CARs using the 4-1BB co-stimulatory domain, and this event
is likely related to the timing of peak T cell expansion [28•].

CRS during T cell therapies occurs early during the course
of treatment, and the onset typically appears during the first
week of therapy and lasts for a week before CRS symptoms
subside [9]. In one study, severe CRS occurred earlier com-
pared to non-severe forms of CRS, with a median onset of 1
versus 4 days, respectively [6]. During blinatumomab therapy,
CRS occurs predominantly during the first cycle of therapy,
and classically upon starting infusion and when the dose is
escalated on day 8 of therapy. Beyond cycle 1, it is uncommon
to encounter blinatumomab-induced CRS if the patient
attained remission.

Grading of CRS

Several grading systems were proposed and utilized in rating
the severity of CRS across the different T cell therapy studies
[20, 29, 30]. The Common Terminology Criteria for Adverse
Events (CTCAE), version 4 was used during blinatumomab
studies, but these criteria were not designed specifically for T
cell-based therapy per se. Efforts were initiated to reach a
consensus in defining and grading the severity of CRS to
allow comparing toxicities across different studies with differ-
ent T cell-based therapy products and to standardize preven-
tion and management of CRS.

Lee et al. proposed a CAR T specific CRS grading system
in 2014, which is now a commonly used system to capture
severity during CART cell therapy [30]. This grading system
restricts grade 1 to non-life-threatening symptoms that only
require symptomatic therapy. Grade 2 includes hypotension
that is managed with intravenous fluids or a low dose of one
pressor, cases that required low oxygen supplement (< 40%),
or the development of grade 2 organ toxicity per CTCAE.
Grade 3 is referred to cases for which prior interventions were
inadequate, requiring more aggressive intervention, including
more pressor support (high or multiple doses) and oxygen
supplement (> 40%), and these cases typically require admis-
sion to intensive care units (ICU) for close attention and man-
agement. Grade 3 also includes patients who develop grade 3
organ toxicities or grade 4 transaminases per CTCAE. Grade 4
is limited to life-threatening symptoms, including grade 4 or-
gan toxicities per CTCAE (excluding transaminases) and the
requirement of ventilator support [30]. Refer to Table 2 for
revised CRS grading and management recommendations. In
the updated version of the CTCAE (version 5.0), grading of
CRS was revised and now it is more consistent with Lee et al.
grading; however, requiring one pressor in version 5.0 clas-
sifies CRS as grade 3 rather than grade 2.

Prevention of CRS

Severe CRS was successfully reduced during blinatumomab
therapy with the introduction of step-wise dose escalation dur-
ing the first cycle when patients have active disease [5, 16].
This dose escalation is not needed during subsequent cycles of
blinatumomab when the patient is remission or during
blinatumomab therapy in the MRD+ setting, since the risk
of CRS in these circumstances is negligible [3, 25].
Furthermore, mandating pre-treatment with dexamethasone
before starting blinatumomab is another intervention that has
also contributed to abrogating the risk of severe CRS [5]. The
recommendation for pre-treatment with dexamethasone is also
applied before dose escalation and in the event of therapy
interruption. Importantly, the concern that dexamethasone
leads to impairing effector T cells and reduced blinatumomab
efficacy has not been demonstrated [5, 31].

For CAR T cells, disease burden appears to be the key
determinant of CRS severity risk. Therefore, efforts were con-
ducted to reduce disease burden by intensifying pre-
lymphodepletion salvage regimens, and more elegantly, by
tailoring the intensity of lymphodepletion toward disease bur-
den. This tailoring therapy has shown success in reducing
severe CRS rates among patients with bulky leukemia at the
time of lymphodepletion [32]. Investigators at University of
Pennsylvania examined delivering fractionated (split) doses of
CAR T cells to allow intra-patient dose modification and the
opportunity of holding subsequent doses in case of severe

4 Page 4 of 8 Curr Oncol Rep (2019) 21: 4



toxicities, yet the efficacy of this approach needs to be proven
[33]. Another approach to avoid significant CRSwas conduct-
ed by investigators at MD Anderson Cancer Center
(MDACC), where CAR T cells were infused in the
postallogeneic HCT setting as pre-emptive therapy to reduce
relapse risk in high-risk ALL [26]. The majority of patients
had minimal to no detectable disease at the time of infusion,
and the study reports no CRS in this setting. However, CART
cell expansion may be limited because of low or lack of ade-
quate target cells. A similar study was conducted in patients
with lymphoma where CAR T cells were infused after autol-
ogous HCT, and the approach was reported to be safe with
manageable toxicities [34].

Another strategy to reduce severe CRS is early intervention
based on surrogate markers predicting the risk of severe CRS.
This approach can be done by monitoring baseline levels of
cytokines and their dynamic changes upon CAR T cell infu-
sion, and the early administration of anti-cytokine therapy to
avoid rapid progression to life-threatening CRS [13•]. Some
institutions and studies have proposed algorithms for CRS in-
tervention and incorporated cytokine markers to guide CRS
risk and pre-emptive administration of anti-cytokine therapy.

Treatment of CRS

The treatment of CRS during T cell therapy depends on the
administered agent and the severity of symptoms. The short
half-life of blinatumomab (~2 h) allows CRS manifestations
to resolve quickly by interrupting therapy in conjunction with

supportive care with or without additional interventions.
However, once CAR T cells are infused, the effect cannot be
withdrawn, and the infused cells may persist for prolonged
durations, depending on CAR properties and platforms.
Therefore, expected manifestations and treatment of CRS
are different between the two modalities.

For mild and moderate cases, the practice of supportive
measures is the principal management of CRS, including ad-
ministering anti-biotics and anti-pyretics for fever, fluid resus-
citation, low-dose pressors for mild-moderate hypotension,
and oxygen supplementation when saturation drops.
Tocilizumab is usually required in advanced cases such as
for resistant hypotension and when more pressor support is
required. However, for older patients and patients with co-
morbidities, the infusion of tocilizumab may be administered
at an earlier stage to avoid detrimental outcomes [30]. For
severe cases of CRS, the patient should be admitted to the
ICU for close monitoring, and in addition to aggressive sup-
portive care, administration of repeated doses of tocilizumab
is required when no improvement is observed. Steroids are
usually added for resistant and severe cases to control CRS,
and they are given at higher doses to ablate CAR T cells.

Tocilizumab is an anti-IL-6 receptor antibody and functions
by blocking cytokines and ameliorating manifestations of CRS
rather than eliminating the effector cells. Tocilizumab is used
more widely in CAR T cells as opposed to blinatumomab
therapy, and the majority CARTcell protocols have integrated
tocilizumab administration as part of CRS management algo-
rithms. The FDA approval of tocilizumab for CRS manage-
ment was simultaneously granted when the first CAR T cell

Table 2 Revised CRS grading
and management
recommendations

Grade Definition Management

1 • Non-life-threatening symptoms that only require
symptomatic therapy

• Supportive care

• Anti-microbial coverage

2 • Hypotension that is managed with intravenous
fluids or a low dose of one pressor

• Requirement of low oxygen supplement (< 40%), or

• Development of grade 2 organ toxicity per CTCAE

• Supportive care

• Oxygen and supplement and pressor
support

• Tocilizumab for older patients and
patients with co-morbidities

3 • Cases for which prior interventions were inadequate,
requiring more aggressive intervention, including
more pressor support (high or multiple doses) and
oxygen supplement (> 40%),

• Cases typically require admission to intensive care
units (ICU) for close attention and management,

• Patients who develop grade 3 organ toxicities, or

• Grade 4 transaminases per CTCAE

• Supportive care

• Anti-microbial coverage

• Oxygen and supplement and
pressor support

• Tocilizumab

• +/− steroid depends on response to
tocilizumab and severity of symptoms

4 • Life-threatening symptoms,

• Grade 4 organ toxicities per CTCAE (excluding
transaminases), or

• The requirement of ventilator support

• Supportive care

• Anti-microbial coverage

• Ventilator support

• Tocilizumab

• Steroid

Curr Oncol Rep (2019) 21: 4 Page 5 of 8 4



therapy for ALL was approved in August 2017. Tocilizumab
use is favored over steroid because of the lack of adverse im-
pacts on treatment efficacy [20]. Tocilizumab does not appear
to impair sufficient CAR T cell proliferation in vivo or persis-
tence [6]. Other anti-inflammatory agents have been adminis-
tered for severe CRS in some cases, such as siltuximab,
etanercept, infliximab, and anakinra, but clinical experience
in this setting is undeveloped [10, 23, 30, 35].

Steroid administration can eliminate effector T cells, and
therefore, it has the potential to influence and impair T cell
activity. Studies have shown a correlation between prolonged
steroid administration and a reduction in circulating CAR T
cells as well as an increased risk of treatment failure [20]
Therefore, steroids are usually spared for only severe or re-
fractory CRS cases that fail to respond to anti-cytokine thera-
py. It is worth noting that short-term use of steroids on the
other hand has not been shown to negatively impact the
CD19CAR efficacy in the ZUMA-1 trial. Steroids are also
effective in controlling CRS symptoms during blinatumomab
therapy, and steroids have shown no to little impact on
blinatumomab activity [5, 31]. We have demonstrated that
prolonged administration of steroids (≥ 1 week) was common
during the first cycle of blinatumomab therapy for r/r ALL,
but use was not different between responders and non-
responders (39% vs. 41%, p = 0.92) and did not impact sur-
vival afterward [31].

CRS usually resolves quickly within 1 to 3 days after ad-
ministration of tocilizumab and steroids [20]. IL-6 levels may
continue to rise temporarily after tocilizumab administration
for CRS before it drops, a result of its blocking of the IL-6
receptor [30].

Next-generation CAR T cells have included suicide genes
to allow eradicating CAR T cells in the event of uncontrolled
toxicity. Investigators have incorporated an inducible caspase-
9 enzyme that can be turned on by administering a synthetic
dimerizing drug (AP1903) that would lead to rapid T cell
death [36]. Others have introduced a truncated EGFR receptor
in the CAR product to allow ablation with cetuximab when
needed [37].

Conclusions and Future Directions

Tcell-based therapy in ALL has emerged as an effective treat-
ment for advanced and chemo-resistant disease, but severe
CRS hampers its widespread use outside specialized centers.
The future will likely introduce new approaches and products
with less severe CRS, allowing safe administration for more
patients in need.

Optimizing the timing of T cell-based therapies in ALL
may improve the safety of the regimen and ameliorate severe
CRS. This approach can be achieved by administering treat-
ment in patients with low disease burden either by utilizing

therapy more frequently in patients with only MRD disease,
providing cytoreduction before administration of bispecific T
cell engagers or CART cells, or using therapy as a consolida-
tion for patients in remission or following HCT.

Identifying new biomarkers that are elevated in advance
before the onset of severe CRS and that predict more accurate-
ly the development of CRS with better reproducibility, sensi-
tivity, and specificity, compared to traditional methods, would
be useful to allow early pre-emptive intervention in order to
avert progression to severe CRS. Additionally, it would be
valuable to identify genetic polymorphisms or susceptible mu-
tations that lead to pronounced cytokine release and severe
manifestations of CRS. This strategy can potentially help in
tailoring the dose of T cells as well as lymphodepleting agents
and other early interventions.

Another important step is developing and investigating
novel anti-cytokine agents that have anti-CRS activity in pa-
tients failing tocilizumab while having no or little influence on
Tcell activity and response to therapy. Studies are also needed
to examine the activity and safety of suicide genes in blocking
CRS progression in vivo and their impact on the activity of
CAR T cells.
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