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Introduction

T-lymphocytes  are f ine executioners  of  adaptive 
immune-responses, however, quantitative and qualitative 
immunological defects in patients with cancer (1), 
together with tumor immune-evasion strategies can result 
in inefficient anti-tumor surveillance (2). Genetically 
engineered T-cells, redirected towards the CD19 antigen 
with chimeric antigen receptors (CARs), have proven 
successful in treating patients with relapsed/refractory acute 
lymphoblastic leukemia (ALL). In addition, CAR T-cells 
redirected towards tumor associated antigens are actively 
being investigated in a variety of malignancies, including 
solid cancers (3). This novel form of treatment has been 
considered one of the recent revolutions in the treatment 
of CD19+ ALL. Immunotherapies are also appealing to 
patients, as they are considered a ‘milder’ form of treatment 
when compared to cytotoxic drugs. The latter are often used 
as lympho-depleting agents in order to create immunological 
space resulting in the production of homeostatic cytokines 
that favor the expansion of the infused T-cells. However, 
immunological therapies are not without risks and there is 
rapid recognition of their unique and challenging toxicities. 

CAR T-cell toxicities can be broadly classified into: (I) 
“on-target off-tumor” effects, due to the targeted antigen 
expression not only on tumor cells but on normal tissues as 
well, the most common example is hypogammaglobulinemia 
from targeting normal B cells with CAR CD19 (managed 
with intravenous immunoglobulin replacement), albeit a 
case of fatal lung toxicity has also been reported (4); (II) 
anaphylactic reactions due to the development of anti-

mouse antibodies; (III) tumor lysis syndrome (TLS); or (IV) 
cytokine release syndrome (CRS) (3). 

In  the  May  2016  i s sue  o f  Bl o od ,  B rudno  and 
Kochenderfer (5) presented a clear and exhaustive review 
of the toxicities observed in clinical trials employing CAR 
T-cells redirected against CD19 with a focus on the most 
common acute toxicity observed in patients receiving CAR 
T-cells, the so-called CRS, with the currently accepted 
management strategies.

CRS

CRS is related to the in vivo expansion and activation 
of the infused cells resulting in a systemic inflammatory 
response. CRS manifests primarily with fever, tachycardia, 
hypotension, hypoxia, renal injury, hematologic abnormalities 
including disseminated intravascular coagulation, cytopenias 
with increased risk of infection, liver function abnormalities, 
gastrointestinal symptoms, myalgia/weakness, and neurologic 
manifestations (5). Neurologic toxicity may also occur as a 
distinct entity after CRS has resolved.

The exact pathogenesis of CRS is not completely 
understood, however it results from an amplification cascade 
of cytokine production from activated T-cells and other cells 
of the immune system, with a constellation of symptoms 
sometimes indistinguishable from hemophagocytic 
lymphohistiocytosis or macrophage activation syndrome. 

Upregulation of several cytokines has been reported in 
the blood of patients with CRS, especially interleukin-6 
(IL-6), IL-6 receptor IL-6R (CD126), interferon-gamma 
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(IFN-gamma), tumor necrosis factor alpha (TNF-alpha), 
IL-2, IL-2R-alpha, IL-8, and IL-10 (5). 

IL-6 is a pleiotropic cytokine with anti-inflammatory and 
proinflammatory properties that has been recognized as one 
of the principal mediators of CRS toxicity. IL-6 exerts anti-
inflammatory effects when present at low levels, signaling 
through the IL-6 receptor (IL-6R) (CD126) expressed on 
macrophages, neutrophils, hepatocytes, and some T cells 
subsets (classic signaling). This leads to homodimerization 
of the gp130 molecule (CD130) with activation of 
downstream pathways only on cells expressing the IL-
6R. However, at high levels (as in CRS), IL-6 exerts pro-
inflammatory effects due to binding to soluble IL-6R and 
cross-signaling with activation of gp130 on a wider array of 
target cells with ubiquitous expression (6).

Based on the fact that CARs endowed with IgG1 Fc 
spacer domain bind to IgG Fc gamma receptors (Fc-gamma-
Rs), they can unintentionally activate innate immune cells 
with consequent secretion of pro-inflammatory cytokines. In 
order to reduce Fc-gamma-Rs binding, Hombach et al. (7) 
modified the PELLGG ISR Fc-gamma-R binding domain 
to PPVA-G IAR domain and demonstrated lack of activation 
in presence of Fc-gamma-Rs cells. Since engineered T 
cells are likewise activated by Fc-gamma-Rs binding with 
resulting cytokines secretion and lysis of monocytes and NK 
cells independently of the redirected specificity, this strategy 
could minimize the risk of off-target activation without 
affecting CAR expression or their redirected targeting 
specificity. Based on those findings, we implemented similar 
modifications in the CAR constructs that we are currently 
validating in the pre-clinical setting. Alternatively to using 
an IgG1 spacer, Memorial Sloan Kettering Cancer Center (8)  
and University of Pennsylvania (9) used human CD8-alpha 
hinge and transmembrane (TM) domains, whereas the 
National Cancer Institute (NCI) used CD28 hinge and TM 
domains (10), neither of which are expected to bind to Fc-
gamma-Rs.

Management of CRS

CRS manifestations have been reported in approximately 
two thirds of patients treated with CAR CD19 T-cells, 
ranging from milder forms requiring only symptomatic 
support, to severe forms (in up to 50% of cases), requiring 
intensive care unit monitoring, pressor support, intubation, 
and even cardiac resuscitation. Thus, not every patient is 
suitable to receive CAR T-cells administration. In fact, as 
Brudno and Kochenderfer report, the NCI has established 

recommended eligibility criteria for patients receiving 
CAR-T as part of clinical trials, to ensure enrollment of 
patients with adequate functional reserve who could tolerate 
the eventual adverse events. 

Prompt recognition and severity grading of clinical 
manifestations necessitating clinical support are paramount. 
The Common Terminology Criteria for Adverse Events 
Version 4 (CTCAE) includes a grading scale of CRS-related 
adverse events caused by immunotherapies. But this scale 
was created for toxicity grading of acute infusional toxicities 
of monoclonal antibodies; therefore, ad hoc grading criteria 
have been developed by the major centers involved in CAR 
T-cells administration studies (6,11). Although subdivided 
into different criteria, all scales range from a milder, grade 1 
CRS that requires only symptomatic management to grade 
4 toxicities that are potentially life threatening.

With the report of severe and fatal toxicities after 
CAR T-cells infusion, the Recombinant DNA Advisory 
Committee of the National Institute of Health developed 
clinical recommendations including implementing careful 
dose-escalation plans, especially in patients with higher 
disease burden who are at increased risks of developing CAR-
related complications, such as TLS and CRS (12) (https://
videocast.nih.gov/summary.asp?Live=16420&bhcp=1).

The recommendations differentiated between clinical 
trials based on the infusion of first generation CAR 
redirected T-cells [excluding Epstein-Barr virus (EBV)-
specific-cytotoxic-T-cells], versus clinical trials based on the 
infusion of second/third generation CAR redirected T-cells, 
providing guidance on dosing, administration of cytokines 
or preconditioning treatment, as well as proposing split-
dose infusion schedules (Table 1). 

Although some centers perform CAR T-cells infusion 
in an outpatient setting, others follow strict inpatient 
monitoring. In either case, patients should be educated 
on the potential  side effects that warrant prompt 
communication to the clinic, and close monitoring of vital 
signs, complete blood count, complete metabolic panel, 
microbiology studies, and imaging, as appropriate, with 
provisions to escalate care if needed.

The mostly common used therapeutic approach 
for patients developing CRS originally included the 
administration of corticosteroids which are able to exert an 
immune-suppressive and cytotoxic effect on T-lymphocytes. 
However,  the observation that patients receiving 
corticosteroids for severe CRS experienced a reduction/
disappearance of CAR T-cells followed by leukemia relapse, 
led the investigators to seek alternative treatments. Based 
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Table 1 Management of CAR T-cells therapies

National Cancer Institute (NCI) patient eligibility criteria for adult CAR T-cells clinical trials

ECOG 0-1, not pregnant or breastfeeding

No signs/symptoms of end organ dysfunction

No active seizures, no central nervous system involvement with malignancy

No active systemic infections/primary immunodeficiency

No history or serologic evidence of viral hepatitis, human immunodeficiency virus

No cytopenias

No active coagulopathy

T-cells infusion recommendations

Initial doses: 

First generation CAR T-cells =3×106/kg; 

First generation CAR-engrafted on EBV T-cells =3×106/kg

Second/third generation CAR redirected T-cells =3×105/kg

Reduce to 3×104/kg, 1×104/kg, and 1×104/kg, respectively, when targeting novel antigens

Dosing based on the transfer of unselected CAR T-cells

Cytokine support:

Potential benefits of cytokine support should be explored in more depth; potentially useful in improving expansion of first generation 
CARs

Preconditioning chemotherapy:

Potentially useful for second/third generation CAR T-cells that do not carry an endogenous TCR to a persisting virus

Monitoring post CAR T-cells infusion

Vitals, physical exam, Labs (especially CBC with differential, CMP microbiology), diagnostic imaging as appropriate

Grading of adverse events

Mild, moderate, severe (not uniformly accepted criteria)

Bio-markers predictive of incidence and/or severity

Inflammatory molecules (ferritin, CRP)

Cytokines (not standardized)

CRS management

Non-neurologic manifestations:

Tocilizumab: grade 3 or greater, or grade 2 with co-morbidities (e.g., 4–8 mg/kg I.V. ×1–2 doses; 8–12 mg/kg in pediatric patients)

Corticosteroids (methylprednisolone 2 mg/kg with rapid taper): patients refractory to 2 doses of tocilizumab

Neurologic manifestations:

Dexamethasone 0.5 mg/kg (max dose 10 mg): grade 3 neurologic toxicities other than headache lasting >24 hrs., grade 4 of any 
duration, any seizures (give also anti-epileptics)

Neurology consultation 

Monitoring in moderate-severe CRS

Vitals, body temperature, O2 saturation

EKG, Echo cardio, Labs (especially, CBC, CMP, DIC panel, immunoglobulins)

ECOG, Eastern Cooperative Oncology Group; CAR, chimeric antigen receptor; CRP, C-reactive protein; CRS, cytokine release syndrome; 
EBV, Epstein-Barr virus; TCR, T-cell-receptor; CBC, complete blood count; CMP, complete metabolic panel; DIC, disseminated 
intravascular coagulation.
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on the observation that that serum IL-6 levels peaked 
during CRS, the use of the anti-IL-6R monoclonal antibody 
tocilizumab, a humanized immunoglobulin G1k (IgG1k) 
monoclonal antibody approved for the treatment of some 
rheumatologic/autoimmune diseases, has been proposed 
and utilized as first-line treatment for amelioration of 
CRS symptoms, with reduction in serum biomarkers 
including IL-6, (6,13,14). Tocilizumab administration it is 
usually indicated for patients with CRS of severe grade, or 
moderate grade but with co-morbidities.

In the review paper of Brudno and Kochenderfer, the 
authors report on the successful response to tocilizumab in 
two patients at their institution, one with CRS manifesting 
4 hours after the infusion of CAR T-cells targeting the 
B-cell maturation antigen, and another who developed 
CRS with left ventricular dysfunction, resembling stress 
cardiomyopathy (Takotsubo cardiomyopathy), following 
CAR CD19 T-cells infusion for ALL. Patient 1 received 
tocilizumab infusion at 25 hours and at 5 days after T-cells 
infusion with sustained decrease in body temperature and 
heart rate, and patient 2 received tocilizumab on day 4 after 
T-cells infusion with decrease in respiratory rate, thereby 
avoiding an impending intubation, as well as decrease in 
heart rate and C-reactive protein (CRP). Corticosteroids 
(rapidly tapered methylprednisolone) are reserved for CRS 
toxicity cases refractory to tocilizumab. One exception is 
made for neurologic manifestations of CAR T-cell toxicity, 
where there is a general consensus that steroids are preferred 
because: (I) central nervous system (CNS) penetration of 
tocilizumab is poor; and (II) a concern that saturation of the 
IL-6 receptor by tocilizumab would lead to an increase of 
the IL-6 levels in the cerebrospinal fluid with subsequent 
worsening neurologic toxicity. Dexamethasone is the steroids 
of choice for CNS symptoms by virtue of its excellent CNS 
penetration. Table 1 summarizes the keypoints adopted in the 
management of CAR T-cells therapies.

Predicting CRS or its severity

Current research efforts aim at identifying serum bio-
markers to predict the development and/or severity of 
CRS. In a recent publication, Teachey et al. (13) measured 
the levels of cytokines and biomarkers in 51 patients (39 
of whom were pediatrics), treated with CAR CD19 T-cells 
for ALL. The authors reported peak levels of 24 cytokines 
(including IFN-gamma, IL-6, sgp30, and sIL-6R) in the 
first month after infusion that were associated with the 
development of severe CRS.

Tumor burden was associated with CRS severity, but 
inclusion of tumor burden in the prediction model was 
not able to improve the accuracy of the prediction based 
on cytokines alone (13), a finding that conflicts with two 
previous reports (11,15). 

Furthermore, Teachey et al. did not find an appreciable 
rise in IL-6 prior to the development of CRS, as previously 
reported by Turtle and colleagues (15). With conflicting 
data, there is no current consensus on the pre-emptive 
administration of tocilizumab. Additionally, it is unclear if 
the cytokine elevation is an integral part of the anti-tumor 
response; pre-emptive administration of tocilizumab in this 
case, would dampen the anti-tumor effect of CAR T-cells.

Although CAR CD19 T-cells trials performed in ALL 
offer invaluable information, it is currently unclear whether 
the prediction models and therapeutic strategies adopted in 
patients with CAR CD19 T-cells toxicities, would apply to 
CAR targeting different antigens, and would apply to CAR 
T-cells clinical trials performed in both pediatric and adult 
patients.

Cytokine release platforms need consolidated assays 
design and format (6), ideally with uniform protocols for 
CRS testing as currently proposed by the International 
Life Science Institute-Health and Environmental Sciences 
Institute Immunotoxicology Technical Committee (ILSI-
HESI ITC) workshop on cytokine assays (16). 

It needs to be kept in mind that baseline inflammatory 
levels can be already elevated in patients with cancer, and 
a fold or net increase or rate of change in cytokine levels 
may be more informative than absolute cytokine levels. 
Since the use of currently identified biomarkers requires 
clinical laboratory improvement amendments (CLIA)-
certified assays, which are not routinely available at many 
centers, some authors have proposed the use of surrogate 
CRS makers such as ferritin and CRP. Unfortunately, there 
are conflicting results regarding the utility of such surrogate 
markers to predict the development of severe CRS, and 
further validation studies are needed (11,13,15). CRP is 
an acute phase reactant produced by the liver largely in 
response to IL-6, however CRP levels (as well as ferritin 
levels) cannot be used to distinguish between infection-
associated and noninfectious inflammation. Furthermore, 
CRS can result in pancytopenia, predisposing the patients 
to infectious complications, manifesting with a spectrum 
of signs and symptoms indistinguishable from sepsis. Since 
some authors found elevated levels of serum IFN-γ patients 
with CRS decreasing after treatment of CRS (13,15), this 
marker could be helpful in differentiating between the two, 
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perhaps in combination with other early markers of sepsis, 
such as pro-calcitonin (17). 

Other variables that might affect the inference of these 
approaches include, for example, the different targeted 
antigens, T-cell manufacturing protocols, the vector system 
utilized, the CAR design, the affinity of the single chain 
variable fragments (scFv), the choice of the co-stimulatory 
domain(s), the presence and type of preconditioning 
regimens, and/or cytokines administered before CAR T-cell 
infusion. 

Utility of suicide genes in CRS

The Recombinant DNA Advisory Committee of the 
National Institute of Health recommendations also 
included the co-expression of the CAR with a suicide gene 
for switching-off unpredicted or controlling long-term  
toxicities (12). However, aside pre-clinical models (18), 
suicide gene strategies in combination with CARs have not 
yet been reported from the clinical setting , and it is unclear 
whether the activation of a suicide gene would abate the 
inflammatory response when already clinically manifest. Data 
from clinical trials of inducible Caspase9 (iC9) suicide gene 
modified T-cells infused after haploidentical hematopoietic 
stem cell transplantation showed, that after administration 
of the AP1903 dimerizer to activate the safety switch in 
patients with inflammatory responses during GVHD, the 
elimination of the infused cells resulted in defervescence and 
reduction of inflammatory cytokines, including serum IL-6. 
Additionally, some indirect preliminary evidence suggested 
a reduction in iC9-T-cells in the CNS following dimerizer 
administration (19). Other strategies to increase the safety 
of CAR T-cells by enhancing the activation of the CAR only 
towards the tumor targets, involve combinatorial antigen 
recognition (3), or controlling transgene expression via 
inducible promoters (20); however, also these strategies have 
not yet entered into clinical trials.

A potential concern for the development of neutralizing 
antibodies or even anaphylaxis  arises  i f  repeated 
administration of CAR T cells are employed after 
implementation of CRS treatments or suicide genes are 
activated. Humanization of murine monoclonal antibodies 
consists of the replacement of mouse constant regions and 
variable framework regions for human sequences, resulting 
in a significantly less immunogenic product. However, some 
humanized and even fully human sequence-derived antibody 
molecules still carry immunological risk, as evidenced by 
the detection of CD4+ T-cell epitopes in complementarity 

determining regions (CDR) (21). The authors of this report 
incorporated up to two amino acid modifications in a single 
epitope on the affinity-determining regions reducing the 
immunogenic potential while maintaining the bioactivity 
of the antibody molecule, and similar strategies could be 
applied to CAR scFv as well.

Conclusions

CAR T-cells based therapeutic clinical trials are increasingly 
performed worldwide with high expectations from 
scientists, clinicians and patients alike. The targeting of 
tumor associated antigens, often also expressed on normal 
tissues, and the activation of the immune system, is creating 
a new chapter in the science of toxicology. Multiple research 
questions are open in regard to the optimal CAR strategy 
design, which may vary according to the targeted antigen, 
but especially, in regard to prevention, prediction, diagnosis, 
and treatment of those emerging novel CAR-related 
toxicities. Finally, the Foundation for the Accreditation 
of Cellular Therapy (FACT) has published a draft of 
the 1st edition FACT Standards for Immune Effector 
Cell Administration for inspection and public comment, 
intended to promote quality in administration of immune 
effector cells. These standards will be incorporated into 
a voluntary FACT accreditation in this field (http://www.
factwebsite.org/ImmuneEffectorRequest/).
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