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Learning Objectives

 Define Cytokine Release Syndrome 
(CRS)

Triggers, Clinical Symptoms, Risk Factors, Grading &
Management

 Identify Notable Case Examples
OKT3, Campath-1H, Rituxan & TGN1412, 

Kymriah, BLINCYTO & Kimmtrak
 Describe the use of in vitro cytokine 

release assays (CRAs) to help predict 
in vivo CRS

Common formats, Interpretation, Challenges & 
Current Status



Cytokine Release 
Syndrome

(CRS)



Cytokine Release Syndrome (CRS)
 Excessive & rapid release of pro-inflammatory cytokines from immune cells into the bloodstream
 An acute systemic inflammatory response, usually associated with first infusion reaction
 Severity can range from mild-to-moderate-to severe & life-threatening; symptoms can be progressive

Potential Triggers
 Treatments that enhance an 

immune response 
• Monoclonal antibodies
• Immunostimulatory 

therapies for cancer
-CAR T-cell therapy* 

-Checkpoint inhibitors
-Bispecific T cell-engagers
(BiTEs)

• Infections (COVID-19)

Clinical Symptoms

• Chills
• Fatigue
• Nausea
• Vomiting
• Diarrhea
• Headache
• Rash

• Tachycardia
• Hypotension
• Respiratory 

Distress
• Hypoxia

• Systemic Capillary 
Leak  Syndrome

• Cardiac Shock 
• Pulmonary 

Edema
• Disseminated 

Intravascular 
Coagulation

• Multi-organ Failure
• Neurotoxicity

Mild Moderate                        Severe
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*chimeric antigen receptor (CAR)
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Cytokine Release Syndrome (CRS)

Potential Risk Factors 
• Type of disease

-Autoimmune diseases (rheumatoid arthritis or lupus)
• High disease/tumor burden
• CAR-T cell dose
• Graft-versus-host disease



Cytokine Release Syndrome (CRS)

CTCAE
National Cancer Institute 

Common Terminology Criteria 
for Adverse Events

Typically, grading is based on 
cross-classification of CRS 

according to several grading 
scales

LeePenn
University of Pennsylvania

MSKCC
Memorial Sloan Kettering 

Cancer Center

CARTOX
CAR T-cell therapy-Associated 

Toxicity

Clinical Grading Scales for CRS 

ASTCT
The American Society 

for Transplant and Cellular 
Therapy

Neelapu



Cytokine Release Syndrome (CRS)
Clinical Grading Scales for CAR T-cell Therapy
• ASTCT Consensus Grading Guideline

The American Society for Transplant and Cellular Therapy
-Created by a multidisciplinary 
panel of medical doctors, nurses, clinical
trialists & advocacy experts

-Recommendations to help aid in the 
recognition, workup, evaluation & 
management in 7 easy-to-navigate tables

-Considered the optimal grading scale for 
assessing CRS & neurologic toxicity 
associated with immune effector cells

(CAR-T cells)



Cytokine Release Syndrome (CRS)

 Close monitoring for CRS is recommended to allow for early recognition & intervention
- Onset of CRS can occur ~30-120 mins with monoclonal/bispecific antibodies & checkpoint inhibitors
- Onset can last longer with CAR T cells

 Prompt treatment is key to reducing exaggerated immune responses
 Depends on the grading score
 Symptomatic management with supportive care (e.g., oxygen, antihistamines, 

antipyretics, transfusions & intravenous fluids)
 Systemic high dose Corticosteroids (Dexamethasone)
 Vasopressors
 Step-up dosing strategy: particularly effective for dosing with T-cell engagers

- an approach that involves administering a lower dose of a drug initially & then
gradually increasing the dose over time until a target dose is reached

- Used to maintain the efficacy of the drug while reducing the incidence & severity of
CRS

Clinical Management



Cytokine Release Syndrome (CRS)
Clinical Management

CAR T-cells, T-cell Engagers
Anti-IL-6 blockade

Roche’s Tocilizumab-Actemra®
BeiGene & EUSA Pharma 

Siltuximab-Sylvant

Monoclonals & T-cell Engagers
1st line treatment

Systemic Corticosteroids
Typically, effective

Anti-TNFα blockade
Amgen’s Etanercept-Enbrel

Janssen’s Infliximab-Remicade

and Monoclonals

Consider risk verse 
benefit approach 
when  choosing 

treatments for CRS



Notable 
Examples of CRS 

in the Clinic



Monoclonal Antibodies
Product Type of 

Molecule
Mechanism of 
Cytokine Release

Clinical Severity

Muromonab-CD3
Orthoclone 
OKT3®
Marketed by Janssen-Cilag
Approved: 1986
Withdrawn: 2010 

• T-cell mitogenic murine anti-
human CD3

• Immunosuppressant drug 
given to prevent renal, heart 
& liver allograft rejection

• Activation of 
T-cells 

• Moderate/
Severe

• CRS in ~50% 
patients

Rituximab
Rituxan®
Marketed by Biogen + 
Genentech
Approved: 1997

• B lymphocyte-depleting 
chimeric (mouse/human) 
anti-CD20

• Drug used to treat 
autoimmune diseases (RA) & 
certain cancers

• Complement-mediated 
& antibody-dependent 
cellular cytotoxicity 
(CDC & ADCC)

• Mild/
Moderate

Alemtuzumab
Campath-1H®
Marketed by Genzyme
Approved: 2001
Withdrawn: 2012 
Relaunched: Lemtrada

• Lymphocyte and monocyte-
depleting humanized anti-
CD52

• Drug used to treat B-cell 
chronic lymphocytic leukemia 
(CLL) & multiple sclerosis

• FcγR engagement of 
effector cells such as 
natural killer (NK) cells 

• Moderate/
Severe



Theralizumab AKA TGN1412
Super-agonist humanized anti-
CD28 monoclonal antibody 
(IgG4κ) that directly stimulated 
T-cells developed by TeGenero

Originally indicated for B-cell 
chronic lymphocytic leukemia &
Rheumatoid arthritis

Phase I trial was conducted on 
March 13, 2006, at the 
Northwick Park & St. Mark’s 
Hospital in London, UK, under 
the supervision of PRAEXEL
International (CRO)

8 healthy male volunteers (6 received 
TGN1412 & 2 received saline placebo)

Single i.v. infusion at 0.1 mg/kg 
(1/500th of the highest dose tested in 
monkeys); infusion given in 
succession, ~10 mins apart

All 6 males receiving TGN1412 
experienced a sudden and severe 
systemic inflammatory response

Incident



Theralizumab AKA TGN1412
Incident Cont’d

Onset of a massive “cytokine storm” occurred within 
~ 90 mins of infusion (excessive induction of pro-
inflammatory cytokines, headache, myalgia, nausea, 
diarrhea, vasodilation & hypotension)

Life-threatening symptoms followed within the next 
12-24 hours: respiratory stress, multiple organ failure 
(pulmonary & kidney), disseminated intravascular 
coagulation & severe depletion of lymphocytes & 
monocytes

All 6 males survived; however, not without significant 
long-term physical and mental consequences



Theralizumab AKA TGN1412
Investigations

 Thorough investigation confirmed 
no discrepancies with PAREXEL
facility, equipment, quality
systems & documentation or
batch release criteria

 Made 22 recommendations of factors 
to be considered before FIH clinical trials
of agents with novel mechanism of action

-study design & initial dose selection
-appropriate observation period 
between dosing
-need for a structured set of principles
for evaluating high-risk agents in humans

Chair:
Professor
Gordan Duff
“Duff’s Report”



Theralizumab AKA TGN1412
Regulatory Action Main Highlights 

 Emphasized the importance of non-clinical safety studies 
to identify potential risks before FIH trial

 Recommended a stepwise approach, with dose escalation 
only after careful evaluation of all safety & PK data

 Required the inclusion of healthy volunteers in the initial 
trial stages only after sufficient safety data has been obtained

 Recommended the use of adaptive trial designs to allow for
modifications to the trial based on emerging data

 Required the establishment of a safety monitoring committee 
to oversee the conduct of the trial & evaluate safety data

 Identify
 Mitigate
 Monitor



Theralizumab AKA TGN1412
MABEL Approach: Minimal Anticipated Biological Effect Level

 MABEL dose calculation should use ALL preclinical 
in vitro & in vivo information available from PK/PD 
data

A conservative method for estimating the starting dose intended 
to maximize participant safety in clinical trials by identifying the 
lowest dose that is likely  to produce a specific biological effect



Theralizumab AKA TGN1412

 Preclinical testing failed to predict the severity of the cytokine 
storm experienced by 6 healthy male donors dosed with 
TGN1412 during the Phase 1 clinical trial

-classical (most widely used) whole blood CRA format was not predictive of 
TGN1412

response in humans; however, can be successful for identification of cytokine 
release by molecules with other mechanisms of action

 This prompted the development of new in vitro cytokine release 
assays (CRAs) for mimicking in vivo cytokine release and 
lymphoproliferation Although not mandatory, 

there is a regulatory 
expectation to perform CRA 

testing after TGN1412 
incident



Theralizumab AKA TGN1412

Summary:
 TGN1412 presented in vitro to 

peripheral blood mononuclear 
cells (PBMCs) in the presence of 
primary human umbilical vein 

endothelial cells (HUVEC), 
retaining classic endothelial 
markers mediated specific 

cytokine release

Developments in Cytokine Release Assays

PBMC+HUVEC was predictive of 
cytokine release with TGN1412



Theralizumab AKA TGN1412

Summary:
 Preculture of PBMC’s at high 
density results in cytokine release 

during subsequent stimulation 
with soluble TGN1412

 Resetting PBMCs to lymph node-
like activity improves the 

predictive value

Developments in Cytokine Release Assays

High density PBMC preculture was 
predictive of cytokine release with 

TGN1412



Theralizumab AKA TGN1412
Objective:

Bring together academic, 
pharmaceutical, CRO & health 

authority scientists to discuss novel 
approaches & current challenges for 

the use of cytokine release assays 
(CRAs) for the identification of CRS 

potential of novel monoclonal 
antibodies

Topics:
 Assessments of novel CRA formats
 Translatability/impact on dosing in 

the clinic
 Challenges with data interpretation
 Use of preclinical animal species to 

predict cytokine release
 Emerging/novel technologies for 

cytokine measurements
 Regulatory perspective

Workshop Held



Theralizumab AKA TGN1412
Highlights

 Provided an overview of 
different approaches used 

by the pharmaceutical 
industry & CROs, for the use 
& application of CRAs based 
upon a survey & post survey 

follow-up conducted by 
HESI’s Immunotoxicology 
Committee CRA Working 

Group

 Identified gaps/future 
directions

Survey Conducted

A single most appropriate 
system to predict CRS does not 

exist
A case-by case approach is 

recommended



Types of Survey Questions

What CRA assays formats are 
you currently using?

What cytokines do you 
measure?

What assay format is used to 
measure cytokine levels?

Have you evaluated any other 
approaches to assess for 
potential cytokine release?

If using whole blood, is it 
undiluted or diluted?

How many donors do you use?

Do you report data relative to known 
positive controls?

Do you report data as pg/mL?

Would you stop a program based 
upon in vitro CRA results?

Total of 22 Questions



Cytokine Release Assays (CRAs)

Challenges 
• Lack of standardized assay formats & strategies for use
• Lack of standardized [+] and [-] controls
• Lack of consensus on interpretation of data

-high Inter- & intra- donor variability
-Target distribution or density in healthy donors may not be 
representative of patients

• Cannot be used to determine a threshold where the levels of 
cytokines release may be associated with serious CRS in the clinic

• Clinical translatability and predictability of CRS in the clinic
• Uncertainty regarding exactly how data should be used
• Lack of regulatory expectations

Only useful for hazard identification



CAR T-cells
 Carry a particularly high risk of CRS & neurotoxicity

 Drug Class: CD19-directed CAR T-cell 
immunotherapy 

 Indication: B-cell acute lymphoblastic leukemia 
(ALL) & r/r ALL

 First FDA approved: August 30, 2017
 CRS: 61/79 patients (77%) with r/r ALL, including 

≥ grade 3 in 48% patients; median onset of 3 days

Treatment of different blood cancers (either)
• Acute lymphoblastic leukemia [ALL]
• B-cell lymphoma, follicular lymphoma [FL]
• Mantle cell lymphoma
• Multiple myeloma 

*



Bispecific T-cell Engagers
 Carry a particularly high risk of CRS and neurotoxicity

 Drug Class: Bispecific CD19-directed CD3 T-cell 
engager

 Indication: adults with acute B-cell
lymphoblastic leukemia (ALL); r/r ALL

 First FDA approved: December 3, 2014
 CRS: 15% of patients with r/r ALL experience CRS

(mostly mild), typically onset within 2 days; dose-
limiting CRS observed

FIC for blood tumors



Bispecific T-cell Engagers

FIC for solid tumors

 Drug Class: Bispecific gp100 peptide-HLA-A*0.2:01 
directed CD3 T-cell engager

 Indication: Unresectable or metastatic m uveal 
melanoma

 First FDA approved: January 25, 2022
 CRS: Occurred in 89% of patients (mostly mild) 

with 0.8% being Grade 3-4



CD3 Bispecific T-cell Engagers
Objective:

 Brought together subject matter 
experts from pharmaceutical, 

academic, health authority & CROs 
to discuss the current-state-of-the-

science, challenges and future 
directions of CD3 bispecifics

 Provide insights into their preclinical 
and translational safety assessments



In Vitro Cytokine 
Release Assays

(CRAs)



Cytokine Release Assays (CRAs)

PBMC-peripheral blood mononuclear cells
HUVEC-human umbilical vein endothelial cells 
BOEC- blood outgrowth endothelial cells

Common CRA formats Considerations

Whole Blood 
(soluble & plate-bound)

Most widely used, closely replicates in vivo conditions, especially for targets expressed on 
monocytes & neutrophils; cells in circulation; sensitive for molecules that stimulate FcγRI-
mediated cytokine release

High Density PBMC 
pre-culture*

PBMCs (T cells, B cells, NK cells & monocytes); extracted from whole blood so less 
physiologically relevant, more sensitive to T-cell activation; cells are in a “primed” 
lymph node-like state; predictive of TGN1412       unmatched donor samples

PBMC/HUVEC 
co-culture*

Targets expressed on endothelial cells; cell contact dependent, produces target 
cross-linking & Fc binding; predictive of TGN1412

PBMC/BOEC
Co-culture^

Produces target cross-linking & Fc binding     matched donor samples

*2011 Romer et al
^2015 Mitchelle, et al

Patented assay; only at CRO



Cytokine Release Assays (CRAs)
Multiple healthy human donors:
Minimum of 10 (more the better)

Pro-inflammatory cytokine standard 
panel: 
IL-2, IL-6, TNFα & IFNγ

Relevant positive controls: 
Depends on the mechanism of action of drug 
product being evaluated

OKT3®, Campath-1H®, Rituxan®, 
BLINCYTO & PMA + IONO

Relevant negative controls: Erbitux 
(anti-EGFR), media only, PBS only

Phorbol Myristate Acetate + Ionomycin

Drug product titrations
~ 100 – 0.1 ug/mL (titrate 3-fold)

Platform:
Meso Scale Discovery (MSD)
Electrochemiluminescence
Luminex

Data Interpretation
 Readout: absolute cytokine concentrations 

(pg/mL)
 Individual cytokine responses to test article

is compared to “all” [-] & [+] controls 
 Individual cytokine responses to each [+] 

control is compared to each [-] control
 Supported by statistical analysis



Current Status



Current Status
General Strategy

Parameter Consideration

Target • Secreted/soluble monomeric proteins
• Membrane/surface protein; soluble oligomer

Target Expression • Target is not expressed on peripheral whole blood cells or 
endothelium

• Target is expressed on peripheral whole blood or endothelium
Antibody Format • Novel format (oligonucleotides, recombinant proteins, oncolytic 

viruses, adeno-associated virus)
Antibody Fc • Antibody-dependent cellular cytotoxicity and/or complement-

dependent cytotoxicity (CDC) activity
Mechanism of Action • Robust pharmacology data exists & the hazard for cytokine release 

has already been identified
• Immunostimulatory & agonistic antibodies which may stimulate 

(indirectly or directly) & have exaggerated pharmacological activity



Current Status



Current Status

Challenge: 
 Lack of availability of standard positive 

and negative control monoclonal antibodies 
for use in cytokine assay qualification

11 Laboratories

 Develop a positive & negative control reference panel to increase 
confidence in the robustness of a CRA platform to identify a 
potential CRS for novel immunomodulatory drugs

Objective



Current Status

The National Institute for Biological Standards and Control (NIBSC) developed a reference panel of lyophilized 
monoclonal antibodies known to induce CRS in the clinic, manufactured according to the respective published 
sequences of Campath-1H® , OKT-3® & TGN1412, as well as 3 isotype matched negative controls

The relative capacity of these control monoclonal antibodies known to stimulate the release of IFN-γ, IL-2, TNF-α 
and IL-6 in vitro was evaluated

Study design:

Samples & cytokine measurements:
(1)NIBSC: Meso Scale Discovery (MSD)
(2)Participants: MSD or Luminex

Interpretation of results:
Fold increase in cytokine release between 
positive controls and their respective isotypes



Current Status

Summary:
 The performance of the positive controls in the various CRA formats support the hypothesis that no 

single CRA platform is optimal for every drug with CRS potential

 However, the relative ability of each positive control to induce either IL-2, TNF-α, IL-6, or IFN-γ varied 
with each assay platform. Therefore, careful understanding of the mechanism of action of a test 
antibody is critical for appropriate choice of a CRA platform to identify potential CRA risk

 These results emphasize the value of the use of multiple positive and negative controls for the 
appropriate qualification of a CRA.

 The results confirm that the positive control monoclonal antibodies produced by NIBSC induced the 
release of IFN-γ, TNFα, IL-2 and IL-6 in a variety of CRA platforms, replicating previously published 
data generated by the corresponding clinical therapeutics

 This panel of positive control antibodies and the negative isotype controls are suitable for use for the 
qualification and validation of CRAs, comparison of different CRAs (eg solid vs aqueous phase), and 
intra- and inter-laboratory comparison of CRA performance



Current Status

CRA working group focused on standardizing CRA formats, 
data interpretation & in vitro-to-in vivo

translatability & prediction of cytokine responses

28 partners from 11 countries with a multitude of expertise



CRS is a potentially life-threatening 
adverse event characterized by an 
excessive release of pro-inflammatory 
cytokines

In the clinic, signs of CRS should be 
closely monitored & appropriate 
mitigation steps taken to reduce 
symptoms 

Although there is not full alignment on 
a single grading system for CRS, cross-
classification according to multiple 
grading scales offers guidance to 
clinicians in determining severity

Summary
Immunotherapies for cancer, like CAR T cell 
& T-cell engagers pose a particularly high 
risk of CRS

Significant progress has been made in designing &
developing improved in vitro CRAs to predict potential 
CRS in the clinic since the “cytokine Storm” 
experience with TGN1412 in 2006

Currently,  there is still a lack of consistency across
biopharmaceutical companies performing the assays
“ONLY USEFUL FOR HAZARD ID”

Efforts are ongoing to address these challenges 
(e.g., regulatory guidance & collaborative consortiums)
“MORE TO COME, SO STAY TUNED”



HESI IMMUNO-SAFETY TECHNICAL COMMITTEE

Thank you!
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