
 

 

 

 

 

 

 

 

 

 

 

DEVELOPMENT OF CYTOKINE RELEASE ASSAY AS A PREDICTION 

OF IMMUNOSAFETY 

 

 

 

 

 

 

 

 

Jianyin Liu 

Master’s thesis 

Master’s program in Genetics of Molecular Biosciences 

Genetics and Genomics study track 

University of Helsinki 

Faculty of Biological and Environmental Sciences 

March 2022 



   2 

Abstract 

 

Faculty: Faculty of Biological and Environmental Sciences 

Degree programme: Master’s program in Genetics of Molecular Biosciences 

Study track: Genetics and Genomics 

Author: Jianyin Liu  

Title: Development of cytokine release assay as a prediction of immunosafety 

Level: Master’s thesis 

Month and year: March 2022 

Number of pages: 48 

Keywords: cytokine, cytokine release assay, PBMCs, cytokine storm, immunosafety 

Supervisors: Dr. Su Nguyen, Dr. Pirjo Vehmaan-Kreula 

Where deposited: University of Helsinki library 

Abstract: 

Cytokine release syndrome is a severe systematic inflammatory disease that can be triggered upon 

pharmaceuticals intake. Evaluating the potential risk levels of novel therapeutics with an optimal 

assay is therefore essential. In this study, we tried to set up and validate a cytokine release assay 

from human peripheral blood mononuclear cells (PBMCs) for its application in nonclinical 

immunotoxicity assessments. Fresh PBMCs were isolated from buffy coats obtained from 11 

healthy donors of different characteristics. Freshly isolated PBMCs were treated with LPS, 

positive control antibodies (anti-CD28, anti-CD3) and their corresponding isotypes (negative 

control antibodies) in both aqueous and solid formats to assess their abilities to induce cytokine 

release. Similarly, cryopreserved frozen PBMCs were also incubated with LPS, the positive 

control antibodies and the negative control antibodies, and compared their cytokine releasing 

capacities with freshly isolated PBMCs. A nine-cytokine panel (IFNγ, IL-1β, IL-2, IL-4, IL-6, IL-

8, IL-10, TNFα, IL-12) was screened to select four cytokines (IFNγ, IL-2, IL-6, TNFα) in the 

following experimental setup. Freshly isolated PBMCs appeared to have higher sensitivity in 

response to the treatments as shown by the higher level of cytokine release. However, similar 

trends of cytokine release were observed between freshly isolated and frozen PBMCs in both 
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aqueous and solid assay formats. LPS and anti-CD3 strongly induced cytokine release in all 

donors. Conversely, anti-CD28 induced cytokine release in some, but not all donors, possibly due 

to donor specificity. In summary, we have successfully developed and optimized a cytokine release 

assay, and it can be used to test the potential risk of immune-modulating drug candidate in the 

preclinical safety studies.  
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1. ABBREVIATION AND CONCEPTS 

 

PBMCs   Peripheral Blood Mononuclear Cells 

CRS    Cytokine Release Syndrome 

CRA    Cytokine Release Assay 

mAb    Monoclonal Antibody 

CD    Cluster of Differentiation 

LPS    Lipopolysaccharide  

IL    Interleukin  

IFN    Interferon  

PRR    Pattern Recognition Receptor 

TLR    Toll-like Receptor 

DC    Dendritic Cell 

NK    Natural Killer Cell 

Th    T helper cell 

FDA    The United States Food and Drug Administration 

AQ    Aqueous phase 

SP    Solid phase 

CAR-T   Chimeric Antigen Receptor T Cell 

CTCAEv4.03   Common Terminology Criteria for Adverse Events version 4.03 
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2. LITERATURE REVIEW 

 

2.1 Cellular innate immunity and cellular adaptive immunity 

2.1.1 Cellular innate immunity 

The evolutionarily conserved innate immune system comprises of all tissues, barrier 

surfaces, mucosal surfaces, and various immune cells [1]. Under situations like tissue damage and 

infection, the innate immune cells can “sense” the stress through germline-encoded receptors such 

as pattern recognition receptors (PRRs) and toll-like receptors (TLRs) and cellular responses will 

follow [1]. Secreted factors including cytokines/chemokines [2], complement factors [3], and 

antimicrobial peptides [4] are released from the innate immune cells to mediate the immune 

responses [1].  

Innate immune cells consist of various myeloid and lymphoid cell types where most of 

these cell types originate from the hematopoietic system, possess no somatically recombined 

antigen-receptors, and lack conventional immunological memory [1, 5]. The prominent cell types 

in innate immunity are neutrophils and macrophages [1] (Fig. 1).  

Previously, neutrophils are thought to be terminally differentiated and short-lived [1]. 

However, it has been shown that neutrophils employ multiple mechanisms upon encountering an 

antigen [6]. Neutrophils can respond by phagocytosis following microbial exposure, extrude their 

nuclear or mitochondrial DNA to form extracellular traps and can also interact with immune cells 

such as dendritic cells (DCs), macrophages, natural killer cells (NKs), and T cells [6] to allow 

downstream cytokine and chemokine release [6] (Fig. 1).  

Both monocytes and macrophages belong to the mononuclear phagocyte system, where the 

recognize antigens via PRRs [7]. Monocytes can present antigens, secrete chemokines, and are 

recruited into tissues to differentiate into macrophages and further secret molecules to recruit other 

immune cells and present processed antigens [7].  
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Figure 1. Cells involved in innate immune system and adaptive immune system.  

 

 

2.1.2 Cellular adaptive immunity 

While innate immunity is activated directly by pathogen, adaptive immunity is more 

sophisticated and activated by innate immunity to function collaboratively to eliminate pathogens 

[8]. Adaptive immune responses are carried out by lymphocytes where they can neutralize the 

pathogen or kill the infected cells [8].  

The main cell types in the adaptive immune system are B cells [9] and T cells [10]. While 

NKs and DCs are part of the innate immune system, they interact and play important roles in 

assisting adaptive immunity [11, 12]. B cells can secrete antibodies and cytokines after being 

activated and have important roles in humoral immunity [9]. In addition, B cells can allow optimal 

activation of CD4+ T cells [9]. Naïve T cells are activated upon pathogen encounter and 
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differentiate into effector T cells [10]. CD8+ T cells are differentiated into cytotoxic T cells that 

can kill infected target cells; CD4+ T cells differentiate in to Th1 and Th2 where Th1 induce 

antibody production and Th2 activate naïve B cells for antibody production [10]. NKs are cytotoxic 

lymphocytes that can lyse the infected cells via degranulation and death receptor ligation as well 

as producing inflammatory cytokines after receptor activation [11]. As professional antigen 

presenting cells, DCs can induce naïve CD4+ T cell activation and differentiation into regulatory 

T cells, and Th subsets including Th1, Th2, as well as Th17 [12] (Fig. 1).  

 

2.2 PBMCs and cytokine secretions 

2.2.1 PBMCs 

PBMCs, consisting of monocytes, lymphocytes (T and B cells), NKs and DCs, are blood 

cells with round nucleuses [13]. In humans, lymphocytes represent the majority of the PBMC 

population (70-90%), followed by monocytes (20%), and only a small percentage of DCs (1-2%) 

[13]. However, depending individual dependent factors like age, ethnicity and sex, the relative 

distribution of the cell type populations can vary significantly [13]. Upon interacting with the 

stimuli, PBMCs elicit important immunological responses against the antigen present and thus 

making them ideal study models in immunology [13] (Fig. 2).  

Generally, PBMCs are isolated from peripheral blood for their use in preclinical and 

clinical research [13, 14]. They may be sorted into specific cell subpopulations by 

immunomagnetic bead-based sorting or used to establish lymphoblastoid cell lines [14]. 

Functional assays using PBMCs are applicable include genotoxicity detection [15], NK 

cytotoxicity assays [16], antigen-specific response assays [13] and through cytokine release, they 

can be used to detect unwanted intrinsic proinflammatory activities that may be elicited by 

therapeutics [17].  
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Figure 2. Peripheral blood mononuclear cell (PBMC) types.  
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2.2.2 Cytokine secretions 

Cytokines are a category of small, secreted proteins that allow communications between 

cells [18]. Subtypes of cytokines include chemokines, which are cytokines that possess 

chemotactic activities, and interleukins, which are cytokines that are produced by a leukocyte and 

act on other leukocytes [18. The two main functions of cytokines are either pro-inflammatory, such 

as IL-1, IL-6, IL-8, IFN, and TNF [18, 19, 20], and anti-inflammatory, such as IL-2, IL-4, IL-

10, and IL-12 [18, 21, 22] (Table 1).  

Upon encountering a stimulus, PBMCs can elicit immune responses through cytokine 

release [23]. IL-2, IL-4, IL-6, IL-12, IFN, and TNF can be produced by effector B cells [24]. 

Naïve T cells can secrete IL-12, IL-4, IL-6 to allow Th1, Th2 and Th17 differentiation, respectively 

[25]. Th1 can then secrete IFN while Tregs can secrete IL-10 for downstream effects [25]. DCs 

secrete IL-1, IL-6, IL-8, IL-12, and TNF in response to antigen detection [26]. The prominent 

cytokines produced by NKs are TNF and IFN, though NKs have been shown to produce other 

cytokines such as IL-8 and IL-10 [27]. Aside from PBMCs, innate immune cells like the 

macrophage can also produce cytokines such as TNF, IL-6, IL-8, IL-10, and IL-12 after being 

exposed to inflammatory stimuli [28]. Collectively, the secreted cytokines act as messengers to 

signal, communicate and activate other cells to allow immunological activities as responses to 

stimuli [18] (Table 1).  

 

 

 

 

 

 

 

 

 

 

 

 



   12 

Table 1. Cytokine and their primary actives. Adapted from Zhang and An, 2007 [24]  

 

2.3 Cytokine release syndrome (CRS) 
CRS is a cell-mediated, systematic inflammatory response that can be triggered by 

immune-based therapies, such as monoclonal antibodies, bispecific antibodies, biopharmaceutics, 

and the CAR-T therapy [29, 30, 31], resulting in the elevations of cytokines [32]. The term was 

introduced after the anti-T cell antibody muromonab-CD3 was used as an immunosuppressive 

treatment in the clinic for solid organ transplantation and is subsequently used to describe the effect 

after certain antibody-based therapies, such as TGN1412, the CD28 superagonist, had been 

administered in clinical trials [29].  

Though the cytokine profiles of CRS have been described [30], more thorough 

understanding of CRS mechanisms remains as a challenge, IL-1, IL-2, IL-6, IL-8, IL-10, IFN, 

and TNF are the main cytokines in CRS pathogenesis [30, 31, 32], with IL-6 being the most 

prominent cytokine in mediating the CRS inflammatory response [32, 33]. IL-6 is responsible for 
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vascular leakage, complement activation, coagulation cascades and disseminated intravascular 

coagulation [39].  In CAR-T therapy, peak IL-6 levels have been observed during maximal T cell 

proliferation in patients with severe CRS [32, 34] and the cell types that serve as the main source 

of IL-6 release are macrophages and monocytes [35, 36]. IL-8 and IFN have also shown to induce 

endothelial activation, which is another hallmark in severe CRS [35]. 

CRS clinical manifestations can range from mild to life-threatening [33]. The common 

symptoms of CRS are fever, malaise, headache, nausea, vomiting, rash, myalgia, arthralgias and 

rigor [33]. Other complications like respiratory, cardiac, or neurological toxicities can also occur 

in severe cases of CRS [33, 35].  

Different grading systems have been used to define the severity of CRS [36, 37, 38] (Table 

2), though since 2014, Lee criteria has been used in most of the United States Food and Drug 

Administration (FDA) registered clinical trials [36]. Previously, CRS onset was defined in the 

Common Terminology Criteria for Adverse Events version 4.03 (CTCAEv4.03) as within 24 hours 

of therapy and CRS symptoms would occur within minutes to hours of drug infusion and stopping 

the infusion can resolve or improve CRS [37, 38].  With the recent development of Chimeric 

Antigen Receptor T Cell (CAR-T), where only one dose is administered during a precise period, 

and other immune-cell based therapies, these definitions are no longer feasible [37, 38]. Therefore, 

developing a consistent consensus on the grading system can contribute to objective patient 

assessments with CRS [38]. For the now commonly used Lee criteria, CTCAEv4.03 was modified 

with CAR-T therapy in mind and uses more precise and concrete metrics, with an emphasis on 

probably clinical judgement [38]. However, the Lee criteria for CRS grading remains objective 

and can vary depending on the health care provider [38]. 

 

 

Table 2. Different CRS grading system. Adapted from Lee, et al, 2019 [43] 



 



Different CRS treatments are recommended in respect to the CRS grade [29, 31]. Regarding 

immune-based therapies, the goal of CRS management is to eliminate the life-threatening toxicity 

while maintaining sufficient effect in treating the patient [31]. For patients with grade 1 CRS, 

symptomatic treatment is recommended, and for patients with grade 2 CRS, immunosuppressives 

should be administered to manage the hypotension [31] (Fig. 3). The humanized immunoglobulin 

G1k anti-human IL-6R mAb, tocilizumab [31] is used to treat patients with grade 3, or 4 CRS, 

which reduces the CRS symptoms significantly [29, 31]. Other IL-6 targeting mAbs, such as 

siltuximab and clazakizumab are currently in clinical development for the potential uses in treating 

CRS [29]. 

 

 

 
 

Figure 3. CRS treatment recommendations based on the CRS grading system. Adapted from 

Lee et al, 2014 [37].  
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2.4 Challenges in understanding and mitigating CRS 

Although more general guidelines on CRS grading have been developed, there are still 

limitations in the grading system [37]. CRS symptoms such as fever, hypotension and respiratory 

distress are no unique to CRS, and can result in misdiagnosis [37]. Neurotoxicity, a frequent 

complication accompanying severe CRS, along with other toxicities, are not included in the CRS 

definition [37]. When defining the grading system, laboratory parameters are excluded in favor of 

clinical parameters [37]. 

Despite immune-based therapies have promising potentials, CRS remains a challenge to 

overcome in the therapies, especially CAR-T therapy, where patients are observed to be prone to 

CRS and CRS-related neurotoxicity syndrome [39]. Currently, IL-6, GM-CSF, IL-1 receptor 

antagonists, corticosteroids, and small molecule inhibitors have been developed in hope to treat 

and manage CRS [39]. Identifying the CRS biomarkers remains challenging as the optimal 

biomarkers must fill the requirements that they have to be able to specifically and sensitively 

predict severe CRS onset and the cytokine evaluation needs to be done early [40]. 

Optimal CRA development remains challenging due to the multiple mechanisms of 

cytokine release induction of specific drugs. Therefore  multiple formats of CRAs may need to be 

used to accurately predict hazards [41]. The thresholds of cytokine release levels that are 

concerning are not possible to be defined in the current assays [42]. Moreover, current CRAs are 

designed to detect severe cytokine release but not necessarily mild to moderate release [41]. 

Especially in situations where target cells or ligands are not present in the blood, or cytokine 

release is triggered by other immune cell populations aside from PBMCs, the use of CRAs may 

not be appropriate [42]. 

Recently, testing of cytokine release in nonclinical settings have increased for potential 

therapeutics induced immune activation screening [43]. Many in vitro CRAs have been developed 

and used as part of the preclinical safety assessment of novel therapeutic mAbs. Assays of different 

formats (aqueous phase: AQ vs  solid phase: SP, fresh vs frozen PBMCs) are used to examine 

preclinical safety during drug developments [43]. However, no clear guidance and consensus 

requirement for CRAs are suggested by the regulatory authorities [30]. Discrepancies are likely to 

occur due to the uses of different assay formats in research laboratories and contract research 

organizations. Furthermore, donor variability as well as the lack of standardized positive and 

negative antibody controls in CRAs lead to difficulties in comparing the performances of different 
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assays [44]. Therefore, developing appropriate assays to assess potential hazards are critical in 

ensuring product safety [44].  

 

 

2.5 Cytokine release assays (CRAs) 

To predict the safety and potential of a novel therapeutic, CRAs, which are in preclinical 

assays employing human cells are used to induce cytokine release either in vitro or in vivo [42]. 

Published CRAs present in various formats and approaches, including stimulating the cells with 

therapeutics in solution (aqueous phase, AQ), immobilized on the plastic assay plate (solid phase, 

SP), or as co-culture where the test article is present with immune and other cell types [42, 45]. 

While PBMCs are commonly used, whole blood samples have also been used to mimic the native 

environment [42, 45].  

Soluble phase CRA (AQ CRA) is the predominantly used form of CRA where various 

concentrations of therapeutics or mAbs are added to blood or PBMCs [42] (Fig. 4a). The 

incubation time after addition of the treatments is between 4 to 72 hours and depending on the 

cytokines to be measured since the production of some cytokines, like IFN, require time for 

PBMCs differentiation [42]. Solid phase CRA (SP CRA) are also commonly used in the 

pharmaceutical industry and it requires the therapeutics or mAbs to be dry-coated overnight before 

PBMCs are presented [42,46] (Fig. 4b). The incubation time for SP is between 24 to 72 hours [42]. 

Cytokine release for both AQ and SP assays are typically measured with multiplex immunoassays 

upon the incubation of PBMCs with test articles [42, 45].  

Following the TGN1412 incident, IL-8, and TNF were thought to be predictive markers 

when PBMCs were stimulated with TGN1412 in vitro in immobilized format, though later studies 

have shown them to be poor predictive markers for severe CRS, and IL-2, IFN were deemed to 

be better markers [45]. In vivo study showed high levels of IL-2, TNF and IFN in the plasma 

within 4 hours of TGN1412 infusion in vitro while immobilized TGN1412 showed a slowly 

cytokine release kinetics at 48 to 72 hours [45]. This is likely due to the naïve and central memory 

CD4+ T cells needing to undergo differentiation into effector memory CD4+ T cells and can be 

mitigated by adding effector memory CD4+ T cells to the PBMCs [47].  
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TGFN1412, a CD28 superagonist was a regulatory approved candidate therapeutics that 

triggered life-threatening “cytokine storm” in all six healthy volunteers in the Phase I clinical trial 

in 2006, although it was concluded to be safe in preclinical testing [48].  “Cytokine storm” is a 

severe form of CRS which triggers sudden and rapid release of proinflammatory cytokines and led 

to the systemic inflammatory response syndrome, causing fever, pain, and organ failure [49]. The 

failure of preclinical safety testing was indicated by the adverse effects caused by this superagonist 

[48] and developing an optimal assays in assessing the risk level of potential immunotherapeutic 

is essential.  
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Figure 4. Commonly used CRA formats. a, aqueous phase (AQ) CRA, b, solid phase (SP) CRA.   
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2.6 Perspectives from regulatory authorities 
Regulatory expectations often come along with the developments of CRAs. Safety 

evaluation of these drugs and biological products should include evaluating both the intended 

(pharmacological) and the unintended (toxicological) actions on the immune system. Regulatory 

authorities demand an assessment of cytokine release potential, emphasizing on the importance of 

human-based methods in determining the potential immunotoxicity [43]. However, no specific 

assay guidance has been made to assess cytokine release by the EMA (European Medicine 

Agency) and the FDA (The US Food and Drug Administration) [43]. CRAs are expected for any 

drug that possess the risk of inducing CRS upon infusion. The assays and their designs should be 

built with considerations of therapeutics, target biology and mode of administration [43]. 

According to the FDA guidance for Immunogenicity Testing of Therapeutic Protein Products – 

Developing and Validating Assays for Anti-Drug Antibody Detection, Guidance for Industry, 

‘FDA recommends adopting risk-based approach to evaluating and managing immune responses 

to – or immunologically related adverse clinical events associated with – therapeutic protein 

products that affect their pharmacokinetics, pharmacodynamics, safety, and efficacy. 

Immunogenicity tests should be designed to detect ADA that could mediate unwanted biological 

or physiological consequences such as neutralizing activity or hypersensitivity responses [50].  

 

 

3. Research objectives 

As it is crucial to investigate novel immune function modulating therapeutics to prevent 

the potential induction of CRS and ensure safety, developing a suitable CRA is therefore essential. 

In this study, we aim to design, develop, and optimize an in vitro CRA using PBMCs from healthy 

donors, and positive as well as negative control antibodies. 
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4. Material and methods 

 

4.1 PBMCs isolation 

Buffy coats (referred to as the fraction of anticoagulated blood samples that contain most 

of the white blood cells and platelets following centrifugation) from 11 healthy donors of different 

age, gender, and blood type were provided by the Finnish Red Cross Blood Services. Buffy coats 

were diluted at 1:2 with PBS without Ca2+ and Mg2+ (ThermoFisher, cat#14190250). 10 to 15ml 

of room temperature Ficoll-Paque PLUS (Sigma-Aldrich, cat#GE17-1440-02) was added to three 

to four 50ml conical tubes (Sigma-Aldrich, cat#CLS430828-100EA). 30ml of diluted buffy coats 

were slowly layered on top of the Ficoll while keeping the two phases separated. The tubes were 

centrifuged at 400 g for 30 minutes at room temperature without brake. The top layer of the 

supernatant (plasma) was removed. PBMCs were collected with a 1ml pipette and transferred to a 

new 50ml conical tube. The cells were washed three times with 50ml PBS without Ca2+ and Mg2+: 

once at 350 g for 15 minutes and twice at 400 g for 10 minutes. After removing the supernatant, 

the cells were resuspended in 25ml AIM-V media (ThermoFisher, cat#12055091). The cells were 

counted (Nexcelom Bioscience, Cellometer K2 fluorescent cell counter) and diluted to 2 x 106 

cells/ml. 100l of the resuspend cells were plated in each well on the 96-well round bottom 

polystyrene cell culture plate (Sigma-Aldrich, CLS3367-50EA), according to the treatment 

conditions (Fig. 5). The remaining PBMCs were frozen down in cryogenic vials (Sigma-Aldrich, 

cat#CLS430487-500EA) in FBS (Sigma-Aldrich, cat#F4135-500ML) + 10% DMSO (Sigma-

Aldrich, cat#D2438-50ML) with 5 x 107 cells per vial.  
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Figure 5. Diagram of CRA protocol. Buffy coats from healthy donors were centrifuged to 

separate the layers for PBMCs isolation. Isolated PBMCs (fresh or frozen) were plated at 200,000 

cells per well in either AQ or SP CRA format. After 45-hour incubation at 37ºC + 5% CO2, 

supernatant was taken for LDH assay to examine cell viability and Multiplex assay to detect 

cytokine release. 

 

 

4.2 Antibody information 

The expected abilities of antibodies in inducing cytokine release vary. Anti-CD28 

(Creative biolabs, Cat#TAB-064LC) was expected to elicit high cytokine release; anti-CD3 

(Creative biolabs, Cat#TAB-019) was expected to have high cytokine release comparable to that 

of LPS (Invitrogen, Cat# tlrl-3pelps); anti-TNF (Creative biolabs, Cat#TP-088CL) was expected 

to not have any significant responses while anti-CD20 (Creative biolabs, Cat# CBMAB-SI081LY) 

was expected to elicit low cytokine release (Table 3). Moreover, anti-CD20 and the isotypes were 

used as negative controls and LPS as positive control (Table 3).  
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Table 3. Concentrations of antibodies, their isotypes and LPS treatments. All conditions used 

in the SP or AQ phases, along with antibody combinations and controls are listed along with their 

expected cytokine release levels. 
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4.3 LPS and antibody concentrations 

Different concentrations of antibodies and their isotypes were used in AQ and SP CRAs to 

determine the optimal concentrations for high cytokine induction. Lipopolysaccharide (LPS) was 

used as a positive control (Table 3).  

 

4.4 PBMCs treatments 

4.4.1 AQ CRA using fresh PBMCs 

After 100l of isolated PBMCs (200,000 cells/well) in warm AIM-V media were plated, 

100l of diluted antibodies and LPS in AIM-V media were added to the 96-well round bottom cell 

culture plate (Sigma-Aldrich, CLS3367-50EA) in each well according to the treatment conditions. 

The plate was then incubated 37C + 5% CO2 for 45 hours. (Fig. 5, Table 3).  

 

4.4.2 SP CRA using fresh PBMCS 

The solid phase plate was coated one day before the PBMCs isolation. The different 

antibodies were diluted in AIM -V media (Creative biolabs, Cat#TP-083CL) and plated at 100l 

in each well, according to the treatment conditions. The plate was incubated overnight at 4C. 

After the incubation, the plated was washed three times with 200l PBS without Ca2+ / Mg2+ 

(ThermoFisher, cat#14190250) per well and the 100l of isolated PBMCs (200,000 cells/well) in 

AIM-V media were added in to each well. 100l AIM-V media was added into each well to bring 

the total volume to 200l. The plate was then incubated at 37C + 5% CO2 for 45 hours (Fig. 5, 

Table 3).  

 

4.4.3 AQ and SP CRAs using frozen PBMCs 

Frozen PBMCs were taken out from liquid nitrogen (-196C) and thawed slowly (3 to 5 

minutes) in the 37C water bath, before transferring into a 50 ml conical tube (Sigma-Aldrich, 

cat#CLS430828-100EA) that contained 8 ml of warm AIM-V media. The vial was washed with 1 

ml of warm media to recover the residual cells. The cell suspension was centrifuged at 400g for 

10 minutes at room temperature with rapid acceleration and brake on high. The cells were washed 



   26 

once with 10 ml warm AIM-V medium and resuspended in 10 ml of warm media. The antibody 

treatments for frozen PBMCs AQ and SP CRAs were as described in 4.4.1 and 4.4.2. 

 

 

4.5 Cell membrane integrity assay (LDH assay) 

CytoTox-One Homogeneous Membrane Integrity Assay (Promega, cat#G7891) was used 

to assess the cell membrane integrity after the 45-hour incubation. The AQ and SP CRA plates 

were spun at 400g for 10 minutes at room temperature. 120l supernatant was taken off from each 

well and stored at -70C for the subsequent Milliplex cytokine release analyses (Merck, 

cat#HCYTOMAG-60K). The plates were equilibrated to 22C and 1.5l lysis solution was added 

to each LDH control well (for maximum LDH release) and mixed. 25l of the remaining 

supernatant from each well was transferred to a black 96-well plate. 25l of CytoTox-One reagent 

was added into each well, and the plates were shaken for 30 seconds and incubated in dark for 10 

minutes before 12.4l of Stop Solution was added. The plates were shaken for 10 seconds and the 

fluorescence at 560 nm/590 nm were recorded with the EnSight Multimode Plate Reader (Perkin 

Elmer, part#HH34000000). The percentage of cytotoxicity (LDH release) was calculated using the 

average of experimental, maximum LDH release and culture media background fluorescence with 

the formula below: 

  

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐶𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 = 100 ×
(𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 − 𝐶𝑢𝑙𝑡𝑢𝑟𝑒 𝑀𝑒𝑑𝑖𝑢𝑚 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑)

(𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝐿𝐷𝐻 − 𝐶𝑢𝑙𝑡𝑢𝑟𝑒 𝑀𝑒𝑑𝑖𝑢𝑚 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑)
 

 

 

4.6 Multiplex cytokine release assay 

Cytokine release measurements were obtained by employing the Millipore human 

cytokine/chemokine magnetic bead panel (Merck, cat#HCYTOMAG-60K). Nine cytokines 

(IFNγ, IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, TNFα, IL-12) were selected for the panel and diluted 

in bead diluent. The reagents, standards and controls were prepared according to the Milliplex 

assay protocol. The assay plates were washed with the wash buffer. After adding 25l standards, 

controls, samples, and blanks, 25l assay buffer, was also added into the wells. 25l of mixed 
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beads was added into the samples and the plates were incubated overnight at 4C on a plate shaker 

at 750 rpm. The next day, the plates were washed twice with 200l/well wash buffer and 25l 

detection antibody was added to each well. The plates were incubated in dark on a plate shaker at 

750 rpm for 1 hour. After the incubation, 25l streptavidin-PE was added into each. The plates 

were incubated in dark on a plate shaker at 750 rpm for 30 minutes. The plates were washed twice 

with 200l/well wash buffer before 150l sheath fluid was added into each well. The plates were 

then incubated again in dark on the plate shaker at 750 rpm for 30 minutes at room temperature. 

Cytokine release was measured with the Bio-Plex 200 detector (R&D systems, cat#LX200-XPON-

RUO) and the data was analyzed with the Bio-Plex Manager 6.1 software using a five-parameter 

logistic regression for standard curve fitting (Fig. 5).   

 

 

4.7 Data analyses 

The data were cleaned and sorted in the comma separated values format before being 

processed in Python (version 3.9) and fold-changes were calculated against the basal level 

measurements (media only). Data from each donor under the same format and treatment condition 

were grouped and graphed for comparison between AQ vs SP and fresh vs frozen.  

 

5. Results 

5.1 Donor characteristics  

 Buffy coats were acquired from 11 healthy donors and phenotypical attributes (blood 

group, age, and gender) were shown in Table 4, and all isolated PBMCs exhibit above 90% 

viability.  In addition, frozen PBMCs from several donors had been thaw and the frozen PBMCs 

viabilities were slightly, but not significantly lower than the respective freshly isolated PBMCs 

(Table 4).  
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Table 4. Donor characteristics. Buffy coats from 11 healthy donors were collected along with 

their characteristics. The total number of PBMCs isolated from each donor was calculated and the 

viability was recorded. After thawing PBMCs from certain donors, the frozen PBMCs viabilities 

were also recorded. 

 

  



   29 

5.2 PBMCs maintained high viability under different treatments 

To examine the effect of different treatments on cytotoxicity, that viability of PBMCs upon 

treatments with antibodies, isotype controls and LPS in either AQ or SP CRA, LDH assays were 

used (Fig. 5). In both AQ and SP CRAs, PBMCs from 9 out of 11 donors maintained > 80% 

viability (Fig. 6). Of note, we observed two donors (donor 1 and donor 2) exhibited low cell 

viabilities after the treatments (Fig. 6).  

 



 



Figure 6. PBMCs maintained high viability after treatments. PBMCs were isolated from buffy 

coats and 200,000 cells were plated in each well on a 96-well round bottom plate subjected for 

antibody, isotype or LPS treatments for AQ or SP CRA. After the 45-hour incubation, 25l of 

supernatant was removed from each well of the plates for LDH measurements. The percentage of 

cytotoxicity (LDH (%)) was graphed for each donor under different conditions in either AQ or SP 

CRA. a, AQ CRA. b, SP CRA. c, AQ CRA and SP CRA combined. 

 

5.3 AQ CRA and SP CRA comparison with fresh PBMCs 

5.3.1 AQ CRA with freshly isolated PBMCs 

Freshly isolated PBMCs were treated with LPS, antibodies and their isotypes at various 

concentrations in AQ CRA and cytokine release from a 9-cytokine panel (IFNγ, IL-1β, IL-2, IL-

4, IL-6, IL-8, IL-10, TNFα, IL-12) was measured (Table 3, Fig. 7a). Out of all the conditions, anti-

CD3 and anti-CD28 exhibited high induction of IL-6 release, with the range of fold-change 

between 5 to 4000 (5g/ml) comparing to the basal level cytokine release in the media only 

condition (Fig. 7a). This was comparable to the positive control LPS stimulated IL-6 release (fold-

change range 400 to 10,000) (Fig. 7a). However, when stimulated with anti-TNF and anti-CD20, 

no significant IL-6 release was observed (fold change range 0 to 40, 0 to 8, respectively) (Fig. 7a). 

Therefore, anti-CD3 and anti-CD28 were selected for further study. Similar results were observed 

for IFNγ, IL-1β, IL-4, IL-6, IL-10, TNFα, and IL-12 release, which was consistent with previous 

studies [47]. Since PBMCs yielded low IL-4, IL-10, and IL-12 release under other antibody 

treatments and IL-8 exhibited high basal level secretion, IFN, IL-2, IL-6, and TNF were selected 

for further study using different CRA formats (Fig. 8).  

 

 



 



Figure 7. Fold-change of IL-6 release from freshly isolated PBMCs after mAbs, isotypes and 

LPS stimulations. PBMCs were isolated from buffy coats and 200,000 cells were plated in each 

well on a 96-well round bottom plate subjected for antibody, isotype or LPS treatments for AQ or 

SP CRA. After the 45-hour incubation, 25l of supernatant was removed from each well of the 

plates and used for Multiplex cytokine release measurements. The fold-change of each treatment 

was normalized to basal level (media only) cytokine release. a, IL-6 release in AQ CRA. b, IL-6 

release in SP CRA. c, IL-6 release in AQ, and SP CRA combined.  

 

All data from donor PBMCs that underwent the same treatment were grouped, and fold-

changes were normalized to basal level cytokine release were calculated and graphed (Fig. 8). 

When treated with anti-CD3, IFN release from PBMCs showed a high variability in response with 

fold-change between 1 and 30,000, similar to the range of LPS triggered level of IFN release. For 

anti-CD3 triggered IL-2 release, the fold-change fell within the range of 0.5 to 5 while the fold-

change of positive control LPS were between 0.5 and 8. As IL-6 and TNF release from anti-CD3 

stimulation, the fold-change ranges between 0 to 200 and 0 to 160, respectively, while LPS induced 

IL-6 and TNF release had fold-change ranges of 700 to 3500 and 25 to 500, respectively (Fig. 

8). While Anti-CD3 triggered high level of cytokine release in all donors, anti-CD28 induced high 

level of cytokines in some, but not all donors (Fig. 8). IFN release induced by anti-CD28 fell 

within the fold-change range of 0 to 30; IL-2 release showed a fold-change between 0 to 5; IL-6 

and TNF release exhibited fold-changes of 0 to 100 and 0 to 10, respectively (Fig. 8). 
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Figure 8. Fold-changes of selected cytokine release from freshly isolated PBMCs after LPS, 

anti-CD28 and anti-CD3 stimulations in AQ CRA. PBMCs were isolated from buffy coats and 

200,000 cells were plated in each well on a 96-well round bottom plate subjected for antibody, 

isotype or LPS treatments for AQ CRA. After the 45-hour incubation, 25l of supernatant was 

removed from each well of the plates and used for Multiplex cytokine release measurements. The 

fold-change of each treatment was normalized to basal level (media only) cytokine release. a, 

IFN release in AQ CRA. b, IL-2 release in AQ CRA. c, IL-6 release in AQ CRA. d, TNF release 

in AQ CRA.  
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5.3.2 SP CRA with freshly isolated PBMCs 

Next, freshly isolated PBMCs were treated with antibodies and their isotypes at various 

concentrations and evaluated using SP CRA (Table 3, Fig. 7b). When stimulated with anti-CD3 

and anti-CD28 at 5g/well, high level of IL-6 release was observed (Fig. 7b). Similar results were 

observed in IFNγ, IL-1β, IL-2, IL-4, IL-6, IL-10, IL-12, and TNFα. In selected cytokines (IFN, 

IL-2, IL-6, TNF), anti-CD3 triggered IFN release in the fold-change range between 100 to 

20,000; IL-2 release within the fold-change range of 0 to 4700; IL-6 release with the fold-change 

from 10 to 1000 and TNF release in the fold-change range of 25 to 700 (Fig. 9). Since LPS cannot 

be immobilized [3], LPS treatment was not used in SP CRA. Consistent with AQ CRAs, anti-CD3 

triggered high cytokine release in selected cytokines (IFN, IL-2, IL-6, TNF) in all donors while 

anti-CD28 induced high cytokine release in some, but not all donors in SP CRA (Fig. 9). Anti-

CD28 triggered selected cytokine release yielded fold-changes of 0 to 800 for IFN, 0 to 15 for 

IL-2, 0 to 10 for IL-6 and 0 to 25 for TNF (Fig. 9) 

 

 

 

 

 

 



   36 

 

Figure 9. Fold-changes of selected cytokine release from freshly isolated PBMCs after anti-

CD28 and anti-CD3 stimulations in SP CRA. PBMCs were isolated from buffy coats and 

200,000 cells were plated in each well on a 96-well round bottom plate subjected for antibody, or 

isotype treatments for SP CRA. After the 45-hour incubation, 25l of supernatant was removed 

from each well of the plates and used for Multiplex cytokine release measurements. The fold-

change of each treatment was normalized to basal level (media only) cytokine release. a, 

IFN release in SP CRA. b, IL-2 release in SP CRA. c, IL-6 release in SP CRA. d, TNF release 

in SP CRA.  
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5.3.3 Comparing fresh PBMCs AQ CRA and SP CRA 

To further elaborate on the cytokine release in different formats, the results of AQ CRA 

and SP CRA with fresh PBMCs were compared (Fig. 7c, 10). Anti-CD3 and anti-CD8 at 5g/ml 

and 5g/well in AQ CRA and SP CRA, respectively, triggered high level cytokine release in 

selected cytokine panels (IFN, IL-2, IL-6, TNF) (Fig. 10). Interestingly, there was no significant 

difference observed in fold-change of cytokine release between AQ CRA and SP CRA (Fig. 10).  
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Figure 10. Fold-changes of selected cytokine release from freshly isolated PBMCs after LPS, 

anti-CD28 and anti-CD3 stimulations in AQ and SP CRA combined. PBMCs were isolated 

from buffy coats and 200,000 cells were plated in each well on a 96-well round bottom plate 

subjected for antibody, isotype or LPS treatments for AQ or SP CRA. After the 45-hour incubation, 

25l of supernatant was removed from each well of the plates and used for Multiplex cytokine 

release measurements. The fold-change of each treatment was normalized to basal level (media 

only) cytokine release. a, IFN release in AQ and SP CRA. b, IL-2 release in AQ and SP CRA. c, 

IL-6 release in AQ and SP CRA. d, TNF release in AQ and SP CRA. 

 

5.4 Fresh and frozen PBMCs CRAs comparison 
Following the comparison of AQ CRA and SP CRA with fresh PBMCs, comparisons 

between fresh and frozen PBMCs in CRA AQ as well as CRA SP were conducted (Fig. 11, 12). 

In CRA AQ, anti-CD3 and anti-CD28 at 5g/ml induced similar amount of IFN, IL-2, IL-6, 

TNF release in fresh and frozen PBMCs (Fig. 11), where anti-CD3 allowed high level of cytokine 

release of each cytokine that was comparable to the positive control, LPS, in all donors comparing 

to its isotype, mIgG2a and anti-CD28 elicited high cytokine release of each cytokine in most but 

not all donors comparing to its isotype hIgG4 (Fig. 11). Similar results were seen in the comparison 

between fresh and frozen PBMCs in CRA SP (Fig. 12).  
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Figure 11. Fold-changes of selected cytokine release in freshly isolated and frozen PBMCs 

after LPS, anti-CD28 and anti-CD3 stimulations in AQ CRA. Fresh PBMCs were isolated from 

buffy coats while frozen PBMCs were thaw slowly (3 to 5 minutes) in 37C water bath and 200,000 

cells were plated in each well on a 96-well round bottom plate subjected for antibody, isotype or 

LPS treatments for AQ CRA. After the 45-hour incubation, 25ml of supernatant was removed 

from each well of the plates and used for Multiplex cytokine release measurements. The fold-

change of each treatment was normalized to basal level (media only) cytokine release. a, IFN 

release in AQ CRA. b, IL-2 release in AQ CRA. c, IL-6 release in AQ CRA. d, TNF release in 

AQ CRA.  
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Figure 12. Fold-changes of selected cytokine release in freshly isolated and frozen PBMCs 

after anti-CD28 and anti-CD3 stimulations in AQ CRA. Fresh PBMCs were isolated from 

buffy coats while frozen PBMCs were thaw slowly (3 to 5 minutes) in 37C water bath (3 to 5 

minutes) and 200,000 cells were plated in each well on a 96-well round bottom plate subjected for 

antibody or isotype treatments for SP CRA. After the 45-hour incubation, 25ml of supernatant was 

removed from each well of the plates and used for Multiplex cytokine release measurements. The 

fold-change of each treatment was normalized to basal level (media only) cytokine release. a, 

IFN release in SP CRA. b, IL-2 release in SP CRA. c, IL-6 release in SP CRA. d, TNF release 

in SP CRA.  

 

6. Discussion 

CRS is a life-threatening inflammatory response characterized by excessive cytokine 

release, with clinical symptoms including high fever, malaise, hypotension, and hypoxia [51, 52]. 

CRS has been observed in immune-based therapy such as monoclonal antibodies, bispecific 

antibodies, biopharmaceutics, and CAR-T [51, 52]. IL-6 released by monocytes has been identified 

as one of the most prominent cytokines leading to CRS [52], other predominate cytokines in CRS 

include IFN, IL-2, TNF [56]. To mitigate the risk of CRS, prior to entering the clinic, optimal 

CRA needs to be developed to ensure the safety of novel therapeutics [53]. A CRS Evaluation 

study significantly improves the odds of success with data that predict a clinically relevant 

response from patients much earlier in the drug development pipeline. In vitro cytokine release 

assays utilize culturing human peripheral blood mononuclear cells (PBMCs)—including T cells, 

B cells, and natural killer cells—with the compound of interest. These types of studies are 

relatively efficient and inexpensive. They are especially useful in the target validation phase of 

drug development. In vitro CRS assays have the potential to simultaneously de-risk and accelerate 

the process of bringing successful therapies to the patients. Two common CRA approaches are 

either incubating PBMCs with therapeutic mAbs in solution (CRA AQ), or dry / wet coating 

therapeutic mAbs onto the tissue culture plate prior to the addition of PBMCs [53].  

To determine the cytokines that can act as optimal predictive markers for CRS, a panel of 

9 cytokines (IFNγ, IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, TNFα, IL-12 (p70)) were first selected in 

this CRA study. PBMCs were isolated from buffy coats of 11 healthy donors and were stimulated 

with LPS, anti-CD3, anti-CD28, anti-CD20, anti-TNF and their isotypes in CRA AQ and CRA 
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SP formats. The isolated PBMCs from all donors maintained high viability right after the isolation 

and after the stimulation (Fig. 4). In PBMCs from all donors, anti-CD3 trigger high cytokine 

release in all 9 cytokines (Fig. 5, 6, 7), this is likely due to T-cell activation from the direct binding 

of CD3, which in turn led to cytokine release [54]. Anti-CD3 mAbs administered to maintain 

immune tolerance in treating transplant rejection have shown side effects of cytokine release [55]. 

In most, but not all donors, anti-CD28 elicited high level of cytokine release (Fig. 5, 6, 7). Anti-

CD28 mAb is a superagonist that has been most notably associated with CRS since the TGN1412 

incident and is thought to activate T cells where production of IFN, IL-2, IL-6 as well as TNF 

are released along with the proliferation of CD4+T cells [56]. The high cytokine release triggered 

by anti-CD28 in some, but not all donors was potentially due to donor variability, which was 

observed in previous CRA studies [57].  

To identify the optimal format for CRA, cytokine release from stimulated PBMCs in AQ 

CRA and SP CRA were compared (Fig. 8). The fold-change of cytokine release in AQ CRA and 

SP CRA appeared to be similar, and no significant differences were observed (Fig. 8). 

Furthermore, cytokine release from fresh and frozen PBMCs in both CRA formats were compared 

(Fig. 9, 10). Frozen PBMCs displayed high viabilities comparable to fresh PBMCs (Table 4) and 

showed similar trends in cytokine release as fresh PBMCs (Fig. 9, 10) 

 

 

7. Conclusions 

In this study, PBMCs were isolated from buffy coats of healthy donors. PBMCs were 

treated with antibodies at various concentrations in two CRA formats (AQ CRA and SP CRA) and 

examined for the release of a panel of selected cytokines (IFN, IL-2, IL-6, TNF). Anti-CD3 

triggered high cytokine release in all donors while anti-CD28 trigger high cytokine release in most, 

but not all donors. Among the cytokines, of IFN, IL-2, IL-6, TNF showed positive responses to 

the antibody stimulations and are likely to be potential markers for CRS.  

Our data show that antibody‐stimulated cytokine release in human PBMC models captures 

the variability in cytokine release between individual donors. In summary, our results demonstrate 

that human PBMC models are rapid, sensitive, and reproducible platforms to screen novel 

therapeutics for CRS. However, it is important to note that CRS is inherently a cascading reaction 
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with consequences that reach far beyond the peripheral blood cells. As a result, it is not possible 

to model CRS comprehensively in an in vitro closed system. In addition, it should be kept in mind 

that in vitro assay results are highly dependent on drug mechanism of action (MoA) and have the 

potential to introduce false negatives and positives. 
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