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Abstract 

 

In this work, I focused on cytokine release syndrome (CRS), a type of immunotoxicity caused by 

monoclonal antibody (mAb) pharmaceuticals. Severe CRS can cause fatal or life-threatening reactions. 

The clinical signs of CRS correlate with immune cell activation following a cascade of systemic 

cytokine release. In the first-in-human trials to evaluate pharmaceutical candidates, the safety of 

clinical trial subjects is the priority. Identification of potential risk of CRS and appropriate strategies 

to mitigate the risk are critical aspects of the successful safety management of CRS. In 2006, a CD28 

superagonist (CD28SA), TGN1412, caused severe CRS in a first-in-human trial. Preclinical studies 

using experimental animals failed to predict this CRS because of species differences in the immune 

system. The use of in vitro cytokine release assays with human cells are useful to identify potential 

risks of CRS. There are two major testing platforms for the detection of potential CRS risks: one 

composed of whole blood with aqueous-phase test articles (i.e. the whole blood cytokine assay 

[WBCA]), and the other composed of peripheral blood mononuclear cells (PBMCs) with solid-phase 

test articles (i.e. the PBMC assay). First, I determined an appropriate sample size and confirmed the 

suitability of the WBCA as a hazard identification tool for CRS. Next, I compared the cytokine 

producing cells after stimulation with the TGN1412 analogue, CD28SA, in the WBCA and the PBMC 

assay, and showed that different immune cells generate a positive response in the two in vitro assays, 

causing differences in the response to CD28SA. The results emphasize the need to understand the 

characteristics of these in vitro assays and to establish an optimal method that suits the mechanism of 

a therapeutic mAb candidate. It is currently possible to detect the potential risks of CRS, but it is still 

difficult to manage CRS. CD3 bispecific constructs show promising potential for cancer immune 

therapy, but they frequently induce CRS in clinical use. Finally, I investigated the effectiveness of an 

ascending dose regimen to mitigate CRS caused by a CD3 bispecific construct, ERY22, in cynomolgus 
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monkeys, and indicated that ascending doses can markedly mitigate CRS. The results from this study 

provide useful information for CRS hazard identification and CRS mitigation of mAb pharmaceuticals. 
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Abbreviations 

 

ADA   anti-drug antibody 

ADCC   antibody-dependent cell-mediated cytotoxicity 

ADCP   antibody-dependent cellular phagocytosis 

AF   Alexa Fluor 

APC   antigen presenting cells 

BCR   B cell receptor 

CD28SA   anti-CD28 superagonistic mAb 

CDC   complement-dependent cytotoxicity 

CRP   C-reactive protein 

CRS   cytokine release syndrome 

DAMPs   damage-associated molecular pattern molecules 

DC   dendritic cell 

DIC   disseminated intravascular coagulation 

ECLIA   electrochemiluminescence immunoassay 

EGFR   epidermal growth factor receptor 

EMA   European Medicines Agency 

GPC3   glypican 3 

GVHD   graft-versus-host disease 

h   hour 

ICH   International Council for Harmonisation of Technical Requirements for Pharmaceuticals for 

Human Use 

IFN   interferon 

LYMPH   lymphocyte 
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M   mol/L 

mAb   monoclonal antibody  

MABEL   minimum anticipated biological effect level 

MAC   membrane attack complex  

MHC   major histocompatibility complex 

min   minute 

MODS   multiple organ dysfunction syndrome 

NETs   neutrophil extracellular traps  

NHP   nonhuman primate 

NK cell   natural killer cell 

NOAEL   no observable adverse effect level 

PAD   pharmacologically active dose 

PAMPs   pathogen-associated molecular pattern molecules 

PBMC   peripheral blood mononuclear cell  

PRRs   pattern recognition receptors 

RESTORE assay   resting T cells to original reactivity assay 

RT   room temperature 

s   second 

SIRS   systemic inflammatory response syndrome 

TCR   T cell receptor 

TGF   transforming growth factor 

TNF   tumor necrosis factor 

Tc   cytotoxic T cell 

Teff   effector T cell 
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Tfh   follicular helper T cell 

Th   helper T cell 

Treg   regulatory T cell 

WBCA   whole blood cytokine assay  
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General Introduction 

 

Immune toxicity and immune system 

Immunotoxicity is defined as adverse effects on the immune system caused by exposure to toxic 

substances, which modulate the immune system and may result in immunosuppression or 

immunostimulation. The immune system protects the host against foreign organisms and other 

substances (e.g. chemicals, pollens, potential food allergens and environmental agents). Since the 

immune system protects the host against invading agents, immunosuppressive substances make 

patients prone to infectious diseases and/or cancer. Immunostimulative agents can cause allergies, 

autoimmune diseases, or systemic inflammatory responses including cytokine release syndrome 

(CRS). Allergy occurs when the immune system reacts to allergens which are innocuous substances 

in the environment. In autoimmune diseases, healthy tissues are attacked by immune cells that fail to 

differentiate self-antigens from foreign-antigens (Gulati and Ray, 2009). The systemic inflammatory 

response can be triggered by various factors such as infections and certain drugs (Shimabukuro-

Vornhagen et al., 2018). 

 

The immune system which is composed of immune cells, tissues, organs, and proteins protects 

the host against disease. There are traditional distinctions between adaptive and innate immunity 

(Litman et al., 2005). The innate immune system, also called the nonspecific immune system, provides 

a general defense against pathogens and toxicants. Macrophages, mast cells, granulocytes (neutrophils, 

eosinophils, basophils), natural killer (NK) cells, and dendritic cells (DC) are leukocytes of the innate 

immune system, and some types of cells act as a bridge between innate and adaptive immunity (Table 

1). Innate immune recognition is based on germline-encoded receptors called pattern recognition 

receptors (PRRs). PRRs are expressed in cells of the innate immune system and many epithelial cells, 
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which recognize pathogen-associated molecular pattern molecules (PAMPs) derived from 

microorganisms, and its signals trigger an immediate innate immune response and drive the adaptive 

immune response (Medzhitov, 2013). In contrast, damage-associated molecular pattern molecules 

(DAMPs) are released from host cells and alert the innate immune system to microbial invasion, 

unscheduled cell death, and in response to stress (Tang et al., 2012). After activation of the innate 

immune system, immune cells are recruited to sites of infection and inflammation accompanied by 

cytokine production, which establishes a physical barrier and keeps pathogens from spreading and 

moving throughout the body (Gulati and Ray, 2009). Apart from cytokines, several chemical mediators 

including histamine, bradykinin, serotonin, leukotrienes, prostaglandins, oxygen- and nitrogen-

derived free radicals are produced at the site of inflammation, which can contribute to, and alter 

inflammation (Abdulkhaleq et al., 2018). 

 

Table 1. Immune cells and functions based on Franks et al. (2015) and Abdulkhaleq et al. 

(2018) 

Cells Function 

Macrophages 
and monocytes 

Phagocytosis, inflammatory induction, cytokine secretion, release of 

reactive oxygen species, tissue repair, and antigen presentation. 

Mast cells and 

basophils 

Allergic reaction, wound healing, defense against pathogens, and 

secretion of cytokines and chemical mediators such as histamine. 

Neutrophils Phagocytosis, secretion of cytokines and toxic reagents from granules, and 

neutrophil extracellular traps (NETs) formation.   

Eosinophils Defense against multicellular parasites, allergic reaction, secretion of 

toxic reagents, and free radicals.  

NK cells Cytokine secretion and cytotoxicity against infected host cells.  

Dendritic cells Antigen presentation, mediating key host defense to pathogens, and bridge 

between innate and adaptive immune response. 

 
T cells Cytokine secretion, cytotoxicity, and immune modulation. 

B cells Antibody production and antigen presentation 
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The complement system is involved on the front line of the innate immune system where it 

defends the host from invading pathogens and clears potentially damaging debris (Cole and Morgan, 

2003). The complement cascade is made up of a variety of proteins circulating in blood with nine 

major components designated C1 to C9. The complement system triggers the following immune 

responses: 1) opsonin (C3b) attaches to the surface of pathogens leading to phagocytosis, 2) 

anaphylatoxins (C3a and C5a) trigger degranulation of mast cells, increase vascular permeability and 

smooth muscle contraction (Drouin et al., 2001), 3) chemotactic factors (C3a, C4a, C5a) attract 

granulocytes and monocytes to the site of infection and/or inflammation (Ward et al., 1965; Piquette 

et al., 1994), 4) the membrane attack complex (MAC), C5b-9, blasts holes in the cell membrane and 

mediates cell death, and 5) the complement is involved in the recognition and clearance of apoptotic 

cells (Cole and Morgan, 2003). In addition, the complement system can work as a part of the adaptive 

immune system, for example by enhancing response to antigens (Barrington et al., 2001).  

 

The adaptive immune system is based on somatically diversified and clonally expressed antigen 

receptors expressed on highly specialized, systemic cells such as T cells and B cells (Boehm, 2011). 

Both T cells and B cells carry antigen-specific receptors, the T cell receptor (TCR) or B cell receptor 

(BCR). T cells mediate the cell-mediated immune responses, whereas B cells are intimately involved 

in the humoral immune response (Fig. 1).  
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Figure 1. Adaptive immune system (Cambier et al., 2007; Boehm, 2011; Radtke et al., 2013). 

 

There are two defined subpopulations of T cells: CD4+ helper T (Th) and CD8+ cytotoxic T (Tc) 

cells. TCRs bind to the major histocompatibility complex (MHC)/peptide complexes, which stimulate 

the adaptive immune system including formation of antibodies and Tc cells (Bachmann et al., 2004). 

Antigen presenting cells (APC) such as DCs present antigen to naïve Th cells in conjunction with 

MHC class II, and the activation of naïve Th cells leads to differentiation into effector Th cells (Th1, 

Th2, Th9, regulatory T cells [Treg], Th17, follicular helper T cells [Tfh]). These Th-cell subsets have 

distinct effector functions with specific cytokine profiles (Table 2).  
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Table 2. Diversity of Th cells based on Stewart Leung et al. (2010) and Srivastava et al. (2018) 

T cell 

subsets 

Cytokines for T cell 

differentiation 

Cytokines produced 

by respective T 

cells 

Functions   

Th1 Interleukin (IL)-12 Interferon (IFN)-γ Cell-mediated immunity, defense against 

intracellular pathogens, and activation of 

macrophages. 

Th2 IL-4 IL-4 Humoral immunity, defense against extracellular 

parasites, antibody production by B cells, allergy, 

and asthma. 

Th9 Transforming 

growth factor 

(TGF)-β, and IL-4 

IL-9  Anti-tumor and prevention of autoimmunity. 

Treg TGF-β and IL-2 IL-10 and TGF-β Immune regulation, peripheral tolerance, and 

prevention of autoimmunity. 

Th17 TGF-β and IL-6 IL-17, IL-12, and 

Tumor necrosis 

factor (TNF)-α 

Cell-mediated inflammation, autoimmune 

diseases, defense against extracellular bacteria 

and fungi, and neutrophil activation. 

Tfh IL-6 and IL-21 IL-6, IL-21, and 

TGF-β 

Long term humoral immunity and defense against 

autoimmunity. 

 

The class I MHC presents endogenously synthesized antigens to Tc cells. Tc cells are essential 

for the control of some viruses (Bertoletti et al., 1991) and are important for protection against tumor 

growth (Aerts and Hegmans, 2013).  

B cells are essential for the production of antibodies that have an important role in humoral 

immunity, and recent studies have identified different B-cell subsets and its functions (Fig. 2). In 

addition, B cells mediate functions independent of antibody production, such as antigen presentation 

and the release of cytokines, including IL-10 (Tsiantoulas et al., 2014). 
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Figure 2. B cell lineage subsets and functions (Yam-Puc 2018 et al.; Schrezenmeier et al., 2018). 

 

 

CRS and recombinant monoclonal antibody pharmaceuticals 

Cytokines are small polypeptides produced by various types of cells, including immune cells, 

vascular cells, and fibroblasts (Grignani and Maiolo, 2000; Van Linthout et al., 2014). Cytokines act 

as cell signaling molecules that have important roles in inflammation, infection, differentiation, and 

maintenance of homeostasis in immune cells, (Wilson et al., 1998; Boyman et al., 2007; O'Shea and 

Murray, 2008) (Table 3). Once excessive amounts of cytokines are produced from systemically 

activated immune cells, the cytokines cause CRS. CRS induces an exaggerated systemic immune 

response, which involves the potential release of more than one hundred inflammatory mediators such 

as cytokines, chemokines, reactive oxygen species, complement factors, and coagulation factors 

(Bugelski et al., 2009). CRS occurs in the event of graft-versus-host disease (GVHD) after 

transplantation, surgical infections, sepsis (Gerlach, 2016), influenza infection (Liu et al., 2016), and 
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antibody-based therapies (Shimabukuro-Vornhagen et al., 2018). Severe CRS is sometimes 

accompanied by systemic inflammatory response syndrome (SIRS), shock, disseminated intravascular 

coagulation (DIC), multiple organ dysfunction syndrome (MODS), which can all be life-threating 

(Suntharalingam et al., 2006; Wang and Ma, 2008; Kulkarni and Kasi, 2012). 

 

Table 3. Principal cytokines generated during CRS based on Grignani and Maiolo (2000), 

Bugelski et al. (2009), Schutte et al. (2009), and Tisoncik et al. (2012) 

Cytokine Principal Source Functions   

IL-1 Monocytes/macrophages 

and T cells 

Proinflammatory, mediation of the host response to infection, 

fibrinolysis, coagulation, influence on endothelial cell 

function, costimulation, and proliferation and maturation on 

T, B, NK cells. 

IL-2 T cells Expansion of B cells and activation of cytotoxic T cells. 

IL-6 Monocytes/macrophages 

and T cells 

Proinflammatory, augment immune response, and 

coagulation. 

IL-8 

(CXCL8) 

Macrophages and 

endothelial cells 

Proinflammatory, chemoattractant factors for neutrophils. 

IL-10 Activated Th2 cells and  

macrophages 

Anti-inflammatory, inhibition of the production of 

proinflammatory cytokines, and suppression of cellular 

immunity. 

MCP-1 

(CCL2) 

A variety of cell types 

(macrophages, smooth 

muscle cells, endothelial 

cells, etc.) 

Proinflammatory and chemoattractant factors for monocyte. 

IFN Activated Th1 cells and  

NK cells 

Regulation of innate immunity, activation of antiviral 

properties, and antiproliferative effects. 

TNF Monocytes/macrophages 

and T cells 

Proinflammatory, activates cytotoxic T lymphocytes, 

fibrinolysis, influence on endothelial cell function, vascular 

permeability, cell death, and cytokine-release cascade. 

 

Recombinant monoclonal antibody (mAb) pharmaceuticals are widely used and are being 

developed as therapies for cancer, transplant rejection, inflammatory/autoimmune diseases and 

antiviral prophylaxis, as well as a range of new indications (Bailey et al., 2013). These mAb 

pharmaceuticals, mostly IgG subclasses, are stable in blood, and are highly specific to the target 
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molecules, which can reduce non-mechanism-based toxicity (Brekke and Sandlie, 2003; Brennan et 

al., 2010). Antibodies produced by B cells distribute into extracellular spaces and protect hosts from 

microorganisms by the humoral immune response, while therapeutic mAbs are designed to interact 

with the immune system. The clinical efficacy of mAb pharmaceuticals is generally attributed to 

target-specific mechanisms including neutralization/blocking (e.g. neutralizing growth factors to 

inhibit cell proliferation), antibody-dependent cell-mediated cytotoxicity (ADCC), complement-

dependent cytotoxicity (CDC), signaling (e.g. agonistic receptor engagement to activate tumor 

immunity or affect tumor cell apoptosis) (Brekke and Sandlie, 2003; Strome et al., 2007; Vogelpoel et 

al., 2015; Beers et al., 2016) (Fig. 3). As well as their promising therapeutic potential, mAb therapies 

also carry the risk of immune reactions such as serum sickness, the generation of anti-drug antibodies 

(ADAs), anaphylaxis, infusion reactions including CRS, and numerous adverse effects that are related 

to their specific targets (Hansel et al., 2010).  

 

Figure 3. Mechanism of action of mAbs (Brekke and Sandlie, 2003; Strome et al., 2007; Vogelpoel 

et al., 2015; Beers et al., 2016). 
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In this PhD thesis, I focus on an important adverse effect caused by mAb pharmaceuticals, 

immune cell activation following a cascade of systemic cytokine release termed CRS (Grimaldi et al., 

2016). CRS is characterized by a rise in cytokines (i.e. IL-2, IL-6, IL-8, IL-10, TNF-α, and IFN-γ), 

and is accompanied by numerous adverse events including fever, fatigue, headache, urticaria, pruritus, 

bronchospasm, dyspnea, rhinitis, nausea, vomiting, flushing, fever, chills, hypotension, sensation of 

the tongue or throat swelling, tachycardia, and asthenia at the sites of disease (Bugelski et al., 2009). 

 

 

CRS hazard identification 

In 2006, life-threatening CRS occurred in the clinical study of TGN1412, a novel superagonist 

anti-CD28 mAb that directly stimulates T cells. Within 90 minutes of treatment with TGN1412, all 

six healthy volunteers had a systemic inflammatory response characterized by a rapid proinflammatory 

cytokine release and characteristic clinical symptoms, followed by disseminated intravascular 

coagulation and multiple organ failure (Suntharalingam et al., 2006). TGN1412 had been developed 

for the treatment of autoimmune diseases through Treg activation by CD28 signaling (Beyersdorf et 

al., 2005b). Tregs have a role in keeping autoreactive T cells from the initiation of autoimmunity 

(Beyersdorf et al., 2005b). Tregs constitutively express the costimulatory receptor CD28 which is 

critical for Treg generation and homeostasis (Guo et al., 2008). Treatment of CD28 superagonist leads 

to the expansion and activation of Tregs and ameliorates clinical symptoms of autoimmunity in animal 

models (Beyersdorf et al., 2005a; Beyersdorf et al., 2005b). Moreover, CRS was not observed after 

treatment with CD28 superagonist in animal studies (Duff, 2006). 

 

The first human dose of TGN1412 had a 500-fold safety margin against the no observable adverse 

effect level (NOAEL) established in cynomolgus monkeys (50 mg/kg), but TGN1412 caused life-

threatening CRS in all treated volunteers (Hanke, 2006; Suntharalingam et al., 2006). Since preclinical 
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studies using animals failed to predict the CRS risk caused by TGN1412, a number of in vitro cytokine 

release assays using human cells have emerged to detect the potential risk of CRS (Stebbings et al., 

2007; Hansel et al., 2010). There is no consensus on the optimal in vitro assay format that should be 

used to assess the potential risk of CRS (Grimaldi et al., 2016). An in vitro assay format composed of 

human whole blood and aqueous mAbs, the whole blood cytokine assay (WBCA) (Wolf et al., 2012; 

Bailey et al., 2013), is a simple and convenient method which generates few false positives. However, 

the low sensitivity of the WBCA to TGN1412 raises the question of whether the WBCA is a practical 

tool to identify hazards (Thorpe et al., 2013; Vessillier et al., 2015). In their previous study, Vessillier 

et al. (2015) indicated that the sample size required for the WBCA to detect a positive response with 

TGN1412 is too large (n = 52) because of the high background level of IL-8. The WBCA uses such a 

large sample size which is impractical, thus, improvements in the WBCA method are necessary. The 

objective of the first study (chapter 1) is to determine an appropriate sample size and confirm the 

suitability of the WBCA as a hazard identification tool for CRS. 

 

There are two major testing platforms to detect the potential risk of CRS: one composed of whole 

blood with aqueous-phase test articles (WBCA) as mentioned above, and the other composed of 

peripheral blood mononuclear cells (PBMCs) with solid-phase test articles (PBMA assay) (Stebbings 

et al., 2007; Wolf et al., 2012). The WBCA is considered to be a generic assay with low false positive 

rates, but the sensitivity to TGN1412 is low (Findlay et al., 2010; Wolf et al., 2012). Meanwhile, the 

PBMC assay shows high sensitivity to TGN1412, but generates false positive results (Foreback et al., 

1997; Wing, 2008; Grimaldi et al., 2016). The difference between the WBCA and the PBMC assay 

raises the question of how TGN1412 induces positive responses in the WBCA. The objective of the 

second study (chapter 2) is to understand how TGN1412 induces cytokines in the WBCA and whether 

the positive response is relevant to hazardous activity. 
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CRS mitigation strategies following CRS hazard identification 

To date, it has been possible to detect the CRS hazard with a number of previous studies. In the 

case of TGN1412, cynomolgus monkeys were thought to be an adequate species for TGN1412 

toxicological studies because TGN1412 bound to CD28 of humans and cynomolgus monkeys with 

very similar affinities (Hanke, 2006). However, the immune responses caused by TGN1412 showed 

large differences between human and cynomolgus monkeys, possibly due to species differences in 

CD28 expression patterns and signaling (Waibler et al., 2008; Eastwood et al., 2010). Recently, the 

appropriate in vitro assays using human cells allowed TGN1412 to rationally select a safe first-in-

human dose for the clinical trial of TGN1412, rebranded TAB08 (Tkach and Writer, 2015). In this way, 

appropriate dose setting can avoid unexpected severe CRS. The next step after identifying the hazard 

of CRS is to manage clinical CRS. In case that a mAb has a large difference between the effective 

dose and the dose that causes CRS, appropriate dose setting is effective for the prevention of CRS. 

When CRS occurs with a narrow safety margin due to on-target effects related to therapeutic efficacy, 

it is necessary to mitigate CRS. 

 

CD3 bispecific constructs targeting CD3 on T cells and tumor-associated antigens, have become 

an emerging part of cancer immunotherapy (Hoffmann et al., 2005). Certain CD3 bispecific constructs 

exhibit remarkable therapeutic potency and efficacy for cancer cell lysis by eliciting T-cell activation, 

but they can also cause difficult-to-manage CRS in clinical use (Saber et al., 2016; Saber et al., 2017). 

Premedication with corticosteroids, antipyretics, and antihistamines is the gold standard for 

controlling CRS (Shimabukuro-Vornhagen et al., 2018), but even the effect of premedication alone is 

limited (Luheshi and Rothwell, 1996; Maude et al., 2014), suggesting that the dosage regimen might 
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be a more important factor in mitigating CRS. The objective of the last study (chapter 3) is to examine 

how effectively an intra-animal ascending dose regimen without premedication can mitigate CRS 

induced by the CD3 bispecific construct, ERY22, in cynomolgus monkeys. ERY 22 has two different 

Fab domains binding to CD3 and glypican 3 (GPC3), and it can bind to the CD3 and GPC3 of both 

human and cynomolgus monkeys. 

 

 

In the studies described in this thesis, firstly, I proposed a practical design and an appropriate 

sample size for the WBCA as a hazard identification tool of CRS. Next, I clarified the mechanism of 

the difference in the sensitivity to TGN1412 between the WBCA and the PBMC assay. Finally, I 

investigated the effectiveness of ascending dose regimen for CRS mitigation in cynomolgus monkeys. 

This research is considered to provide useful information for CRS hazard identification and CRS 

mitigation of mAb pharmaceuticals. 
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Chapter 1: Is an in Vitro Whole Blood Cytokine Assay Useful to Detect the Potential 

Risk of Severe Infusion Reaction of Monoclonal Antibody Pharmaceuticals? 

 

Abstract  

After the life-threatening cytokine release syndrome (CRS) occurred in the clinical study of the 

anti-CD28 monoclonal antibody (mAb) TGN1412, in vitro cytokine release assays using human blood 

cells have been proposed for non-clinical evaluation of the potential risk of CRS. Two basic assay 

formats are frequently used: human peripheral blood mononuclear cells (PBMCs) with immobilized 

mAbs, and whole blood with aqueous mAbs. However, the suitability of the whole blood cytokine 

assay (WBCA) has been questioned, because an unrealistically large sample size would be required to 

detect the potential risk of CRS induced by TGN1412, which has low sensitivity. I performed the 

WBCA using peripheral blood obtained from 68 healthy volunteers to compare two high risk mAbs, 

the TGN1412 analogue anti-CD28 superagonistic mAb (CD28SA) and the FcγR-mediated 

alemutuzumab, with a low risk mAb, panitumumab. Based on the cytokine measurements in this study, 

the sample size required to detect a statistically significant increase in cytokines with 90% power and 

5% significance was determined to be n = 9 for CD28SA and n = 5 for alemtuzumab. The most 

sensitive marker was IL-8. The results suggest that WBCA is a practical test design that can warn of 

the potential risk of FcγR-mediated alemtuzumab and T-cell activating CD28SA, but it cannot be used 

as a risk-ranking tool because there was apparently a lower response to CD28SA. The WBCA is 

suggested to be a helpful tool for identifying potential FcγR-mediated hazards, but further mechanistic 

understanding of the response to CD28SA is necessary before applying it to T cell–stimulating mAbs. 

 

Introduction 
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Cytokine release syndrome (CRS) is a serious adverse effect caused by some monoclonal 

antibody (mAb) pharmaceuticals. CRS is one of the causes of infusion reaction characterized by a rise 

in tumor necrosis factor-alpha (TNF-α), interferon-gamma (IFN-γ), IL-6, IL-10, IL-2, and IL-8, and it 

leads to a complex of fatigue, headache, urticaria, pruritus, bronchospasm, dyspnea, sensation of 

tongue or throat swelling, rhinitis, nausea, vomiting, flushing, fever, chills, tachycardia, asthenia, 

hypotension, and possibly shock (Bugelski et al., 2009). After TGN1412, an anti-CD28 humanized 

mAb, caused life-threatening multiple organ failure in all volunteers due to CRS (Suntharalingam et 

al., 2006), the importance of assessing cytokine release potential prior to entry into clinical studies 

was stated in the guideline of the European Medicines Agency (EMA, 2007). 

However, the traditional battery of preclinical tests comprising in vitro and in vivo tests with 

relevant animal species failed to predict the potential risk of CRS in humans (Hansel et al., 2010). 

Importantly, TGN1412 did not cause CRS in cynomolgus monkeys, even when the animals received 

a dose 500-fold higher than that given to human volunteers (Duff, 2006). Fundamental differences 

between human and nonhuman primate (NHP) species may explain the inconsistent responses. 

Differences were reported in the expression of the target molecule on effector memory T cells 

(Eastwood et al., 2010), Ca2+-signal strength (Waibler et al., 2008), inhibitory Siglec-5 molecules 

(Nguyen et al., 2006), FcγR expression patterns, and binding affinities (Warncke et al., 2012). In vitro 

test systems using human blood cells have been proposed and are routinely applied non-clinically to 

evaluate the potential risk of CRS (Finco et al., 2014). Two basic assay formats are frequently used: 

stimulation of human peripheral blood mononuclear cells (PBMCs) with immobilized test articles, and 

of whole blood cells with aqueous test articles. The assays have been generally developed to detect 

the potential of superagonistic CD28 monoclonal antibodies (anti-CD28 mAbs) using either an 

original TGN1412 or one reproduced from the published amino acid sequence.  
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However, to date, no consensus has been reached regarding assay format, analyzed factors, and 

statistical approach. Immobilized anti-CD28 mAb induced cytokines from human PBMCs in vitro, 

whereas aqueous anti-CD28 mAb did not cause cytokine release when simply incubated with diluted 

blood (Stebbings et al., 2007). Use of PBMCs in the assay achieved higher sensitivity than whole 

blood cells, because red blood cells interfered with the interaction between immobilized TGN1412 

and lymphocytes (Findlay et al., 2010). A combination of PBMCs and immobilized mAbs provided 

the highest sensitivity, but immobilizing mAbs onto cell-culture-ware may increase the rate of 

false-positive results (Wing, 2008) due to non-physiological Fc receptor interaction with highly 

condensed mAbs (Foreback et al., 1997).  

An assay method composed of whole blood and aqueous mAbs, the WBCA (Wolf et al., 2012; 

Bailey et al., 2013), is much more convenient and generates less false positives than the assay with 

isolated cells and immobilized mAbs. Wolf et al. (2012, 2013) and Bailey et al. (2013) detected 

positive cytokine responses to anti-CD28 mAbs in the WBCA. However, the low sensitivity of the 

WBCA raises the question of how practical a tool it is to identify hazards (Thorpe et al., 2013; 

Vessillier et al., 2015) The biggest criticism is that the sample size required for the WBCA to detect a 

positive response with anti-CD28 mAb may be too big. 

The aim of this study is to determine the appropriate sample size and to discuss the suitability of 

the WBCA as a hazard identification tool by using the accumulated data from 68 blood samples to 

compare two high-risk mAbs, TGN1412 analogue anti-CD28 superagonistic mAb (CD28SA) and 

alemtuzumab, with a low risk mAb, panitumumab. Alemtuzumab, which targets the CD52 antigen 

present on all lymphocytes and some monocytes, caused CRS in almost all patients when it was first 

given by intravenous infusion without premedication with steroids (Moreau et al., 1996; Pangalis et 

al., 2001). An Fc-mediated function is responsible for the CRS caused by alemtuzumab (Wing et al., 

1995; Brennan et al., 2010; Hansel et al., 2010). Panitumumab is an anti-epidermal growth factor 
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receptor (EGFR) mAb (Amgen Inc., 2015) that causes severe infusion reactions in less than 1% of 

patients, probably due to non-CRS mechanisms (Bugelski et al., 2009).  

 

Materials and Methods  

Human blood 

Peripheral blood samples were donated by 68 healthy Japanese volunteers after informed consent 

was obtained, and the samples were anonymized. The use of human-derived test materials was 

approved by the Research Ethics Committee of Chugai Pharmaceutical Co., Ltd. (No. BG0908, 

BG0915, BG1001). Blood was collected into Venous Blood Collection tubes (Becton, Dickinson and 

Company [BD], NJ, USA) containing lithium heparin. The blood was kept at room temperature until 

use and treated with test articles within 3 h after donation.  

 

Monoclonal antibodies 

Alemtuzumab, an anti-CD52 humanized IgG1κ mAb, was purchased (MabCampath®, Bayer 

HealthCare Pharmaceuticals Inc., Berline, Germany). An anti-CD28 superagonist mAb (CD28SA) of 

a humanized IgG4 was generated internally according to the previously disclosed amino acid sequence 

of TGN1412 (Patent No. US2006/0286104 A1). CD28SA was prepared at 11.2 mg/mL in 20 mM 

histidine and 140 mM NaCl (pH6.0) and stored at −80ºC until use. CD28SA was previously used in 

an in vitro cytokine induction study (Bailey et al., 2013). Panitumumab, an anti-human EGFR human 

IgG2κ mAb, was purchased (Vectibix®, Amgen Inc., CA, USA). Alemtuzumab and CD28SA were 

considered positive reference mAbs, and panitumumab a low risk reference mAb.  

 

Treatment 
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The WBCA was performed as previously described (Wolf et al., 2012; Bailey et al., 2013). Briefly, 

an aliquot of blood (193 μL/well) from each donor was plated onto 96-well culture plates (Corning 

Inc., 3799, NY, USA) containing 6.6 μL/well of the test article appropriately diluted with sterile PBS 

to final treatment concentrations of 0.1, 1, 10, and 100 μg/mL. After incubation for 24 h at 37°C in a 

humidified atmosphere with 5% CO2, culture supernatant was harvested by centrifugation at 24°C and 

stored at −80°C. Triplicated wells were prepared for each treatment.  

 

Measurement of cytokines 

IL-8, IL-1β, IL-6, IL-10, TNF, and IL-12p70 were measured in the plasma samples using a 

Human Inflammatory Cytokine CBA Kit (BD) and BD FACSArray, according to the manufacturer’s 

instructions. FCAP Array Version 1.0.1 software (Soft Flow Hungary, Ltd., Pecs, Hungary) was used 

for data analysis.  

 

Statistical analysis 

The mean concentration of the cytokines from each treatment was obtained by measuring the 

triplicated culture wells. Assuming that the distribution of each dataset follows a log-normal 

distribution, statistical significance was examined with parametric Dunnett’s Multiple Comparison 

Test (p < 0.05) between the positive reference mAbs and the low risk mAb at comparable 

concentrations. Dose-response analysis of data (transformed by log10) on IL-8 after treatment with 

panitumumab was calculated by Williams’ test (p < 0.05). 

The required sample sizes for 90% power of a positive response for alemtuzumab or CD28SA 

with p < 0.05 statistical significance compared to panitumumab were calculated from a paired t-test 

that compared each treatment against a comparable concentration of panitumumab. Statistical analysis 

was carried out using SAS Version 8.2 (SAS Institute Japan Ltd., Tokyo, Japan). 
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Results 

Measurements of cytokines  

The cytokines induced after treatment with test articles are shown in Fig. 4. Cytokine values after 

panitumumab treatment were compared with those from PBS. After treatment with 0.1–100 μg/mL of 

panitumumab, cytokine levels were similar to PBS, except for IL-8. Panitumumab showed a dose-

dependent increase of IL-8 that was significantly higher than that of the PBS control at 10 and 100 

μg/mL (Williams test, p < 0.05). The statistical significance of cytokine levels after treatment with 

high risk mAbs was tested by comparing them to those for the corresponding doses of panitumumab. 

CD28SA significantly elevated IL-8 and IL-10 at doses of 1 μg/mL and higher when compared 

with panitumumab (Fig. 4A and D). The median of IL-8 release increased from 314, 484, and 608 

pg/mL after panitumumab treatment to 1270, 1074, and 2196 pg/mL after CD28SA treatment at 1, 10 

and 100 μg/mL, respectively. CD28SA significantly elevated IL-6 at doses of 1 μg/mL and 100 μg/mL 

when compared with panitumumab (Fig. 4C); medians of IL-6 levels were, respectively, 607 and 584 

pg/mL compared to 305 and 271 pg/mL at 1 and 100 μg/mL with panitumumab treatment. No 

significant increase was seen in IL-1β, TNF, or IL-12p70 after treatment with CD28SA. 

Alemtuzumab induced significantly higher levels of IL-8, IL-1β, IL-6, and TNF compared with 

panitumumab at all the treatment concentrations (p < 0.05, Fig. 4A, B, C and E). The highest median 

of IL-8 after treatment with alemtuzumab was observed at 100 μg/mL. Medians of IL-1β, IL-6, and 

TNF were highest at 1 μg/mL of the treatment. No significant increase was seen in IL-10 or IL-12p70 

(Fig. 4D, F). 

 

Frequency distributions of cytokine values  
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Frequency distributions (transformed by log10) of the cytokine concentrations of IL-8, IL-1β, IL-

6, IL-10, and TNF from 68 donors at the dose where the treatment provided the highest median of 

each cytokine are shown in Fig. 5. The shapes of the histograms of the log-transformed values show 

that normal distribution can be assumed. Compared with panitumumab, histograms of IL-8, IL-1β, IL-

6, and TNF were shifted to a higher concentration by treatment with alemtuzumab. Compared with 

panitumumab, measurements of IL-8 and IL-10 were shifted to a higher concentration by the treatment 

with CD28SA. CD28SA caused a very slight elevation of the IL-6 peak frequency. No clear difference 

was seen in IL-1β and TNF between CD28SA and panitumumab.  

 

Estimating the sample size required to detect cytokine release 

The results of the statistical power analysis are shown in Table 4. The most sensitive 

concentration of mAb was 100 μg/mL for IL-8 and 1 μg/mL for IL-1β, IL-6, IL-10, and TNF. The 

estimated sample sizes required for 90% power, as calculated by paired t-test, were n = 5 for IL-8, n 

= 11 for IL-1β, n = 6 for IL-6, and n = 5 for TNF when the responses to alemtuzumab were compared 

with panitumumab, and n = 9 for IL-8, n = 28 for IL-6, and n = 14 for IL-10 when comparing CD28SA 

and panitumumab. The most sensitive markers to detect cytokine induction potential were IL-8 and 

TNF for alemtuzumab, and IL-8 for CD28SA. 

 

Discussion  

The results in this study demonstrated that the WBCA elicited a positive response to either 

CD28SA or alemtuzumab. Data from all the 68 donors were integrated into the statistical analysis in 

this study in order to know the shape of distribution of cytokine measurements. Assuming that the 

distribution of each dataset follows a log-normal distribution, I compared the cytokine measurements 

between the high-risk mAbs and panitumumab. The WBCA exhibited significant increases of IL-8, 
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IL-6, and IL-10 with CD28SA, and of IL-8, IL-1β, IL-6, and TNF with alemtuzumab (Fig. 4). Except 

for IL-8, the elevation of cytokines with CD28SA in the WBCA was much lower than those previously 

reported for immobilized assays.  

Measuring IL-8 as a biomarker and using a range of treatment concentrations up to 100 μg/mL 

were suggested to be important to detect activity of CD28SA in the WBCA. IL-8 was found to be the 

most sensitive marker for CD28SA in the WBCA in this study. A significant increase of IL-8, IL-10 

and IL-6 can be detected with n = 9, 14, and 28 sample sizes at 90% statistical power after treatment 

with CD28SA. This was inconsistent with the previous finding by Vessiller et al. (2015) that a sample 

size of at least n = 52 was needed to detect a positive response in whole blood and that IL-8 was not 

significantly increased by TGN1412. They reported that the background level of IL-8 in the WBCA 

was 2538 pg/mL with the IgG4 control and 2474 pg/mL with TGN1412 at 5 μg/mL of treatment 

(Vessillier et al., 2015). In the present study, medians of IL-8 measurements were 608 pg/mL when 

treated with panitumumab at 100 μg/mL and 375 pg/mL with PBS, which significantly increased to 

1270, 1074, and 2196 pg/mL when concentrations of CD28SA were 1, 10 and 100 μg/mL, 

respectively (Fig. 4). Wolf et al. (2012) observed a significant increase in IL-8 from less than 100 

pg/mL with a low risk control to nearly 1000 pg/mL with 1 μg/mL of anti-CD28 mAb. Bailey et al. 

(2013) also reported that the background level of IL-8 was 4362 pg/mL and increased significantly 

to 17,467 pg/mL at only 100 μg/mL of anti-CD28 mAb. Taken together, it is likely that having a 

higher background IL-8 makes it more difficult to detect the potential risk of TGN1412, but the 

reasons for the wide variability of IL-8 background measurements between studies remain unclear. 

PBMCs adherent to plastic culture plates produce IL-8 (Kasahara et al., 1991), so the material and 

surface coating of a culture plate might affect the background levels of IL-8. In addition, the longer 

culture time used by Vessillier et al. (48 h compared to 24 h) may contribute to higher baseline IL-8 

values.  
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In this study, induction of cytokines after treatment with CD28SA was seen at ≥ 1 μg/mL of 

treatment concentration, which is similar to the estimated blood concentration of 2 μg/mL that caused 

CRS in the clinical trial with TGN1412 (Stebbings et al., 2007). However, the profile of induced 

cytokines was very different from those of the clinical trial. TGN1412 dramatically induced TNF, 

IFN-γ, IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10 and IL-12p70 in all the volunteers in the clinical trial 

(Suntharalingam et al., 2006), whereas CD28SA significantly induced IL-8, IL-6 and IL-10 but did 

not induce TNF, IL-1β and IL-12p70 in this WBCA. This difference was also reported in other 

studies; the WBCA by Bailey et al. (2013) reported low sensitivity of IL-1β, TNF-α, and IFN-γ to 

anti-CD28 mAb, and in the Wolf’s study (2012) only slight increases of roughly 10 pg/mL of IL-2 in 

60% of donors and IL-4 in 25% were seen in the WBCA after treatment with the anti-CD28 mAb. 

Because stimulation of CD28 is expected to result in T cell activation accompanied with elevation of 

IL-2 and IFN-γ, T cells may not be the major source of IL-8 after treatment with CD28SA, which 

suggests that the WBCA can only detect a partial response to CD28SA.  

The assay format using immobilized mAb and PBMC provided much higher cytokine responses 

from anti-CD28 mAb (Stebbings et al., 2007). In the WBCA, alemtuzumab induced a more potent 

cytokine response than CD28SA, whereas TGN1412 caused the most dramatic CRS. In other words, 

the results of the WBCA did not correspond to clinical severity. Because clinical severity of CRS 

largely depends on dose and injection rate, it is quite difficult for any in vitro assay to compare the risk 

to patients from mAbs given in different regimens, against different targets, or with different modes 

of action; therefore, the usefulness of in vitro risk ranking may be limited to a comparison of very 

similar mAbs, such as that needed for clinical candidate selection in a project. However, although the 

WBCA cannot be a comprehensive ranking tool, an alert from the assay can act as a trigger for further 

mechanistic investigation and encourage careful setting of the clinical regimen.  
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Contrary to CD28SA, alemtuzumab provided a cytokine response that mimicked the result 

expected from clinical experience. I detected cytokine increase after treatment with alemtuzumab at 

0.1 to 100 μg/mL in the WBCA (Fig. 4), in which 450 clinical samples ranged in blood concentration 

from 0.1 to 9.5 μg/mL (Jilani et al., 2004). The kinetics of cytokines after treatment with 

alemtuzumab in whole blood culture was similar to that seen in clinical samples, and ligation of 

FcγRIII on NK cells is considered responsible for CRS caused by alemtuzumab (Wing et al., 1996). 

The results in this study further support the sensitivity of the WBCA to cytokine release activity with 

FcγR-related mechanisms.  

Modifying the binding affinity of mAbs to FcγRs is a recently emerging technology that is 

expected to enhance the efficacy of various mAb therapeutics (Horton et al., 2011; Li and Ravetch, 

2012; Mimoto et al., 2013). Increased binding affinity to an FcγR may increase activity that stimulates 

immune cells. Therefore, identifying potential risks caused by FcγR may be important for assessing 

therapeutic candidates of a mAb equipped with this technology. The WBCA could be a helpful tool in 

identifying the hazards of the new type mAbs. 

Interlaboratory validation of the method and alignment of the experiment details should be 

considered. In this regard, the initiative by the cytokine release assay working group of the 

Immunotoxicology Technical Committee to produce and cross-validate standard Ab controls will be 

valuable. It was considered preferable to include a low risk reference mAb in the assay for comparison 

with the test articles. In this study, I used panitumumab, which induced infusion reactions in less than 

5% of patients and severe ones in less than 1% (Chung, 2008; Amgen Inc., 2015), both of which values 

are considered irrelevant to CRS (Bugelski et al., 2009). Panitumumab caused marginal but 

statistically significant dose-related elevation of IL-8 in the WBCA when compared to that of the PBS 

control. The serum concentration of panitumumab was around 180 μg/mL when patients received 

panitumumab at 6 mg/kg (Stephenson et al., 2009); therefore, the slight elevation of IL-8 after 
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treatment with panitumumab in this study was not due to a no clinically relevant high concentration. 

Because natalizumab was reported to induce infusion reactions in 1–4% of patients (Maggi et al., 

2011), the antibody is also recognized as a low-risk antibody. In the previous WBCA study (Wolf et 

al., 2012), mean values of IL-8 after treatment with natalizumab were slightly higher than with the 

control, though the statistical significance was not examined. Slight elevation of IL-8 in this assay was 

not considered significant for predicting potential CRS risk; therefore, including a low risk reference 

mAb is helpful to interpret IL-8 data. For a positive control, I consider that CD28SA is not suitable. 

Although TGN1412 is a generally recognized benchmark for cytokine assays, TGN1412 itself cannot 

be purchased, and the substitute agonist mAbs available are of varying quality. In my view, marketed 

pharmaceutical mAbs like alemtuzumab are ideal as positive controls because of their strictly 

controlled and standardized quality and the wide experience of using them in clinic provides reliable 

information on risk.  

The results in this study demonstrated that the WBCA was sufficiently predictive of the FcγR-

mediated potential risk of alemtuzumab and could provide a positive response to T cell activation 

mediated by CD28SA using a practical test design that included measuring IL-8 in a n ≥ 9 sample size 

with up to 100 μg/mL treatment, 24-hour culture, and a low risk control mAb. However, the WBCA 

could only partially reveal the activity of CD28SA, and the positive response in the WBCA may not 

be induced by the T cell activation that is a major biological activity of CD28SA. The WBCA is useful 

for identifying FcγR-mediated hazards, but the mechanism by which CD28SA induces IL-8 needs to 

be further investigated before the assay can be used to assess the risk of T cell–activating mAbs. In 

addition, the WBCA may not be available for mAbs whose target antigens are not included in the assay 

system. 

The CRS caused by TGN1412 was more severe than that caused by alemtuzumab, yet the 

opposite would be inferred from the results shown in this study. The response to CD28SA in the 
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WBCA may not be caused by T cell stimulation through CD28, but by other side effects. However, 

the WBCA was able to detect the CRS risk potential of CD28SA. The WBCA is therefore not 

considered to be predictive of the clinical severity of adverse effects of mAb therapeutics and not 

suitable for ranking the risk, but is rather a tool for hazard identification. The severity of CRS could 

be decreased by an appropriate dosage regimen (Hale et al., 2004; Tabares et al., 2014) or by 

medication with anti-inflammatory agents (Lee et al., 2014). I considered that the WBCA is able to 

detect the potential of severe CRS occurring with high frequency in the worst case. I need to consider 

the dosage regimen to prevent severe infusion reaction after an alert from the WBCA. 
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Figures and Tables 

 

Figure 4. Alemtuzumab and CD28SA significantly elevated cytokines when compared with 

panitumumab. Released IL-8 (A), IL-1β (B), IL-6 (C), IL-10 (D) TNF (E), and IL-12p70 (F) in the 

WBCA from 68 donor blood samples after treatment with alemtuzumab, CD28SA, panitumumab, and 

PBS. Whole blood was treated with mAbs ranging from 0.1 to 100 μg/mL or with PBS, and incubated 

for 24 h. Medians and ranges of data distribution from 25% to 75% percentile were indicated. 

Statistical significance of elevation was examined on log10-transformed data set between mAbs and 

panitumumab at corresponding concentrations with Dunnett’s test (*: p < 0.05). 
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Figure 5. Distributions of log10-transformed cytokine concentration were changed after treatment 

with reference mAbs. Distribution of log10-transformed values of IL-8, IL-1β, IL-6, IL-10, and 

TNF after treatment with alemtuzumab, CD28SA, panitumumab, and PBS. Representative 

histograms were made from the treatment concentrations providing the highest medians with 

alemtuzumab or CD28SA, 100 μg/mL for IL-8 and 1 μg/mL for IL-1β, IL-6, IL-10, and TNF.  
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Table 4. Estimated sample sizes for positive responses with 90% statistical power 

               Sample size
1)

 

Test article   IL-8      IL-1β  IL-6       IL-10       TNF 

Alemtuzumab  5
2)

    11
3)

        6
3)

    ns
3)

        5
3)

 

CD28SA   9
2)

    ns
3)

        28
3)

    14
3)

        ns
3)

 

ns: no significant increase with n = 68 

1) calculated based on the data from highest median group for paired t-test on    

log10-transformed data compared with panitumumab. 

2) from 100 μg/mL group data 

3) from 1 μg/mL group data 
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Chapter 2: Different Players Generate Positive Responses in Two in Vitro Cytokine 

Assay Formats with Aqueous and Immobilized TGN1412 Analogue 

 

Abstract  

To detect potential risk of severe cytokine release syndrome, in vitro assay formats with human 

cells have been developed. The two major testing platforms are a combination of whole blood with 

aqueous-phase test articles (whole blood cytokine assay, WBCA) and peripheral blood mononuclear 

cells with solid-phase articles (PBMC assay). Significant induction of cytokines was seen in both 

assays after treatment with a widely used control agent, TGN1412 or its analogue CD28SA, but the 

WBCA cytokine profile differed from what was expected from clinical experience. In the WBCA, 

potential risk of CD28SA was detected by elevation of IL-8 whereas IL-2, a key cytokine after 

stimulation of CD28, was not induced in approximately 40% of donor samples. Therefore, further 

mechanistic understanding of the different responses in the in vitro assay was needed. In this study of 

donor samples treated with CD28SA, I compared the induction of cytokines and identified the 

cytokine-producing cells in the two assays. IL-2 was markedly elevated in all the donors in the PBMC 

assay but only in 1 of 3 donors in the WBCA. IL-8, the most sensitive biomarker in the WBCA, was 

produced by monocytes and granulocytes. T cells, the most relevant player in the PBMC assay with 

CD28SA, did not contribute to the positive response seen in two donors in the WBCA, which suggests 

that different players caused the positive cytokine responses to CD28SA in the two assays.  

 

Introduction 

Because of the failure of animal studies to identify the almost lethal effect of a superagonistic 

anti-CD28 antibody, TGN1412, in vitro assay formats with human cells are being developed and 

proposed to test monoclonal antibody (mAb) drug candidates for potential activity that causes severe 
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cytokine release syndrome (CRS) (Duff, 2006). There are two major testing platforms: one combines 

whole blood cells with aqueous-phase test articles and the other combines peripheral blood 

mononuclear cells (PBMCs) with solid-phase test articles (Stebbings et al., 2007; Wolf et al., 2012). 

The PBMC assay with immobilized mAbs shows high sensitivity to TGN1412, but the interaction of 

non-physiological Fc receptor with highly condensed immobilized mAbs causes false positive results 

(Foreback et al., 1997; Wing, 2008; Grimaldi et al., 2016). In general, the whole blood cytokine assay 

(WBCA) is a convenient tool that presents test articles in aqueous form and thus can reduce false 

positives. The WBCA elicited positive responses to a TGN1412 analogueue, a superagonistic anti-

CD28 mAb (CD28SA), and some high-risk mAb therapeutics with an FcγR-mediated mode of action 

(Bailey et al., 2013; Chapter 1 of this thesis). However, previous studies showed that the WBCA was 

less sensitive to TGN1412 or CD28SA than the PBMC assay (Findlay et al., 2010; Wolf et al., 2012). 

TGN1412 substantially induced TNF-α, followed by IFN-γ and IL-10, IL-8, IL-6, IL-4, IL-2, IL-1β, 

and IL-12p70 in the clinical trial (Suntharalingam et al., 2006). IL-2 and IFN-γ are in line with the 

expected pharmacological activity of TGN1412 to stimulate T cells (Eastwood et al., 2010; Eastwood 

et al., 2013; Stebbings et al., 2013). Induction of these cytokines after treatment with CD28SA in the 

WBCA was much weaker than in the PBMC assay (Wolf et al., 2012; Bailey et al., 2013; Thorpe et 

al., 2013). When CD28SA was tested in the WBCA, the most apparent elevation was seen with IL-8 

(Thorpe et al., 2013; Chapter 1 of this thesis). In the WBCA, IL-2, a key cytokine relevant to CD28 

stimulation, was not induced in approximately 40% of donor samples (Wolf et al., 2012). Because it 

is not likely that T cells are the major source of elevation of IL-8, the question has been raised how 

CD28SA induced positive responses in the WBCA. The objective of this study is to understand how 

CD28SA induces cytokines in the WBCA and whether the positive response is relevant to hazardous 

activity.  
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To understand the difference in the two assay formats, in this study I compared the cells that 

CD28SA binds to, the cytokine levels induced, and the cells that produced cytokines in each assay 

after treatment with CD28SA. 

 

Materials and Methods 

Monoclonal antibodies 

Humanized anti-CD28 superagonist IgG4 (CD28SA) was used as a positive control. CD28SA 

was internally prepared based on the amino acid sequence of TGN1412 (Patent No. US2006/0286104 

A1) as previously described (Bailey et al., 2013; Chapter 1 of this thesis). The human IgG4 mAb 

natalizumab (Tysabri, Biogen, Cambridge, MA, USA) was used as a negative control. Natalizumab 

recognizes human α4-integrin and in clinical use there is no concern of it causing CRS. 

 

Human blood 

Peripheral blood samples were donated by three healthy volunteers after informed consent had 

been obtained. The samples were anonymized and used for the WBCA, the PBMC assay, and flow 

cytometry. The use of human-derived test materials was approved by the Research Ethics Committee 

of Chugai Pharmaceutical Co., Ltd. (No. BG1305). The samples of heparinized blood (10 U/mL blood, 

Heparin sodium; AY Pharmaceuticals, Tokyo, Japan) were kept at room temperature and employed 

for the following procedures within 3 hours from collection. 

 

PBMC isolation 

A fraction of each heparinized blood sample was centrifuged to obtain autologous plasma. 

PBMCs were isolated from the remaining blood samples by density gradient separation (Ficoll-Paque 



 

40 

 

PLUS; GE Healthcare Japan, Tokyo, Japan). PBMCs were re-suspended in RPMI1640 media 

(NACALAI TESQUE, Kyoto, Japan) with 2% autologous plasma at a concentration of 1×106 cells/mL. 

 

Whole Blood Cytokine Assay (WBCA) 

Detailed procedures of the WBCA have been previously described in the first chapter. Briefly, 

mAbs were appropriately diluted with sterile PBS, plated into 96-well culture plates (Corning 3799, 

Kaiserslautern, Germany) at final treatment concentrations of 0.1, 1, 10, and 100 μg/mL, then an 

aliquot of blood from each donor was added to each well. After incubation for 6 h or 24 h at 37°C in 

a humidified atmosphere with 5% CO2, culture supernatant was harvested by centrifugation at room 

temperature (RT) and stored at −80°C in a deep freezer. Cytokine concentrations were measured using 

a Human ProInflammatory 9-Plex Ultra-Sensitive Kit (MSD, MD, USA). Duplicated wells were 

prepared for each treatment. 

 

PBMC assay 

The basic assay procedures have been previously described (Findlay et al., 2010). Test article 

mAbs were diluted with sterile PBS, and added at 50 μL/well into the 96-well U-bottomed 

polypropylene microplates (Corning 3879), resulting in plating amounts of 0.02, 0.2, 2, and 20 μg/well. 

The plates were left overnight at RT, air-dried in a laminar flow cabinet and washed twice with sterile 

PBS. The amount of immobilized mAb was measured on another plate with the same air-dry treatment 

using Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, MA, USA). PBMCs (2×105 cells/200 

μL/well) were added to the air-dried plate. After incubation for 6 h or 24 h at 37°C in a humidified 

atmosphere with 5% CO2, culture supernatant was harvested by centrifugation at RT and stored at 

−80°C in a deep freezer. Cytokine concentrations were measured using a Human ProInflammatory 9-

Plex Ultra-Sensitive Kit (MSD). Duplicated wells were prepared for each treatment. 
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Flow cytometry 

The following anti-human protein antibodies were used to analyze subsets: CD14-APC, CD16-

Pacific Blue, IFN-γ-FITC, TNF-α-PE, IL-8-FITC, IL-6-PE, IL-2-FITC, 7AAD (all from Becton, 

Dickinson and Company [BD], Franklin Lakes, NJ, USA); CD3-Brilliant Violet 510 (BioLegend, San 

Diego, CA, USA); and CD19-PE-Cy7 (Beckman Coulter, Brea, CA, USA). Monocytes, T cells, NK 

cells, or B cells were defined with immunofluorescence staining using anti-CD14, anti-CD3, anti-

CD16, or anti-CD19, respectively. Granulocytes were gated based on the forward- and side-scatter 

signals. 

For binding cell analysis, CD28SA and natalizumab were labeled with Alexa Fluor (AF) 488 

Monoclonal Antibody Labeling Kit (Thermo Fisher Scientific). After incubation with labeled 

CD28SA or natalizumab for 1 h, blood was stained with marker antibodies for 30 min at 4°C, then red 

blood cells were lysed with 10% BD FACS Lysing Solution. PBMCs were stained with marker 

antibodies for 30 min at 4°C, then fixed with Cytofix/Cytoperm (BD).  

Intracellular cytokine staining was done in both blood and PBMCs at early (0–6 h) and late (9–

21 h) phases of the incubation with CD28SA and natalizumab. Brefeldin A (BFA, BD) solution was 

added to the culture well (2 μL/well) at 0 h and 9 h of the incubation in order to reduce extracellular 

secretion of cytokines.  

At the end of the incubation, blood was stained with surface markers, hemolyzed in FACS Lysing 

Solution (BD), permeabilized with permeabilizing solution 2 (BD), stained for intracellular cytokines, 

and fixed with 1% paraformaldehyde (Wako Pure Chemical Industries, Osaka, Japan). At the end of 

the incubation, PBMCs were stained for surface markers, permeabilized in Cytofix/Cytoperm (BD), 

and stained for intracellular cytokines using Perm/Wash (BD). 
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FACS analysis was performed using a FACSCanto II (BD) and Flow Jo Version 7.6.5 software 

(Tomy Digital Biology, Tokyo, Japan). 

 

Results 

Binding of CD28SA to leucocytes 

The results of the binding assay are shown in Fig. 6. The binding of CD28SA to leucocytes was 

observed using AF488-labeled CD28SA. CD28SA bound to T cells at concentrations of 1 μg/mL and 

higher both in blood and PBMCs. The binding was saturated at 1 μg/mL in 2 out of 3 donors and at 

10 μg/mL in 1 out of 3 donors. The maximum percentage of CD28SA-positive T cells was 

approximately 70%. The dose response curves of binding in each donor sample were similar between 

blood and PBMCs. 

Significant binding of CD28SA with monocytes was seen at 100 μg/mL. Almost all the 

monocytes were positive at 100 μg/mL in PBMCs, while approximately 30–80% of the monocytes 

were positive in blood. A lower level of binding was seen in granulocytes and B cells in blood. Binding 

to NK cells was ambiguous. Approximately 10–80% of B cells were CD28SA positive at 100 μg/mL 

in PBMCs and 2–20% in blood. Natalizumab bound to almost all monocytes and lymphocytes at ≥ 1 

μg/mL both in blood and PBMCs. A lower level of binding by natalizumab to granulocytes was seen 

in blood. 

  

Cytokine measurements in the WBCA 

Cytokine levels in the WBCA using blood from 3 healthy donors were measured after incubation 

for 6 h and 24 h. The induced cytokine profiles at 24 h (Fig. 7A) were similar to those at 6 h in each 

donor. The cytokine levels at 24 h were relatively higher than those at 6 h in the WBCA. There was a 

significant individual difference in cytokine responses after treatment with CD28SA between donor 2 
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and other donor samples. At the highest dose of 100 μg/mL, donor 2 showed a substantial release of 

the cytokines IL-2 (899 pg/mL), TNF-α (171 pg/mL) and IFN-γ (2456 pg/mL) at 24 h, whereas in the 

other two donors a clear elevation was seen in only IL-8 after treatment with CD28SA. In the blood 

from donor 2, all the cytokines were elevated from background levels at doses ≥ 1 μg/mL. CD28SA 

increased IL-8 (8200, 21,752, and 438 pg/mL in donors 1, 2, and 3, respectively) to much higher than 

background levels with PBS (3904, 167, and 39.6 pg/mL) in all donors’ blood at 24 h. Although there 

were wide individual differences in the cytokine profiles induced in the WBCA, IL-8 was induced in 

a dose-dependent manner in the three donors after treatment with CD28SA. Natalizumab did not show 

clear induction of any cytokines. 

 

Cytokine measurements in the PBMC assay 

Based on the approximation of immobilized CD28 after air-drying a serial dilution of CD28SA, 

amounts of treated test articles in the PBMC assay were calculated as 0, 0.2, 0.5, and 2 μg/well. 

Cytokine levels in the PBMC assay with CD28SA were measured after treatment for 6 h and 24 h (Fig. 

7B). The induced cytokine profiles at 24 h were similar to those at 6 h, and the concentrations of the 

cytokines were relatively higher at 24 h than at 6 h. CD28SA induced levels of IFN-γ (5376, 3594, 

683 pg/mL), IL-2 (504, 311, 318 pg/mL), IL-6 (4892, 5248, 1590 pg/mL), and TNF-α (4608, 3771, 

3722 pg/mL) that were more than 7 times as much as the levels of cytokines observed in all donors 

after 24-h treatment at the top concentration of natalizumab in all donors (IFN-γ at 23, 160, 28 pg/mL, 

IL-2 at 71, 21, 37 pg/mL, IL-6 at 38, 44, 50 pg/mL, and TNF-α at 121, 143, 349 pg/mL). IL-8 was 

increased after treatment with CD28SA (16,701, 12,841, 18,699 pg/mL) at 24 h. In the PBS control of 

the PBMC assay, the basal levels of IL-8 at 24 h were very high at 4496, 4822, and 7263 pg/mL. 

Immobilized natalizumab did not induce any cytokines. 
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Intracellular cytokine production 

After treatment with CD28SA, I identified the cell sources of IL-2, IFN-γ, TNF-α, IL-8, and IL-

6 in the WBCA or the PBMC assay using flow cytometry after staining intracellular cytokines and 

cell-surface markers.  

In the WBCA, IL-8 was produced by both monocytes and granulocytes (Fig. 8A, B). Increases 

in the percentage of IL-8-positive monocytes at 9–21 h after treatment with CD28SA compared with 

the background level were seen in donors 1 (0.4% to 5.6%) and 3 (2.0% to 11.3%). IL-8-positive 

granulocytes were increased in all three donors at 0–6 h (0.5% to 7.7%, 0.5% to 3.8%, 0.9% to 3.7%). 

Though concentration of IL-8 in the culture supernatant of the sample from donor 2 (21,752 pg/mL) 

was higher than in that of the other donors (8200, 438 pg/mL), IL-8-positive monocytes did not 

increase. IL-6-positive or TNF-α-positive monocytes did not increase in the WBCA.  

In the PBMC assay, the percentages of IL-8-, IL-6-, and TNF-α-positive monocytes increased 

after treatment with immobilized CD28SA in all the donors (Fig. 8C–E). After incubation with PBS 

for 9–21 h in the PBMC assay, the basal level of IL-8-positive monocytes was > 50% (Fig. 8C), which 

is much higher than in the WBCA (≤ 2%) (Fig. 8A) and is consistent with IL-8 levels seen in the 

culture supernatants (Fig. 7). IL-8, IL-6, and TNF-α were produced by monocytes after treatment with 

immobilized CD28SA in the PBMC assay. 

The result of intracellular staining of cytokines in T cells is shown in Fig. 9. The results were 

similar among the three donors in the PBMC assay, but there were individual differences between 

donor 2 and donors 1, 3 in the WBCA. Production of IL-2 and TNF-α from T cells after treatment with 

CD28SA was observed in donor 2 in the WBCA and in all the donors in the PBMC assay. In donors 1 

and 3, no increase of the IL-2- or TNF-α-positive T cells was observed in the WBCA. Though IFN-γ 

was elevated in donor 2 in the WBCA and in all three donors in the PBMC assay (Fig. 7), increase of 
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IFN-γ-positive T cells was not observed in either assay (Fig. 9C, F). No notable increase of IL-2-, 

TNF-α-, or IFN-γ-positive T cells was seen in donors 1 and 3 in the WBCA. 

 

Discussion 

The results of the present study suggested that different players and different mechanisms 

generate the positive responses in the WBCA and the PBMC assay after treatment with CD28SA. In 

the samples from three donors in the WBCA, there was a T cell responder (donor 2) and two non-

responders (donors 1, 3) (Fig. 9A, B), which was consistent with a previous report that blood from 

approximately 40% of donors did not produce IL-2 after treatment with CD28SA (Wolf et al., 2012). 

In the T cell non-responders, CD28SA caused dose-dependent increase of IL-8, but not of other 

cytokines in the WBCA (Fig. 7A). Production of IL-8 from monocytes and granulocytes (Fig. 8A, B) 

was therefore the main reason for the positive outcome in the WBCA that used blood from non-

responders. In the PBMC assay, T cell activation accompanied with multiple cytokine induction 

caused positive results in all the donors (Fig. 9D, E). The response in PBMC was similar to that of the 

responders in the WBCA (Fig. 9).  

In the non-responders in the WBCA, it is unlikely that the elevation of IL-8 is related to CRS via 

the CD28 signaling pathway, because IL-8 was increased without IL-2 induction (Fig. 7A). Also, 

although TNF-α from monocytes was suggested to be an initial response of CRS with TGN1412 

(Sandilands et al., 2010), TNF-α-positive monocytes were not increased in the WBCA. The most 

relevant mechanism involved in the life-threatening CRS caused by TGN1412 is activation of T cells 

via cross-linking of CD28 molecules (Wing, 2008; Eastwood et al., 2010). IL-2 levels from activated 

T cells in an in vitro assay with PBMCs and immobilized CD28SA are recognized as the best predictive 

marker for clinical severity of anti-CD28-mAb-mediated cytokine release (Eastwood et al., 2013; 
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Stebbings et al., 2013). Taken together, the induction of IL-8 in the WBCA was irrelevant to 

stimulation of CD28. 

Cytokine induced by TGN1412 was thought to be triggered by its binding to FcγRI on the surface 

of immune cells (Sandilands et al., 2010). Previous in vitro studies showed that when FcγRs are cross-

linked with human IgG (Marsh et al., 1995) or IgG4 (Foreback et al., 1997), monocytes are the 

principal IL-8 producer. In the WBCA, when IL-8 was induced at 100 μg/mL in the non-responders, 

CD28SA binding to monocytes or granulocytes was observed at 100 μg/mL, whereas in the responder 

IL-8 was induced at ≥ 1 μg/mL (Fig. 7A). Serum-derived IgG in the WBCA is estimated at 10 mg/mL, 

based on the normal blood IgG level (Cassidy et al., 1974). Such a high treatment concentration as 

100 μg/mL of CD28SA might be needed to bind FcγRs in the assay condition in this study because 

IgG4, the subclass of CD28SA, has weaker binding affinity to FcγRs than IgG1, the most predominant 

IgG subclass in blood (Ball et al., 2012).  

It is still unclear whether FcγRs play a pivotal role in the induction of IL-8 in the non-responders 

in this study, because only a small part of monocytes and granulocytes were IL-8 positive (Fig. 8A, 

B). Natalizumab has the same IgG4 Fc region as CD28SA and also bound to blood cells without 

inducing IL-8. Hussain et al. (2009) described that IgG4 barely stimulated IL-8 in granulocytes 

because of a lack of binding with FcγRs on granulocytes. In contrast, Holland et al., (2004) reported 

that IgG4 has the capacity to activate granulocytes.  

Inclusion of an IL-8 biomarker into the WBCA greatly improved the assay sensitivity to CD28SA 

as shown in Chapter 1. The present study showed that IL-8, which is the most sensitive biomarker in 

the WBCA, was produced from monocytes and granulocytes that are not relevant to the main 

mechanism of the severe CRS caused by TGN1412. This suggests that the WBCA may not be an 

appropriate tool to assess risk for T cell receptor superagonistic mAbs. On the other hand, the WBCA 

is sufficiently sensitive to FcγR-triggering responses (Wing et al., 1996; Wing, 2008; Chapter 1 of this 
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thesis). Since better pharmacokinetic profiles and improved efficacy in mAb pharmaceuticals are 

staring to be achieved by modifying their binding affinity to the Fc receptor (Horton et al., 2011; Li 

and Ravetch, 2012; Mimoto et al., 2013; Herter et al., 2013), the WBCA could be better suited for 

assessing Fc-modified mAbs rather than T cell-stimulating mAbs. 
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Tables and Figures

 

Figure 6. Percentages of CD28SA-positive cells in each population of immune cells after treatment 

with AF488-labeled CD28SA in blood (A) or in PBMCs (B). 
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Figure 7. Induction of cytokines in 3 donors in the WBCA (A) or the PBMC assay (B) after treatment 

with CD28SA or natalizumab for 24 h. Cytokine in culture media at each treatment concentration were 

measured. Levels of cytokines at 24-h treatment with CD28SA (circles) or natalizumab (squares) or 

PBS (circles on the y-axis) are indicated. Concentrations of mAbs were 0.1, 1, 10, 100 μg/mL in the 

WBCA. Amounts of immobilized mAbs on the culture plates were 0.02, 0.2, 2, 20 μg/well in the 

PBMC assay. 

 

  



 

50 

 

 

 

Figure 8. Intracellular staining of IL-8 in monocytes (A) and granulocytes (B) in the WBCA, and that 

of IL-8 (C), IL-6 (D), and TNF-α (E) in monocytes in the PBMC assay. Cells from 3 donors were 

treated with PBS, CD28SA, or natalizumab at a concentration of 100 μg/mL. One of three individual 

experiments with similar results is shown in the PBMC assay. Cytokines were stained after 6 or 21 h 

incubation. Brefeldin A was used to accumulate cytokines in the cells incubated for 0–6 h or 9–21 h. 
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Figure 9. Intracellular staining of IL-2 (A), TNF-α (B) and IFN-γ (C) in T-cells in the WBCA, and that 

of IL-2 (D), TNF-α (E), and IFN-γ (F) in T-cells in the PBMC assay. Cells from 3 donors were treated 

with PBS, CD28SA, or natalizumab at a concentration of 100 μg/mL in the WBCA (A–C) or at 20 

μg/well of immobilized mAbs in the PBMC assay (D–F). T cell responder (donor 2) and one (donor 

1) of two non-responders in the WBCA were shown. One of three individual experiments with similar 

results is shown in the PBMC assay. Cytokines were stained after 6 or 21 h incubation. Brefeldin A 

was used to accumulate cytokines in the cells incubated for 0–6 h or 9–21 h. 
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Chapter 3: Daily Ascending Dosing in Cynomolgus Monkeys to Mitigate Cytokine 

Release Syndrome Induced by ERY22, Surrogate for T-cell Redirecting Bispecific 

Antibody ERY974 for Cancer Immunotherapy 

 

Abstract  

CD3 bispecific constructs show promising therapeutic potential as anti-tumor antibodies, but it 

has concurrently been difficult to manage cytokine release syndrome (CRS) in clinical use. Currently, 

the most effective measure for reducing CRS is considered a combination of intra-patient/animal dose 

escalation and corticosteroid premedication. To examine how effectively an intra-animal ascending 

dose regimen without premedication would mitigate CRS, I compared plasma cytokine levels in two 

groups of cynomolgus monkeys; one group was given a single dose, and the other a three-fold daily 

ascending dose of a CD3 bispecific construct that targets and cross-reacts with both glypican 3 and 

CD3 (ERY22). Ascending doses up to 1000 μg/kg of ERY22 dramatically reduced the peak cytokine 

levels of IL-6, TNF-α, and IFN-γ, IL-2 as well the clinical severity of CRS compared with a single 

dose of 1000 μg/kg. Peak cytokine levels following the single and ascending doses were 60,095 pg/mL 

and 1221 pg/mL for IL-6; 353 pg/mL and 14 pg/mL for TNF-α; 123 pg/mL and 16 pg/mL for IFN-γ; 

and 2219 pg/mL and 42 pg/mL for IL-2. The tolerance acquired with daily ascending doses up to 1000 

μg/kg remained in effect for the following weekly doses of 1000 μg/kg. 

 

Introduction 

The use of CD3 bispecific constructs as anti-tumor treatments has become an emerging part of 

cancer immunotherapy. A CD3 bispecific construct physically links CD3 on the surface of T cells to a 

target tumor antigen, thus activating the T cell to kill the tumor cell (Van Spriel et al., 2000; Bargou et 

al., 2008). Catumaxomab, the first CD3 bispecific construct targeting EpCAM and CD3, was approved 
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for malignant ascites in 2009 (Seimetz et al., 2010). Blinatumomab, a CD3 bispecific construct 

targeting CD19 and CD3, has shown remarkable anti-tumor activity in CD19-positive lymphoma or 

leukemia (Bargou et al., 2008; Topp et al., 2011). Recently, various CD3 bispecific constructs have 

entered the clinical phase (Kontermann and Brinkmann, 2015). 

CD3 bispecific constructs show promising therapeutic potential as anti-tumor antibodies, but they 

can also cause difficult-to-manage adverse effects in clinical use (Saber et al., 2016; Saber et al., 2017). 

Cytokine release syndrome (CRS), a potentially life-threatening systemic inflammatory response 

associated with elevated levels of circulating cytokines (Lee et al., 2014), is the most common adverse 

effect associated with the use of CD3 bispecific constructs in cancer immunotherapy (Klinger et al., 

2012; Lee et al., 2014; Saber et al., 2017). Serious CRS has been reported with the clinical use of 

catumaxomab (Seimetz et al., 2010) or blinatumomab (Shimabukuro-Vornhagen et al., 2018). The 

potential risk of CRS is also a major disadvantage for cancer patients joining phase I/II studies because 

a conservative multi-step dose escalation from a minimum anticipated biological effect level 

(MABEL) to a pharmacologically effective level takes a long time. In addition, protocol amendments 

are sometimes required due to CRS (Saber et al., 2016; Saber et al., 2017), which further delays dose 

escalation.  

There is still much to be understood to successfully control CRS. Premedication with 

corticosteroids, antihistamines and antipyretics is the gold standard (Shimabukuro-Vornhagen et al., 

2018). A combination of intra-patient/animal dose escalation and premedication with corticosteroid 

was reported to prevent severe CRS (Hoffman and Gore, 2014; Wu et al., 2015; Saber et al., 2017), 

and this is at present considered the most effective measure for reducing CRS, but even this effect is 

limited with premedication alone (Luheshi and Rothwell, 1996; Maude et al., 2014), suggesting that 

the dosage regimen itself might be a more important factor in reducing CRS.   
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The purpose of this study is to examine how effectively an intra-animal ascending dose regimen 

without premedication can mitigate CRS induced by the CD3 bispecific construct ERY22 in 

cynomolgus monkeys. ERY22 is comprised of two different Fab domains binding to glypican 3 

(GPC3) and CD3. It is a surrogate antibody for ERY974, a promising treatment for GPC3-positive 

solid tumors (Ishiguro et al., 2017; Shiraiwa et al., 2019). Though most CD3 bispecific constructs 

bind poorly to non-human targets (Saber et al., 2016; Saber et al., 2017), ERY22 can bind to the GPC3 

and CD3 of both humans and cynomolgus monkeys. Ishiguro et al. (2017) reported that the ascending 

dosage of ERY974 decreased the induced IL-6 level in cynomolgus monkeys; the peak IL-6 blood 

level of approximately 2500 pg/mL after a single injection was only 500 pg/mL after ascending doses. 

The surrogate ERY22 as a single injection induced severe CRS in cynomolgus monkeys, with the peak 

IL-6 value > 60,000 pg/mL and a marked increase in TNF-α, IFN-γ and IL-2. In this study, I examined 

the suppressive effect of ascending doses with ERY22. 

 

Materials and Methods 

Animals 

All procedures associated with this study were reviewed and approved by the Institutional Animal 

Care and Use Committee at Chugai Pharmaceutical Co., Ltd. (No. 11-068, 12-047). All animals were 

under the care of a laboratory animal veterinarian during the entirety of the study. The test facility has 

been accredited by AAALAC international. Male cynomolgus monkeys (Macaca fascicularis; 

Vietnam), between 3 and 4 years old were obtained from Hamri (Ibaraki, Japan). Animals were housed 

in climate controlled rooms given with free access to water and were given enrichment such as bananas, 

raisins or fruit gummy candies (Meiji, Tokyo, Japan) in addition to their diet (certified primate diet 

5048; PMI Nutrition International). A Solid natural rubber toy (Kong; Bio-serve, NJ) and a stainless 

steel mirror were supplied as environmental enrichment in each cage. Animals were maintained in a 
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room with a 12 h light/dark cycle, an ambient temperature of 18–28°C, and relative humidity of 35–

75%. Only one animal per group was enrolled in the middle and high dose groups due to the potential 

for adverse toxic effects. Other experimental groups included two animals. The high dose was set to 

correspond to the estimated medicinal dose of ERY974. 

 

Monoclonal antibody 

ERY22 is a humanized T-cell redirecting bispecific antibody produced by Chugai pharmaceutical 

Co., Ltd., which recognizes GPC3 and CD3 in humans and cynomolgus monkeys. The Fc region was 

modified to reduce binding to FcγRs (Shiraiwa et al., 2019). For injection formulations, ERY22 was 

appropriately diluted with 20 mM histidine-HCl buffer containing 150 mM NaCl and 0.05% (w/v) 

Polysorbate 80.  

 

Single dose administration 

The first dosing day was defined as Day 1, and the previous day as Day −1. ERY22 was 

intravenously administrated to the animals at doses of 10 (n = 2), 100 (n = 1), or 1000 μg/kg (n = 1). 

The dose volume was 3 mL/kg, and the dosing speed was 2 mL/min. Saline was intravenously 

administrated to all animals as training during the acclimation period to reduce the stress of 

administration. General condition and food consumption was examined every day. Lymphocyte count 

was examined on a day in the acclimation period (Pre 1) and Pre 2 (24 h after saline injection), and on 

Days 1 (8 h after ERY22 injection), 2, 3, 8, 15, and 22. C-reactive protein (CRP) concentration was 

examined on Pre 1, Pre 2 (24 h), Days 2, 3, 8, 15, and 22. Body temperature was examined before 

dosing (pre), at 30 min, 1, 2, 4, 8, 24, 32, 48, 54, and 72 hours after dosing. Serum cytokine 

concentrations were examined on Pre 1, Pre 2 (pre, 2, 8, 24 h), Days 1 (pre, 2, 8 h), 2, and 3. Animals 

were sacrificed on Day 3 after 1000 μg/kg, on Day 10 after 10 μg/kg, and on Day 24 after 100 μg/kg.  



 

56 

 

 

Ascending dose administration 

ERY22 was intravenously administrated to 2 male animals with daily ascending doses of 1, 3, 10, 

30, 100, 300 and 1000 μg/kg from Days 1–7, followed by two injections of 1000 μg/kg after one week 

intervals on Days 14 and 21. The dose volume was 3 mL/kg, and the dosing speed was reduced to 0.3 

mL/min based on clinical signs observed after single dose administrations. Animals were sacrificed at 

the end of the study (Day 28). Saline was intravenously administered to all animals on Day −8 of the 

acclimation period. General condition and food consumption was examined every day. Lymphocyte 

count was examined on Days −15, −7 (24 h), 1 (8 h), 3 (8 h), 5 (8 h), 7 (8 h), 8 (24 h), 10, 14 (pre, 8 

h), 21 (pre, 8 h), and 27. CRP concentration was examined on Days −15, −7 (24 h), 2 (pre), 3 (pre), 4 

(pre), 5 (pre, 8 h), 6 (pre), 7 (pre), 8 (24 h), 10, 14 (pre), 15 (24 h), 21 (pre), 22 (24 h), and 27. Body 

temperature was examined on Days 1 (pre, 30 min, 1, 2, 4, 8 h), 2 (pre, 2, 8 h), 3 (pre, 2, 8 h), 4 (pre, 

2, 8 h), 5 (pre, 2, 8 h), 6 (pre, 2, 8 h), 7 (pre, 30 min, 1, 2, 4, 8 h), 8 (24, 32 h), 14 (pre, 30 min, 1, 2, 4, 

8 h), 15 (24, 33 h), 21 (pre, 30 min, 1, 2, 4, 8 h), and 22 (24 h). Serum cytokine concentrations were 

examined on Days −15, −8 (pre, 2, 8 h), −7 (24 h), 1 (pre, 8 h), 2 (pre, 8 h), 3 (pre, 8 h), 4 (pre, 8 h), 

5 (pre, 8 h), 6 (pre, 8 h), 7 (pre, 2, 8 h), 8 (24 h), 14 (pre, 2 , 8 h), 15 (24 h), 21 (pre, 2, 8 h), 22 (24 h), 

and 27. Percentages of activation marker (CD69) positive cells within CD4+ or CD8+ T cell 

(CD2+CD16−) populations were examined on Days −7 (24 h), 7 (8 h), 14 (pre), 21 (8 h), and 27. The 

plasma concentrations of ERY22 were measured on Days 1 (15 min), 5 (15 min), 7 (15 min), 14 (pre, 

15 min), 21 (pre, 15 min), 22 (24 h), 24, 28. Anti-ERY22 antibodies (ADA) were measured on Days 

−15, 14 (pre), 21 (pre), 24, and 28. 

 

Toxicological examination 
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General condition, body temperature, food consumption, hematology, blood chemistry, cytokines, 

percentages of activation marker positive T cells, and the serum concentration of the test article was 

examined. Increase in body temperature was calculated by subtracting the body temperature before 

dosing from that after dosing. Cytokines (TNF-α, IFN-γ, IL-6, IL-2) were measured using CBA non-

human primate Th1/Th2 cytokine kit (BD, Franklin Lakes, NJ). Serum CRP was measured with a latex 

agglutination immunoassay using TBA-120FR (Canon Medical Systems Corporation, Tochigi, Japan). 

Hematological parameters were scored with ADVIA 120 (Siemens Healthcare Diagnostics, Tokyo, 

Japan). Percentages of CD69 positive cells in CD4+ or CD8+ T cell populations were detected using 

FACS Canto II (BD) using anti-CD69, anti-CD2, anti-CD16, anti-CD4, and anti-CD8 antibodies (all 

from BD). 

 

Toxicokinetics 

The plasma concentration of ERY22 was determined by an electrochemiluminescence 

immunoassay (ECLIA) method in the ascending dose experiment. Briefly, GPC3 protein (Chugai 

pharmaceutical) was immobilized on the surface of ECLIA plates (Meso Scale Diagnostics, Rockville, 

MD). Appropriately diluted plasma samples were added to the plate, then GPC3-captured ERY22 was 

detected by biotin-labeled anti-human Kapper Light Chain Goat IgG (Immuno-Biological 

Laboratories, Gunma, Japan) and SULFO-TAG labeled Streptavidin (Meso Scale Diagnostics).  

ADA was measured by ECLIA using biotin-labeled ERY22 and SULFO-TAG labeled ERY22.  

 

Quantification of GPC3 mRNA 

 The GPC3 mRNA expression was examined using a frozen stock of total RNA taken from the 

various organs of two healthy animals. Each snap-frozen organ was homogenized and mixed with RLT 

buffer supplied with RNeasy Mini Kit (Qiagen, Valencia, CA), Trizol LS (Invitrogen, Carlsbad, CA), 
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Trizol (Invitrogen) and/or QIAzol (Qiagen), and the total RNA was extracted and purified with RNeasy 

Mini Kit. Whole blood was collected in PAXgene Blood RNA Tube and the total RNA was extracted 

with PAXgene Blood RNA Kit (Qiagen) according to the manufacturer’s instructions. Expression of 

GPC3 mRNA was quantified by real-time reverse transcription-PCR using a SuperScript III Reverse 

Transcriptase (Invitrogen), StepOnePlus Real-Time PCR System (Applied Biosystems, Foster City, 

CA), and FastStart Universal Probe Master (ROX) (Roche Diagnostics, Mannheim, Germany). PCR 

conditions included incubation at 50°C for 2 min, denaturation at 95°C for 10 min, followed by 40 

amplification cycles of 95°C for 15 s and 60°C for 1 min using primers for GPC3 mRNA, forward 5’-

GATGAAGATGAGTGCATTGGAG-3’, reverse 5’-CATCCAGATCATAGGCCAGTT-3’, and 

fluorescent Universal ProbeLibrary probe #9 (Roche Diagnostics). SK-pca13a and SK-pca31a, human 

GPC3 transfected liver tumor cell lines, were added as reference. Calculated GPC3 protein expression 

levels were 1.1×103 molecules/cell for SK-pca31a, and 4.8×104 molecules/cell for SK-pca13a. 

 

Results 

Single dose administration   

The observed general conditions of the animals are shown in Table 5. After administration of 

ERY22, facial flushing and crouched posturing was observed in all dosing groups (10–1000 μg/kg).  

Reduced food consumption was observed after 10 μg/kg in 1/2 animals and 100 μg/kg in 1/1 

animal. A transient increase in body temperature (> 1°C) was observed after the 100 or 1000 μg/kg 

dose, and a transient increase in body temperature (0.9°C) was observed in 1/2 animals after 10 μg/kg 

dosing (Fig. 12C). In the animal that received 1000 μg/kg, vomiting, scratching, decrease of locomotor 

activity, and poor food consumption were observed. Increased veterinary monitoring was provided, 

and additional fruit enrichment was given to the animal after consulting with the attending veterinarian. 

The animal ate the fruit enrichment on Days 1 and 2, but not on Day 3. Due to clinical presentation of 
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severe adverse effects, the animal was sacrificed on Day 3 under the supervision and care of the 

attending veterinarian. 

The results of concentration of serum cytokines are shown in Fig. 10. The high dose, 1000 μg/kg, 

substantially elevated plasma TNF-α to 353 pg/mL, IFN-γ to 123 pg/mL, IL-6 to 60,095 pg/mL, and 

IL-2 to 2219 pg/mL within 24 hours of administration. The highest values during the acclimation 

period for each cytokine was 19 pg/mL for TNF-α, 34 pg/mL for IFN-γ, 43 pg/mL for IL-6, and 38 

pg/mL for IL-2. In the animal administered with 100 μg/kg of ERY22, the peak value of each cytokine 

within 24 hours after dosing was 63 pg/mL for TNF-α, 38 pg/mL for IFN-γ, 23,502 pg/mL for IL-6, 

and 468 pg/mL for IL-2. The highest value during the acclimation period for each cytokine was 29 

pg/mL for TNF-α, 48 pg/mL for IFN-γ, 75 pg/mL for IL-6, and 45 pg/mL for IL-2. In the two animals 

administered with 10 μg/kg of ERY22, the peak values of each cytokine within 24 hours after dosing 

were 6 and 8 pg/mL for TNF-α, 13 and 19 pg/mL for IFN-γ, 399 and 2065 pg/mL for IL-6, and 0 and 

53 pg/mL for IL-2. The highest value during the acclimation period for each cytokine was 0 pg/mL 

for TNF-α in both animals, 15 and 14 pg/mL for IFN-γ, 78 and 87 pg/mL for IL-6, and 46 and 35 

pg/mL for IL-2. 

CRP concentration is shown in Fig. 12B. CRP peaked at Day 2 or Day 3 after 10–1000 μg/kg. 

The highest CRP concentration in each animal was 14.5 mg/dL in the 1000 μg/kg dose group, 13.0 

mg/dL in the 100 μg/kg dose group, and 9.0 or 12.8 mg/dL in the 10 μg/kg dose group. The values of 

CRP during acclimation period were ≤ 1.3 mg/dL in all animals. 

A decrease in lymphocytes (Fig. 12A) was observed in all animals in dose groups of ≥ 10 μg/kg. 

The change in lymphocytes after 10 μg/kg dosing was much slighter than changes after 100 or 1000 

μg/kg. The lymphocyte count 8 h after dosing in each animal was 0.3×103/μL in the 1000 μg/kg dose 

group, 0.9×103/μL in the 100 μg/kg dose group, 2.0 or 1.8 ×103/μL in the 10 μg/kg dose group, and 
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the lowest values for lymphocytes during the acclimation period in each animal were 3.8×103/μL, 

11.5×103/μL, 4.7 or 5.2×103/μL, respectively. 

 

Ascending dose administration  

The observed general conditions of the animals are shown in Table 5. In one of the two animals 

(animal No. 1), facial flush was observed after a dose of 10 μg/kg and 30 μg/kg, and vomiting and 

diarrhea were observed at 24 and 48 h after the second 1000 μg/kg dose on Day 15. Reduced food 

consumption was also observed after the 300 μg/kg dose, and after the first and second 1000 μg/kg 

dose. The other animal (animal No. 2) showed no test article-related abnormalities in clinical 

observations. In both animals, a transient increase in body temperature was seen after the ≥ 30 μg/kg 

dose. The highest elevation in animal No. 1 was 2.5°C at 8 h after the 30 μg/kg dose, and that of animal 

No. 2 was 1.7°C at 8 h after the 100 μg/kg dose (Fig. 13C).  

Serum concentration of cytokines are shown in Fig. 11. Much higher cytokine concentrations 

were observed 8 hours after a single dose than after ascending doses (Table 6). The highest cytokine 

concentrations in the two animals within 24 hours after dosing were 13 pg/mL in animal No. 1 and 14 

pg/mL in animal No. 2 for TNF-α, 14 and 16 pg/mL for IFN-γ, 1221 and 306 pg/mL for IL-6, and 33 

and 42 pg/mL for IL-2. The highest values during acclimation period were 10 and 25 pg/mL for TNF-

α, 13 and 39 pg/mL for IFN-γ, 43 and 49 pg/mL for IL-6, and 23 and 74 pg/mL for IL-2. 

Serum CRP concentrations are shown in Fig. 11. An increase in CRP could already be observed 

after the 1 μg/kg dose. The values increased dose-dependently from Day 2 to 5, and thereafter reached 

a plateau. The elevated CRP after the 1000 μg/kg dose decreased to a normal level after 7 days. The 

highest CRP concentration was 18 and 9 mg/dL in animal No. 1 and 2, and the values of CRP during 

the acclimation period were ≤ 1.4 mg/dL. 
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A decrease in lymphocytes (Fig. 13A) was seen after ≥ 10 μg/kg dosing in both animals. The 

lymphocyte count 8 h after the first 1000 μg/kg dose was 2.9×103/μL and 2.8×103/μL in animal No. 1 

and 2, and these changes were much slighter than those following the single 1000 μg/kg dose 

(0.3×103/μL). The lowest value for lymphocytes was 2.5×103/μL in both animals after the 100 μg/kg 

dose on Day 5, and the lowest value for lymphocytes during the acclimation period was 5.3×103/μL 

and 7.5×103/μL. 

The flow cytometry results for activation marker (CD69) expression in T cells are shown in Fig. 

13B. Activated T cell percentage increased 8 h after the first (Day 7) and the third 1000 μg/kg dose 

(Day 21). CD69+CD4+ T cell percentages after the first 1000 μg/kg dose were 3% and 4% in animal 

No. 1 and 2, and those after the third 1000 μg/kg dose were 39% and 2%, whereas those in the 

acclimation period were 1% for both animals. Percentages of CD69+CD8+ T cell after the first 1000 

μg/kg dose were 29% and 33% in animal No. 1 and 2, and those after the third 1000 μg/kg dose were 

39% and 15%, and those in the acclimation period were 16% and 5%.  

The toxicokinetics results are shown in Fig. 14. In animal No. 1 and 2, plasma concentrations 15 

minutes (C15min) after administration of ERY22 were 0.022 and 0.007 μg/mL at 1 μg/kg, 2.4 and 3.5 

μg/mL at 100 μg/kg, and 16 and 15 μg/mL at 1000 μg/kg. ADA was detected on Day 14 and later in 

both animals. C15min after the second and the third dose of 1000 μg/kg on Days 14 and 21 were similar 

to that of Day 7. 

  

mRNA expression for GPC3 in normal cynomolgus monkey tissues 

GPC3 mRNA was expressed in some normal tissues in cynomolgus monkeys (Fig. 15). The 

sciatic nerve, kidney, lung, epididymis, pituitary gland, and trachea expressed GPC3 mRNA at higher 

levels than SK-pca31a, one of the GPC3 transfected cell lines.  
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Discussion  

A daily ascending dose up to 1000 μg/kg, corresponding to a dose with expected clinical efficacy, 

markedly reduced CRS whereas a single dose of 1000 μg/kg induced severe CRS (Table 5, 6). The 

ascending regimen reduced peak cytokine levels within 24 hours after dosing in animal No. 1 or 2 

compared to a single dose of 1000 μg/kg, from 60,095 pg/mL to 1221 or 306 pg/mL for IL-6, from 

353 pg/mL to 13 or 14 pg/mL for TNF-α, from 123 pg/mL to 14 or 16 pg/mL for IFN-γ, and from 

2219 pg/mL to 33 or 42 pg/mL for IL-2 (Fig. 10, 11). Serum cytokine levels, except for IL-6, after the 

ascending doses were similar to those in the acclimation period. A transient lymphocyte decrease is 

commonly observed after treatment with CD3 bispecific constructs due to the adhesion of lymphocytes 

to endothelial cells (Molema et al., 2000; Dettmar et al., 2012). Lymphocytes decreased to 2.9 or 

2.8×103/μL after an ascending dose of 1000 μg/kg which was much more moderate than the decrease 

to 0.3×103/μL after single dose of 1000 μg/kg (Fig. 12A, 13A). The lowest lymphocyte count during 

the acclimation period in all animals was 3.8×103/μL. Thus, the elevation of serum cytokines and 

decrease in lymphocytes were much more severe after a single dose than an ascending dose.  

There were two main differences between the ascending and the single dose regimens. One was 

in the daily ascension from 1 μg/kg to 1000 μg/kg compared to the single administration of 1000 μg/kg. 

The other was in injection speed, 0.3 mL/min for the ascending dose and 2 mL/min for the single dose. 

Previous literature suggests that the continuous intravenous infusion of blinatumomab is better 

tolerated than bolus infusion (Friberg and Reese, 2017), but that a 2 h infusion of OKT3 did not 

mitigate CRS (Buysmann et al., 1997). Therefore, I concluded that daily ascending dosage was the 

most important factor in reducing CRS in this study.  

The general condition and cytokine levels appeared to improve with ascending dosing, but 

elevated body temperature and CRP remained high (Fig. 11, 13C). The higher body temperature and 

CRP may be caused by the moderate increase of IL-6 following the ascending dose because IL-6 is an 
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important mediator of fever (Luheshi and Rothwell, 1996) and CRP production (Libby, 2002). CRP 

levels were higher in the animal with higher IL-6 levels (Fig. 11).  

Although the ascending dose prevented excessive CRS, the peak IL-6 level during the ascending 

period (1221 and 306 pg/mL in animal No. 1 and 2) was still high enough to induce fever or CRP 

elevation, which raises a question: where did the IL-6 come from? An elevation in activated T cells 

was also observed after the ascending 1000 μg/kg dose (Fig. 13B). As a first step in immune 

stimulation, ERY22 stimulates CD3 signaling and activates T cells, but it is implausible that the T 

cells would produce a high level of IL-6 without also inducing other cytokines. It was reported that 

IL-6 is produced from myeloid cells, including monocytes and macrophages, after T cell stimulation 

(Barrett et al., 2014; Giavridis et al., 2018). Direct cellular contact between T cells and myeloid cells 

promotes IL-6 production (Giavridis et al., 2018). It is therefore likely that while the ascending dose 

regimen effectively reduced the production of T-cell derived cytokines, it may still be possible for the 

direct interaction of T cells and myeloid cells to induce IL-6.  

The results in this study suggested that tolerance formed in the ascending phase was still effective 

for the following weekly doses, which is consistent with previous studies (Chung, 2008; Klinger et al., 

2012; Nagele et al., 2017). With no repetition of the ascending phase, the following 1000 μg/kg weekly 

doses on Days 14 and 21 did not induce severe CRS in animal No. 1 and 2, even though plasma 

concentrations of ERY22 before administration were 49 and 292 ng/mL on Day 14, and 13 and 221 

ng/mL on Day 21 (Fig. 14). ADA was detected on Day 14 and later in both animals on the ascending 

regimen. I think that ERY22 was still effective after induction of ADA because of the three reasons; 

1) C15min following the 1000 μg/kg dose was similar both before and after ADA induction (Fig. 14), 2) 

the increase of CRP (Fig. 11), and 3) decrease in lymphocytes (Fig. 13A) were seen alongside ADA.  

The frequency of GPC3 expression in cynomolgus monkeys was sufficient for ERY22 to induce 

CRS. In humans, GPC3 is highly expressed in mesodermal-derived tissues such as lung, liver and 
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kidney in fetuses (Pilia et al., 1996). This expression was barely detected in adult tissues in one study 

(Zhu et al., 2001), but low level expression of GPC3 has been reported in normal adult tissues in 

humans more recently (Andisheh-Tadbir et al., 2019). In cynomolgus monkeys, the mRNA expression 

levels of GPC3 in the sciatic nerve, kidney, lung, epididymis, pituitary gland, and trachea were higher 

than in SK-pca31a cells expressing GPC3 at 1.1×103 molecules/cell (Fig. 15).  

The present study demonstrated that an optimal ascending regimen can markedly reduce CRS 

induced by ERY22 in cynomolgus monkeys. My results also show that tolerance achieved with daily 

ascending doses up to 1000 μg/kg remained in effect for the following weekly doses of 1000 μg/kg. 

Further animal studies are needed to understand the mechanism behind the induction and maintenance 

of the tolerance, which will provide useful information to be extrapolated for human and will support 

future applications for CD3 bispecific constructs. 
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Figures and Tables 

Table 5. Comparison of general conditions between single and ascending dosing 

 

 

 

 

 

 

Figure 10. Serum cytokine concentrations in 4 cynomolgus monkeys. ERY22 was intravenously 

administered at 10 (n = 2), 100 (n = 1), 1000 μg/kg (n = 1) on Day 1 (black arrows). Physiological 

saline was administered in the acclimation period (Pre, white arrows). 
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Figure 11. Serum cytokine concentrations (TNF-α, IFN-γ, IL-2, IL-6) and serum CRP concentrations 

in 2 cynomolgus monkeys (animal No. 1 and 2). ERY22 was repeatedly intravenously administered 

daily ascending doses of 1, 3, 10, 30, 100, 300 and 1000 μg/kg over 7 days, followed by weekly dosing 

at 1000 μg/kg for 2 weeks (black arrows).  Physiological saline was administered in the acclimation 

period (Day −8, white arrows). 
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Table 6.  Comparison of cytokine levels at 8 h after administration 

 

 

 

 

 

Figure 12. Blood lymphocyte (LYMPH) counts (A), serum CRP concentrations (B), and body 

temperature change from baseline after administration (C) in 4 cynomolgus monkeys. ERY22 was 

intravenously administered at 10 (n = 2), 100 (n = 1), 1000 μg/kg (n = 1) on Day 1 (black arrows). 

Physiological saline was administered in the acclimation period (Pre, white arrows). 

  

 

TNF-α                  IFN-γ                  IL-6                  IL-2 

10 μg/kg     6, 0         0, 7             19, 0         0, 8         336, 2065     403, 168         0, 53         0, 0   

    

Table 2. Comparison of cytokine levels at 8 h after administration  

Cytokine levels (pg/mL) 

Dosing     Single     Ascending      Single     Ascending     Single     Ascending     Single     Ascending 

 

100 μg/kg      141)         0, 11             381)         0, 14         235021)      663, 110         4681)         0, 25      

    1000 μg/kg2)     01)         9, 11            1231)        14, 16         600951)      198, 71         19911)        25, 36      

    
1)  Cytokine level from one animal  

 

 

 

 

 

 

 

 

TNF が改善して無い様にみえるのは TNF のピークが 2 時間で 8 時間だとあまり差が見えないため。 

Ascending は 2 時間採血していないので比較できない 

2 例なら平均でなくて個別値を出すべき（三島さん 8 月 3 日） 

 

2)  The first 1000 μg/kg dosing in the ascending study 
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Figure 13. Blood lymphocyte counts (A), percentages of activation marker (CD69) positive in CD4+ 

or CD8+ T cells (B) body temperature change from baseline (C), and in 2 cynomolgus monkeys 

(animal No. 1 and 2). ERY22 was repeatedly intravenously administered daily ascending doses of 1, 

3, 10, 30, 100, 300 and 1000 μg/kg over 7 days, followed by weekly dosing at 1000 μg/kg for 2 weeks 

(black arrows). Physiological saline was administered in the acclimation period (Day −8, white 

arrows).  
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Figure 14. Plasma concentrations of ERY22 after ascending dosing in cynomolgus monkeys (animal 

No. 1 and 2). ERY22 was repeatedly intravenously administered daily ascending doses of 1, 3, 10, 30, 

100, 300 and 1000 μg/kg over 7 days, followed by weekly dosing at 1000 μg/kg for 2 weeks (black 

arrows).  

 

 

 

 

Figure 15. GPC3 mRNA expression was quantified by real-time reverse transcription-PCR in 

cynomolgus monkeys. Means of two animals are shown. SK-pca13a and SK-pca31a are human 

GPC3 transfected liver tumor cell lines. 
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General Discussion 

 

In first-in-human trials to evaluate pharmaceutical candidates, the safety of clinical trial subjects 

should be the priority. Hazard identification and appropriate strategies to minimize risk are critical 

aspects of successful safety management (Van Gerven and Bonelli, 2018). Traditional preclinical 

studies were not able to predict the risk of severe cytokine release syndrome (CRS) caused by 

TGN1412 due to a failure of interpretation of preclinical studies and a lack of sufficient in vitro studies 

using human cells (Attarwala, 2010). After the TGN1412 CRS incident, in vitro cytokine release 

assays using human cells have become commonly used as hazard identification tools for therapeutic 

mAb candidates (Grimaldi et al., 2016). In the first chapter of this research, I focused on the WBCA, 

one of the in vitro cytokine release assays using human blood cells, in order to propose an appropriate 

assay design to detect potential risks of CRS. The results of the first study suggest that the WBCA is 

sufficiently predictive for the potential risk of CRS induced by alemutuzumab and TGN1412-analogue 

(CD28SA) using a practical test that included measuring IL-8 in an n ≥ 9 sample size. As similar as 

previous studies about WBCA, cytokine profile induced by CD28SA in the WBCA was different from 

that of the clinical trial (Suntharalingam et al., 2006), and a high inter-donor variability in cytokine 

response was observed (Wolf et al., 2012). The WBCA is a practical in vitro cytokine release assay 

that can warn of the potential risk of ADCC-related alemtuzumab and T-cell activating CD28SA, but 

the WBCA cannot be used as a risk-ranking tool for CRS because there was a lower response to 

CD28SA than alemtuzumab. Further mechanistic knowledge of the response to CD28SA is useful 

when the WBCA is applied to T cell-stimulating mAbs.   
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There are various in vitro assays to detect the potential risk of CRS, and each has its own 

advantages and limitations. In investigating the underlying mechanism of cytokine response in each 

assay, it is important to establish a method which accurately mimics in vivo responses and prevents a 

failure of hazard identification. The two major testing platforms to detect the potential risk of CRS are 

a combination of whole blood with aqueous-phase mAbs (the WBCA) and peripheral blood 

mononuclear cells (PBMCs) with solid-phase mAbs (the PBMC assay). In the study described in the 

second chapter, I investigated the mechanism by which two in vitro cytokine release assay formats 

generate positive responses to CD28SA. I compared the induction of cytokines and identified the 

cytokine-producing cells in the two assays. In the PBMC assay, IL-2 was markedly produced in all 

donor T cells after treatment with CD28SA, but in only 1 T-cell responder of the 3 donors in the 

WBCA. There was a significant individual difference in cytokine responses after treatment with 

CD28SA in the WBCA, which can cause the low sensitivity to CD28SA. Monocytes and granulocytes 

produced IL-8 which was the most sensitive biomarker in the WBCA, and IL-8 was elevated in the 

clinical trial of TGN1412 (Suntharalingam et al., 2006). T cells, the most relevant player in the PBMC 

assay with CD28SA, did not contribute to the positive response in 2 out of the 3 donors (T cell non-

responders) in the WBCA, suggesting that different immune cells and different mechanisms generate 

the positive cytokine responses to CD28SA in the two assays. In the PBMC assay, high-density 

immobilized TGN1412 onto culture plates enables cross-linking of CD28 receptors and activation of 

T cells (Findlay et al., 2010), but high-density immobilized mAbs may cause false positive results 

(Foreback et al., 1997; Wing, 2008; Grimaldi et al., 2016). Romer et al. (2011) reported that lymph 

node cells had much higher TGN1412 reactivity than PBMCs and cellular interactions within the 

tissues were important to retain T-cell responsiveness. Moreover, peripheral blood contains less than 

10% of all lymphocytes (Eastwood et al., 2010). Thus, low sensitivity of the WBCA to CD28SA is 

possibly due to lower T-cell responsiveness in peripheral blood than that in lymphoid tissues. The 
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induction of IL-8 in the WBCA was not caused by T cells that were directly activated by CD28SA 

through CD28 stimulation, which is not relevant to the main mechanism of the severe CRS cause by 

TGN1412. The WBCA can detect the hazardous activity of CD28SA, but the WBCA may not be an 

appropriate in vitro assay to assess the risk for agonist mAbs to T-cell surface molecules. In contrast, 

the WBCA is thought to be sufficiently sensitive to FcγR-mediated responses (Holland et al., 2004; 

Wing, 2008). When using in vitro cytokine release assays, it is necessary to understand the 

characteristics of in vitro assays and choose/establish an optimal method which suits the mode of 

action of a therapeutic mAb candidate. 

 

 

Consideration of species differences is essential for safety evaluation of potentially adverse 

events of target modulation, and studies in non-relevant animal species may lead to misinterpretations 

(ICH, 2011). A number of factors should be taken into consideration when determining species 

relevancy including comparisons of target sequence homology, followed by in vitro assays to compare 

target binding, and assessments of functional activity demonstrated in in vitro and/or in vivo 

pharmacology or toxicology studies. Cynomolgus monkeys were considered to be an adequate species 

for TGN1412 because of the 100% amino acid sequence homology of the extracellular domain of 

CD28 and very similar binding affinities of TGN1412 to human and cynomolgus monkey CD28 

(Hanke, 2006). The first human dose of TGN1412 was set at 0.1 mg/kg, which was 500-fold lower 

than the no observable adverse effect level (NOAEL, 50 mg/kg) established in cynomolgus monkeys. 

However, the first human dose was high enough to activate not only Tregs but also effector T (Teff) 

cells, which caused life-threatening CRS (Fig. 16). Stebbings et al. (2007) showed that PBMCs from 

cynomolgus monkeys did not respond to immobilized TGN1412 in the same way as human PBMCs, 

and importantly, TGN1412 was a CD28 superagonist in humans but not in cynomolgus monkeys. The 
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studies following the TGN1412 incident have revealed that the pharmacological and physiological 

properties of TGN1412 differs among species. TGN1412 shows similar binding affinities to CD28 of 

human and cynomolgus monkeys (Hanke, 2006), but the expression pattern of CD28 differs between 

humans and cynomolgus monkeys. Both Tregs and Teff cells express CD28 in humans (Dilek et al., 

2013), but in Teff cells, the key source of proinflammatory cytokines by TGN1412 stimulation, does 

not express CD28 in cynomolgus monkeys (Eastwood et al., 2010). Appropriate preclinical models 

which can efficiently predict the potential CRS caused by mAb therapeutic candidates prior to first-

in-human trials are essential. Current International Council for Harmonization of Technical 

Requirements for Pharmaceuticals for Human Use (ICH) guidelines discourage the use of non-relevant 

animal species, and encourages the use of in silico tools and (humanized) in vitro assays (Van Gerven 

and Bonelli, 2018). 

 

 

Figure 16. Expected therapeutic mechanism and the mechanism underlying CRS caused by TGN1412.  
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Careful dosing selection for first-in-human clinical trials is a vital element to safeguard the 

clinical trial subjects (Van Gerven and Bonelli, 2018). According to the European Medicines Agency 

(EMA) guidelines published in 2017, the starting dose for healthy volunteers should not exceed the 

pharmacologically active dose (PAD) or MABEL, the dose or exposure required at the bottom end of 

the dose response curve in humans, unless a robust scientific rationale can be provided for a higher 

dose (EMA, 2017). The MABEL of TGN1412 was considered to be 0.5 mg/kg for rat models using 

the rat CD28 surrogate mAb JJ316, and the safe starting dose was calculated to be 5 μg/kg which is 

10,000-fold lower than the NOAEL in cynomolgus monkeys (Duff, 2006). Recently, an in vitro cell 

culture stimulation assay using human cells, resting T cells to original reactivity (RESTORE) assay 

and a receptor occupancy assay allowed to rationally select a safe dose for TGN1412 (rebranded 

TAB08), which enabled its return to the clinic (Tkach and Writer, 2015). In the RESTORE assay, 

TAB08 triggers detectable cytokine release at 0.06 μg/mL or more and Treg-cell activation with as 

little as 0.015 μg/mL of TAB08, suggesting that TAB08 has a potential therapeutic window (Tabares 

et al., 2014). Though the dose used in the TGN1412 trial occupied between 45–80% of CD28 in human, 

the RESTORE assay recommended the dose of 5% receptor occupancy (Tkach and Writer, 2015). 

Furthermore, corticosteroids eliminated the cytokine release by TAB08, but Treg activation was 

corticosteroid-resistant (Tabares et al., 2014; Tyrsin et al., 2016). These encouraging non-clinical 

studies led to the design of a new TAB08 clinical trial in which the first-in-human dose was set at 0.1 

μg/kg (1000-fold less than applied in the TGN1412 trial). The results of the clinical study of TAB08 

in healthy volunteers shows that the threshold dose, where toxic cytokine release is minimized but 

Treg-cell activation is effective, is around 5 µg/kg, which is 20-fold below the one applied in the 

TGN1412 trial of 2006 (Tabares et al., 2014). In the TGN1412 case, appropriate first-in-human dose 

setting can prevent severe CRS. 
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In addition to the identification of the potential risk of CRS, appropriate risk mitigation strategies 

should be investigated. The anti-CD19/CD3 bispecific construct, blinatumomab, induces cytokine 

release at low concentrations in in vivo and in vitro studies, and the MABEL approach was used for 

starting dose selection, but the initial clinical trial was terminated early due to toxicity, severe CRS 

and neurotoxicity (Yuraszeck et al., 2017). Based on the insight from the initial clinical trial of 

blinatumomab, the following trials used a prophylactic protocol consisting of premedication of 

corticosteroids, dose adjustment including intra-patient ascending dosing, and continuous intravenous 

infusion, and cytoreduction rather than symptomatic treatment (Yuraszeck et al., 2017; Shimabukuro-

Vornhagen et al., 2018). In the study described in the last chapter, I investigated the effectiveness of 

ascending dosing to reduce CRS caused by the anti-GPC3/CD3 construct, ERY22, in cynomolgus 

monkeys. As for ERY22, cynomolgus monkeys were considered to be a relevant animal species 

because of the similar binding affinities and functional properties between humans and cynomolgus 

monkeys in a similar way as ERY974 (Ishiguro et al., 2017). Although a single dose of 1 mg/kg ERY22 

caused fetal CRS, daily ascending dosing up to 1 mg/kg dramatically mitigated CRS in cynomolgus 

monkeys. Serum cytokine levels, transient lymphocyte decrease, and clinical symptoms were 

improved by ascending dosing, but the higher body temperature and CRP elevation were observed 

possibly because of the moderate increase of IL-6. Daily ascending dosing of ERY22 avoided severe 

CRS, and low grade CRS is considered to be manageable by the symptomatic treatment with anti-

histamines, antipyretics and fluids (Shimabukuro-Vornhagen et al., 2018). In addition, repetition of 

the ascending dosing was not required for the following weekly doses of ERY22, which is consistent 

with the previous report that severe CRS mostly occurred within 24 h of the first infusion, and the 

incidence declined in accordance with the repetition of dosing (Pangalis et al., 2001; Chung, 2008; 

Klinger et al., 2012). These results provide useful information that can be extrapolated for humans, 

and will support future application for CD3 bispecific constructs. Previous studies indicate that rate of 
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change, fold increases, or net increases in cytokine levels may be better correlated with CRS severity 

than absolute cytokine levels (Davila et al., 2014; Lee et al., 2014). Ascending doses can decrease rate 

of change in blood concentration of mAbs, which may hinder T cells releasing extensive cytokines 

and may mitigate CRS. Li et al. (2019) demonstrated that a CD3 bispecific construct induced T cell 

exhaustion, and these T cells retain their cytotoxic activity despite their inability to release cytokines. 

Thus, the CRS tolerance acquired with daily ascending doses may be attributed to T cell exhaustion. 

The mechanism behind the induction and maintenance of the CRS tolerance remains unclear, and 

further investigations are needed to mitigate CRS in clinical use. 

 

 

CRS, the potentially fatal or life-threatening immunotoxicitiy caused by mAb pharmaceuticals, 

stimulates the immune system through multiple mechanisms (Fig. 17). Thus, it is necessary to identify 

the potential risk of CRS before first-in-human studies. However, preclinical studies using 

experimental animals may not be enough to predict CRS because of species difference in the immune 

system. The use of in vitro cytokine release assays with human cells are useful to identify the potential 

risk of CRS, and I proposed the use of the WBCA as a hazard identification tool for CRS in the first 

study. It is important to set an appropriate assay design in the consideration of variability attributed to 

individual differences. In the second study, I compared the cytokine-producing cells after stimulation 

with CD28SA in the two in vitro assays (the WBCA and the PBMC assay), and indicated that different 

immune cells generate a positive response in the two in vitro assays, causing differences in the 

response to CD28SA. Therefore, it is necessary to understand the characteristics of in vitro assays and 

establish an optimal method that suits the mechanism of a therapeutic mAb candidate. To date, it has 

been possible to detect the CRS hazard, but there still remain difficulties in managing CRS especially 

in the cancer immune therapy. Careful dose selection for first-in-human clinical trials is essential to 

prevent unexpected severe CRS, but CRS mitigation is also necessary for CD3 bispecific constructs 
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in clinical use. In the last study, I investigated the effectiveness of ascending dose regimens for CRS 

mitigation in cynomolgus monkeys, and the results suggest that ascending doses can mitigate CRS. 

Further investigations are necessary to reveal the mechanism behind the CRS mitigation and apply 

effective CRS mitigation strategies. 

 

 

Figure 17. Multiple CRS mechanisms underlying CRS caused by alemtuzumab, TGN1412, and 

ERY22. 

 

 

There are multiple mechanisms that drive CRS, a part of which were uncovered in this study. In 

order to further understand the pathophysiology of CRS, it is necessary to continue biological studies 

on the effects of mAb pharmaceuticals. In addition, the practical use of in vitro cytokine release assays 

needs to be established for each mAb pharmaceutical. Strategies and experimental approaches to 

ensure the safety of clinical trial subjects should be science-based.  
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