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Preface 

Over the recent years, the possibilities for immune therapy of cancer 

patients have considerably improved. For example, adoptive transfer of 

tumor-specific CD8+ T cells, and anti-tumor immunizations were shown to 

have the potency to prolong patients’ life. However, it was also found that 

the intra-tumoral immune suppressive environment may hamper the 

efficacy of tumor immune therapy. Treatment with “check-point inhibitors”, 

such as with the T regulatory cells (Tregs) targeting Cytotoxic T-Lymphocyte 

Associated Protein 4 (CTLA-4) antagonist Ipilimumab, successfully 

counteracts these immune-suppressive mechanisms, but is accompanied by 

severe side effects.  

To this end, one of the major strategies gaining importance in clinical trials 

are monoclonal antibodies. They achieve their therapeutic effect through 

different mechanisms such as ligand competition, interfering with the 

downstream signal upon binding, and also differential mediated effector 

response through isotype choice. Furthermore, bispecific antibodies, 

binding simultaneously to two different types of antigen or different 

epitopes might circumvent off-target specificity issues in healthy tissues that 

monoclonal antibodies arise. 

Tregs are a key cell population modulating and suppressing the effector 

immune response. Current checkpoint-targeted therapies have severe side 

effects, due to a relative lack of specificity of administered antibodies for the 

targeted T cell populations. For example, Tregs suppress intratumoral 

immune effector functions and therefore are an excellent target for tumor 

therapies. However, there are no unique Treg markers, since receptors 

expressed on Tregs can also be expressed by other leukocytes. 

Consequently, Treg-targeted monoclonals also affect other immune cell 

populations. In order to diminish therapy-associated side effects, we 

focused on a novel antibody-based approach to target Tumor Necrosis 

Factor Receptor 2 (TNFR2), a receptor which has recently gained importance 

in Treg biology due to its expression role on Tregs. 
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The general aim of this thesis was to evaluate the potential roles of targeting 

different receptors and different Fc-isotypes while focusing on the 

generation and development of novel antibodies aiming to target Tregs.  

Monoclonal antibodies and isotype formats:  

Antibodies (Abs) are glycoproteins of the immunoglobulin (Ig) superfamily. 

They can be anchored on the B cell membrane and act as a B cell receptor, 

or they can be released into the circulation and lymph by mature B cells 

known as plasma cells. Secreted antibodies provide humoral immunity by 

recognising and promoting killing of pathogens1,2. The shared structure the 

different antibodies is a basic structure consisting of two heavy and two light 

chains connected by interchain disulfide bonds. In humans, there are two 

types of light chain - κ and λ – whereas heavy chains can be classified into 

five: μ, δ, γ, ε and α. The type of heavy chain defines the class of 

immunoglobulin: IgM, IgD, IgG, IgE and IgA3.  

In 1975, Kohler and Milstein were the first to describe the production of 

murine mAbs from hybridomas1. The concept of hybridomas, antibody 

producing B-cell fused with immortal myeloma cells, revolutionized the 

production and development of mAbs. The first therapeutic mAb 

OrthoClone OKT3 was generated in 1984 and approved in clinical use in 1986 

for the treatment of transplant rejection4. Since then, more than 570 

therapeutic mAbs have been studied in clinical trials and FDA has approved 

more than 80 mAbs for clinical application5.  

Therapeutic monoclonal antibodies (mAbs) are often of the IgG isotype. IgG 

antibodies are the most prevalent in human serum. IgGs are large molecules 

(approximately 150kDa) composed of two heavy and two light chains. Each 

heavy chain has two regions: constant (CH) and variable (VH). The light chain 

has two domains: constant (CL) and variable (VL)6. The fragment antigen 

binding domain (Fab) is formed by the VH, CH1 and VL, CL regions combined to 

produce the antigen binding site, whereas the fragment crystallizable (Fc) 

domain responsible for effector action is made up of two constant domains. 

The Y-shape of an immunoglobulin can be cleaved into three fragments by 

1 



Chapter 1   
 

 10 

papain resulting into three pieces: two Fab fragments and one Fc fragment7 

(Fig. 1).  

Figure 1. Scheme of IgG structure. Antibody consisting of two heavy chains (purple) and two 
light chains (pink) folded into constant and variable domains. Each light chain and the variable 
heavy and constant heavy chain 1 form an antigen binding site (Fab regions). Antigen binding 
sites are each formed by the variable regions of a light chain and a heavy chain (Fab regions). 
The tail (Fc region) is formed by the constant regions of the heavy chains. A flexible hinge 
region links the two Fab regions and Fc improving the ability of the Ab to bind antigen. Chains 
are bonded with disulfide bonds. Fab: fragment binding site, Fc: fragment crystallizable, VL: 
variable light, CL: constant light VH: variable heavy, CH: constant heavy. Created with 
Biorender. 

While the variable domains of a mAb dictate its specificity and selectivity, 

the Fc region provides significant functionality to the molecule. Upon 

binding to Fc receptors, an effector response might be mediated depending 

on the isotype: antibody-dependent cell-mediated cytotoxicity (ADCC), 

antibody-dependent cell-mediated phagocytosis (ADCP), and/or 

complement dependent cytotoxicity (CDC). Furthermore, the Fc region can 

interact with the neonatal Fc receptor (FcRn), resulting in a longer half-life8.   

IgG Fc portion binds to Fc gamma receptor (FcγR). FcγRs are functionally 

categorized into activating or inhibitory receptors based on the presence of 

an intracellular immunoreceptor tyrosine-based activation or inhibitory motif, 

ITAM or ITIM respectively. IgG immune complexes that engage activating or 

inhibitory FcγRs trigger immunostimulatory or immunosuppressive signals, 

which influence the outcome of IgG-mediated inflammation and immunity, 

respectively. The immune response is influenced by the FcγR 

activating/inhibitory ratio9. 
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In humans, there are three classes of activating FcγR depending on the 

affinity of the receptor. The high-affinity receptor is FcγRI (CD64), and the 

low-affinity receptors are FcγRIIa/c (CD32) and FcγRIIIa/b (CD16). These are 

expressed in diverse combinations on the surface membrane of different 

immune cells10. FcγRI is found on macrophages, neutrophils, eosinophils and 

dendritic cells11. FcγRII is expressed by macrophages, neutrophils, 

eosinophils, platelets, Langerhans cells and conventional but not 

plasmacytoid dendritic cells. FcγRIII is found on natural killer (NK) cells and 

macrophages. The inhibitory FcγRIIb is located on B cells, mast cells, 

macrophages, eosinophils and dendritic cells12. Similarly, mice have three 

activating receptors with an ITAM motif (FcγRIa, FcγRIII, and FcγRIV) and one 

inhibitory FcγR with an ITIM motif (FcγRIIb). These receptors are orthologs 

of the human FcγRI, FcγRIIa, FcγRIIIa, and FcγRIIb, respectively13 (Table 1).  

Table 1. Human and mice FcγR.  Type of FcγR categorized into activating or inhibitory 
signalling and cell populations with the respective expression. A/I: Activating or inhibitory 
receptor, NK: Natural killer. 

Human FcγR A/I Cell types Mouse FcγR 

I (CD64) A 
macrophages, neutrophils, 
eosinophils and dendritic cells 

I 

IIa/c (CD32a/c) A 

Myeloid cells, neutrophils, 
eosinophils, platelets, 
Langerhans cells, NK cells 

III 

IIb (CD32b) I 
B cells, mast cells, myeloid cells, 
dendritic cells 

IIb 

IIIa/b (CD16) A NK cells, macrophages IV 

 

While the Fc region of mAb mediates immune effector functions for 

therapeutic applications, in some therapeutic approaches a mechanism of 

action (MOA) exclusively mediated by the Fab fragment might be beneficial. 

In these approaches, a silent Fc is essential to abrogate Fc – FcγR binding11. 

Other strategies where the Fc is not present have been explored, however, 

they might be less advantageous due to a significant reduction in half-life 

when antibodies are not recycled via FcRn. Various Fc mutations have been 
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described to reduce the immune effector functions mediated by the Fc 

fragment. Among the different variants studied, one with a “LALA” double 

mutation (Leu234Ala together with Leu235Ala) was first described as a 

molecule with diminished effector functions15. Addition of a “PG” mutation 

(P329G) led to further reduction of FcγR-mediated effector function and 

complement activity14,16.  

 

Bispecific antibodies:  

Despite the great progress with mAbs therapy, several limitations  such as 

development of drug resistance or failure to respond to treatment have 

been described together with undesired side effects17. To overcome the 

drawback, new approaches have been developed aimed to target distinct 

cell types with more specificity. The creation of bispecific antibodies (BsAbs) 

is one strategy that permits these treatments. Nisonoff first described the 

BsAb concept in the 1960s18. A BsAb is a protein that can bind to two 

different types of antigens or two separate epitopes on the same antigen at 

the same time. While mAbs have a typical MOA of binding to a single 

receptor expressed in a single cell type, by dual targeting, BsAbs could 

improve biological efficacy by minimising antigen escape and increasing 

target selectivity by concurrently binding to two non-selective antigens that 

can be selectively present on the surface of target cells’19.  

Although Nisonoff et al. developed the concept of BsAbs in the 1960s, the 

first therapeutic BsAb was licenced in 2009, over 50 years later, owing to 

manufacturing problems and clinical failure18,20. The hybrid hybridoma 

approach (the fusion of two hybridomas also known as quadroma) for BsAb 

production was invented in 198321,22. However, the theoretical yield of 

desirable BsAbs produced by this method was just 12.5%. The purification of 

the correct BsAb construct is extremely difficult because there are 

heavy/light chain randomly formed molecules during assembly, known as 

chain association issue22. As a result, the primary challenge for BsAb 

development from the start was to manufacture pure BsAbs free of 

unwanted by-products. 



  General introduction 
 

 13 

The MOA provided by BsAbs is wider than mAbs, either targeting two 

receptors on the same cell type or targeting two receptors expressed on 

different cellular types, consequently bridging two different cell types such 

as immune and tumoral cells. Simultaneously, upon binding, inhibition or 

stimulation of multiple signal pathways might occur. BsAb might target 

multiple epitopes whereas mAb are designed to target a single epitope. 

Thus, bsAbs could present very high specificity. BsAbs have been studied for 

cancer immunotherapy, medication delivery, and the treatment of 

Alzheimer's disease. 

When mAbs are compared to that of BsAbs, a number of distinctions 

emerge. mAbs are easier to produce on a big scale and are more stable than 

BsAbs. This is mostly because modified sequences of BsAbs, which are 

utilised to improve the coupling of two distinct arms, are more sensitive to 

physical and chemical circumstances. Furthermore, large-scale production 

processes for mAbs are simpler than for BsAbs, and there is less variability 

between batches, increasing the dependability of mAbs over BsAbs during 

clinical use23. However, the use of BsAbs compared to combination therapy 

with two monospecific antibodies makes it possible to optimize expenses by 

reducing the cost of development and clinical trials24,25.  

Currently over 100 different BsAb formats have become available for 

researchers to take advantage of for different scenario of applications26,27. 

The varied BsAb formats are usually divided into two classes: IgG-like and 

non-IgG-like. IgG-like BsAbs retain the full Y-shape of a standard IgG 

antibody whereas non-IgG-like BsAbs no longer have the Fc region. Thus, 

IgG-like BsAbs often have a long serum half-life, display relatively good 

solubility and stability and are able to induce secondary immune functions 

(ADCC, ADCP and CDC). While non-IgG-like BsAbs are advantageous over 

IgG-like ones in immunogenicity, tissue-penetrating capacity and yield28. 

BsAb therapeutics currently represent one of the fastest-growing classes of 

drugs on the market with four BsAb drugs approved and more than 193 

BsAbs in clinical phase29. 
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T regulatory cells biology: 

Among all the milestones achieved by immunotherapy strategies, targeting 

immune checkpoint Cytotoxic T-Lymphocyte Associated Protein 4 (CTLA-4) 

became an appealing approach to target Tregs30.  

Tregs are a discrete subpopulation of CD4+ T cells defined by the expression 

of the transcription factor forkhead-box protein P3 (Foxp3), which is a key 

and essential element for maintaining homeostasis of the immune system 

by triggering full suppressive function and maturation of Tregs throughout 

their development31,32. Mutations in the Foxp3 gene are associated with Treg 

defectivity and deficiency, resulting in immune dysregulation, autoimmune 

lymphoproliferative diseases and allergies. The lack of Foxp3 expression also 

leads to immune dysregulation, polyendocrinopathy, and enteropathy X-

linked (IPEX) syndrome, a severe autoimmune lymphoproliferative disease 

that is fatal without bone marrow transplant34–36.  

Treg cells develop either in the thymus (natural Tregs (nTregs)) or in the 

periphery from naïve CD4+ T cells (induced Tregs (iTregs)). Thymocytes 

undergo positive and negative selection during TCR rearrangement. 

Throughout these selections, a precursor Treg cell population arises which is 

phenotypically characterized as CD4 CD25high. In this population Foxp3 

expression is triggered through stimulation of IL-2 and IL-15 resulting in 

nTregs37. iTregs are derived in the periphery from conventional T cells by 

environmental antigens such as microbial antigens or food antigens via 

mucosal tissue-resident dendritic cells (DCs)38. The generation of an 

immunosuppressive environment with transforming growth factor beta 

(TGF-β), retinoic acids and short chain fatty acids promotes iTregs 

differentiation38–40. Both types of Tregs must achieve a balance between 

peripheral tolerance maintenance by suppressing potential autoimmune 

responses, while also controlling the effector response to pathogens.  

Tregs lack a unique identifying cell surface marker. CD25, the high affinity IL-

2 receptor α (IL-2Rα), was identified as a marker for Tregs. However, 

conventional T cells express CD25 upon activation. In humans, CD127 has 

been inversely correlated with Foxp3 expression and suppressive capacity, 
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therefore, Tregs are commonly defined as a CD4+ CD25high CD127low T cell 

subset41,42. 

Tregs modulate the innate and adaptive immune system by supressing 

different immune cells such as B cells, CD4+ T cells, CD8+ cytotoxic T cells, NK 

cells, NKT cells, macrophages, DCs and neutrophils43 (Fig. 2).  

Figure 2. Mechanisms of Treg suppression. The direct and indirect mechanisms used by Tregs 
to promote immunosuppressive activity are: (i) immunosuppressive cytokines release 
including TGF-β, IL-10 and IL-3544–46, (ii) granzyme and perforin mediated cytolysis18,19, (iii) 
metabolic alterations to promote pro-inflammatory cytokine deprivation such as IL-2 
starvation or generation of adenosine, adenosine monophosphate (AMP) and kynurenine49,50, 
(iv) interaction with antigen presenting cells (APC) to modulate CD80 and CD86 expression, 
maturation and functional stage through immune checkpoint regulation51,52, (v) generation 
of extracellular vesicles (EVs)53, (vi) promoting differentiation towards anti-inflammatory 
macrophages M254,55, (vii) induction of suppressive phenotype in neutrophils and reduction of 
ILC2 cytokine secretion56.Treg: T regulatory cells, Teff: T effector cells, DC: dendritic cell, ILC2: 
innate lymphoid cells, M1/2: macrophage, TGFβ: transforming growth factor beta, M-CSF: 
macrophage colony-stimulating factor, IL: interleukin, CTLA-4: Cytotoxic T-Lymphocyte 
Associated Protein 4, PD-L1: Programmed death-ligand 1, LAG3: Lymphocyte Activating 3, 
ICOS: Inducible T Cell Costimulator. Created with Biorender. 

Tregs are involved in the maintenance of the tolerance to self-antigens by 

preventing autoimmune and inflammatory diseases and in controlling an 

effector immune response upon pathogen elimination by antigen-specific 

immune response. Therefore, immunosuppressive activity carried out by 

Tregs plays pivotal role in autoimmune and inflammatory disorders such as 

1 
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type 1 diabetes, multiple sclerosis, and cancer disease, making the Tregs an 

important target for therapeutic applications57-59.   

In autoimmune diseases, a disbalance towards effector T cell activity is 

observed. Autoreactive effector T cells expand when self-tolerance is lost.  A 

reduction of Foxp3+ Tregs in number or function has been reported in 

different autoimmune diseases. The most evident case is observed in 

patients with IPEX where a mutation in the Foxp3 gene leads to impaired 

Treg function which triggers multi-organ autoimmunity36. In addition, 

alterations in the IL-2Rα pathway or immune checkpoints have been 

described as factor involved in autoimmune disorders60.  

Several therapies aiming to target Tregs are under investigation. Rapamycin, 

an m-TOR inhibitor, as well as other biologicals such as IL-10, low-dose IL-2, 

TNF receptor 2 (TNFR2) agonists, or FMS-like tyrosine kinase 3 ligand (Flt3L), 

have been explored29,30–34.  

In cancer disease, Tregs that are present in the tumor microenvironment 

(TME) limit inflammation and effector responses leading to immune evasion 

and tumor growth. Increased presence of Tregs has been associated with 

poor prognosis in several cancers67–75. Nevertheless, elevated intratumoral 

Treg levels are not always associated with poor prognosis76,77. These 

opposing results show that the function of Treg cells in the growth of cancer 

is greatly influenced by the type and location of the tumor. 

Although it is still not completely clear what drives the preferential migration 

of Tregs to the tumor microenvironment, chemokine synthesis by the tumor 

most likely triggers chemotaxis. The binding of CCL22, which is released by a 

variety of tumor cell types,  to the chemokine receptor CCR4 expressed on 

Treg cells, promotes Treg infiltration into the tumor microenvironment78,79. 

Similarly, CCR8 and its ligand CCL1 have been reported to drive Treg 

infiltration80,81. Thus, different factors are likely to elevate the number of 

Treg cells in the TME.  

To directly or indirectly modulate Treg-mediated immune suppression in 

cancer, several therapeutic options are available or in clinical trials. Most 

treatment options are based on targeting Treg cell-expressed 
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molecules47,48,77–80, but also other strategies have been  reported81–87. As 

previously mentioned, CTLA-4 targeting suggested that anti-CTLA-4 mAbs 

could selectively deplete intratumoral Tregs in mice and thus, would have a 

potentially relevant activity in humans as well. However, despite the 

increase of intratumoral CD4+ and CD8+ cells infiltration, a significant 

reduction of Tregs within the TME is not observed in humans30,93. CTLA-4 is 

a transmembrane protein which competes with CD28 for interaction with 

common ligands CD80 (B7.1) and CD86 (B7.2)94. The immunoregulatory role 

of CTLA-4 is to dampen the T cell response, while CD28 signalling stimulates 

T cell activation95. The greater affinity of CTLA-4 for both ligands is countered 

by its predominately intracellular location, as opposed to CD28, which is 

constitutively expressed at the T cell surface. When CTLA-4 is expressed, less 

CD80 and CD86 is available for CD28 favouring the inhibition of the T cell 

response96,97. CTLA-4 is expressed by conventional T cells upon activation 

and it is constitutively expressed on the Treg cell surface98. CTLA-4 is 

essential for Treg-mediated suppression, albeit partially, via controlling 

CD80/CD86 expression by APCs99. Consequently, the role of CTLA-4 in 

supporting the suppressing function of Treg makes it a suitable molecule for 

targeting and eliminating intratumoral Tregs which ultimately boosts the 

CD8 antitumor response. Despite the promising results obtained with anti-

CTLA-4 mAbs in vivo in mouse tumor models, severe immunotherapy-

related adverse events have been reported in humans100. Thus, although 

CTLA-4 targeting became one of the best-explored strategies to deplete 

Tregs, other receptors present on the surface of Tregs are being explored as 

well. 

Overall, Tregs represent an attractive target for different therapeutic 

approaches, but optimal tools for Treg targeting require further exploration. 

One novel Treg target is the TNFR2:  

Tumor Necrosis factor receptor 2 (TNFR2) expression has been associated 

with costimulatory effects in Tregs, and may represent an optimal Treg 

target in autoimmune diseases, neuroinflammation and cancer101. This 

receptor mediates most of the metabolic effects of Tumor Necrosis factor 

alpha (TNFα).  

1 
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TNFα is a cytokine which plays a role in immune responses, cell growth and 

proliferation, and tumor progression. There are two main isoforms 

depending on TNFα cleavage: soluble TNFα (sTNFα) and membrane-bound 

TNFα (mTNFα)102,103. In addition, there are two receptors of TNFα: TNF 

receptor 1 (TNFR1) and TNFR2. TNFα can bind both receptors, but sTNFα 

presents a higher affinity for TNFR1 while mTNFα triggers a response upon 

TNFR2 binding104,105. 

While TNFR1 is widely expressed on different cell types, TNFR2 expression is 

more limited to some immune cells such as Tregs and myeloid-derived 

suppressing cells, but also different types of tumors and malignant cells106. 

Its role in the tumor microenvironment and as immune modulator turns it 

into an attractive target. 

Binding of sTNFα to TNFR1 induces receptor trimerization and recruitment 

of TNFR1-associated death domain (TRADD). TRADD recruitment leads to 

mixed lineage kinase domain-like (MLKL) and caspase 8 activation resulting 

in inflammation, apoptosis or necroptosis, ultimately mediating cell 

death107,108. TNFR1, parallelly, leading to a formation of a complex formed by 

TNF receptor-associated factor 2 (TRAF2), RIPK1 and cIAP1/2 engaging the 

signalling pathways that activate transcription factors of the nuclear factor 

of kappa B (NF-κB) family or kinases of the MAP kinase family109,110.  

TNFR2, mainly triggered by mTNFα and lacking a death domain downstream, 

recruits a complex composed of TNF receptor-associated factor 2 (TRAF2), 

TRAF2-associated proteins and cIAP1/2. Downstream signals activate the 

NF-κB pathway through PI3K/Akt resulting in cell survival and 

proliferation111. Furthermore, Tumor necrosis factor-alpha 

converting enzyme (TACE) enzymes can cleave mTNFR2 to sTNFR2 when 

TNFR2 trimerizes with TNF and forms a densely packed complex112. 

Depending on the cell type, mTNFR2 is both immunosuppressive on Tregs 

and immunostimulatory on T effector cells (Teffs)113. However, sTNFR2 

consistently has an immunosuppressive effect114. 

Different TNFR2-mediated signalling pathways appear to have different 

functions in different cell types. On Teffs, TNFR2 induces co-stimulation and 
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cell death through the upregulated expression of the inhibitory receptor 

Tim3113. On Tregs, cell proliferation and maintenance is enhanced via 

IKK/NF-κB, mTOR and MAPK76,85,86. On myeloid-derived suppressor cells 

(MDSCs), cell survival, cell recruitment and increased suppression is 

mediated by FLICE-inhibitory protein (c-FLIP) upregulation and inhibition of 

caspase-8118. On regulatory B-cells, suppression activity is regulated by 

formation of IL-1088. On macrophages, TNFR2 increases the production of 

pro-inflammatory factors via activation of p38 MAPK and NF-κB pathways120. 

On mesenchymal stem cells (MSCs), proliferation and  functional properties 

are promoted by the expression of immunosuppressive proteins122,123. On 

endothelial progenitor cells (EPCs), survival, differentiation and 

immunosuppression are triggered by angiogenesis and production of 

different anti-inflammatory cytokines such as IL-10, TGF-β124. 

TNFR2 was previously assumed to be a T-cell stimulator, like other TNFRSF 

receptors125. T cells have long been regarded as an important target for 

cancer treatment. Immunosuppressive tumor infiltrating Tregs play an 

important function in the immunosuppressive tumor microenvironment's 

stability126,127. Tregs can not only aid tumor cells in avoiding apoptosis, but 

they can also help tumor cells survive by suppressing a subset of CD8+ Teffs36. 

According to reports, TNFR2 expression on Treg cells is extremely 

suppressive102,115 and is associated with a bad prognosis in patients128. 

Furthermore, activated Tregs are able to shed large amounts of TNFR2 

turning the sTNFR2 into a soluble mediator that can inhibit any of the above 

mentioned effects, thus enhancing the immunosuppressive mechanism of 

Tregs114. In addition, these TNFR2+ Tregs express more immunosuppressive 

markers, such as CTLA-4 and CD73. TNFR2+ Tregs can also produce more 

inhibitory immune cytokines, such as IL-10 or TGF-β, allowing them to 

suppress the immune system more effectively129. It was speculated that 

targeting this subset of highly suppressive TNFR2+ Treg cells will lead to the 

breakdown of various immune regulatory circuits in the tumor 

microenvironment130. TNFR2 expression has also been described on other 

conventional T cells which promotes a costimulatory effect131,132. Increased 

TNFR2 expression on Teffs after TCR stimulation is required not only for Teff 
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proliferation and activation, but also for the induction of activation-induced 

cell death (AICD)113,133. 

Hence, TNFR2 becomes an alternative target for immunotherapy strategies 

aiming to target Tregs.  

Scope of this thesis  

The research described in this thesis aimed to improve the current 

understanding of the bispecific antibodies and their potential to improve 

current therapeutic strategies. In parallel, the impact of different antibody 

isotypes on treatment outcome has been explored. The field of antibody 

therapeutics prompted us to generate novel antibodies targeting TNFR2 

which could be a useful tool to target Treg cells.  

In Chapter 1, a brief theoretical crucial background for understanding the 

importance of the research described in this thesis. 

In Chapter 2, a review of the recent progress in BsAb design, their 

opportunities, current limitations and challenges in their design has been 

given. In addition, BsAbs are presented as an attractive approach to target 

Tregs based on the cell surface markers expressed in this specific population. 

Therefore, Treg-targeting BsAbs that are currently being developed are 

listed.  

In Chapter 3, following with the BsAbs therapeutic potential, the effect of 

the hinge length in a T cell redirecting bispecific antibody (TbsAb) targeting 

mouse EGFR and mouse CD3 has been studied. The data show that the short 

hinge design improved ADCC against tumor cells, probably by closer 

proximity of CD8+ cells and target cells. Furthermore, the shorter TbsAb 

promoted higher T cell activation.  These findings point out that hinge 

modifications could be implemented in other antibody-based constructs as 

well in order to optimize the therapeutic effect.  

In Chapter 4, we studied the therapeutic effect of different mouse isotypes 

targeting the same tumor-associated antigen. Anti-Thy1.1 antibodies were 

generated with the same specificity but different isotypes and were used to 

target B16-OVA-Thy1.1 tumors in a syngeneic mouse model. The results 
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indicate that mouse IgG2a isotype is superior to mIgG1 or mIgE in controlling 

the tumor growth. 

In Chapter 5, the main focus remains on the generation and characterization 

of novel anti-mouse TNFR2 antibodies. A wide panel of anti-TNFR2 

antibodies with different features has been developed and might be a useful 

tool to assess the therapeutic effect of targeting TNFR2-expressing cells, 

such as Treg cells.  

In Chapter 6, further exploration of two novel anti-mTNFR2 antibodies was 

assessed in vitro, ex vivo and in vivo. The Fc-effector function of these 

antibodies was tested in a CDC assay, confirming that silent Fc abrogates the 

effector activity. We hypothesized that TNFR2 antibodies were targeting 

Tregs in an in vivo setup, blocking and/or depleting them, leading to assess 

naïve CD4 proliferation in a Rag 1 KO mice model.   

In Chapter 7, a general discussion of all findings in this thesis is presented, 

together with future perspectives and potential applications.  

Finally, in Chapter 8 as an appendix, the acknowledgements, the curriculum 

vitae and the list of publications are given. 
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Abstract 

 

Over the last years, bi-specific antibodies (BsAbs) have revealed great 

therapeutic potential. For one, the clinical approval of the first bispecific T-

cell engager (BiTE), Blinatumomab, has revealed the therapeutic potential of 

an antibody construct to selectively link T-cells with tumor cells in trans and 

to thereby induce tumor cell removal. For the other, by the clinical approval 

of Amivantamab, a BsAb targeting the EGFR and cMet in cis, it was revealed 

that the concomitant targeting of two tumor antigens on the same tumor 

cell can substantially improve the efficacy of treatment beyond the efficacy 

of each monoclonal antibody alone or in combination. Cis-targeting BsAbs 

furthermore allow for a more selective targeting of cell populations which 

concurrently express two antigens, for which each antigen expression 

pattern in itself might not be selective. In this way, BsAbs harbor the great 

prospect of being more specific and to show fewer side effects than 

monoclonal antibodies. Nevertheless, BsAbs have also faced major 

obstacles, for instance, in ensuring reliable assembly and clinical grade 

purification. In this review, we summarize the different available antibody 

platforms currently used for the generation of IgG-like and non-IgG-like 

BsAbs and explain which approaches have been used to assemble those 

BsAbs which are currently approved for clinical application. By focusing on 

the example of regulatory T-cells (Tregs) and the different, ongoing 

approaches to develop BsAbs specifically targeting Tregs within the tumor 

microenvironment, our review highlights the huge potential as well as the 

pitfalls BsAb face in order to emerge as one of the most effective therapeutic 

biologicals targeting desired cell populations in a highly selective way. Such 

BsAb may improve treatment efficacy and reduce side effects, thereby 

opening novel treatment opportunities for a range of different diseases, 

such as cancer or autoimmune diseases.  
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Introduction 

The clinical application of monoclonal antibodies has transformed the 

treatment of a wide range of diseases. Prominent successes have been the 

use of TNF-inhibitors for therapy of inflammatory diseases1, and so-called 

immune check-point inhibitors in the field of tumor immunotherapy2. 

Nonetheless, the clinical success of monoclonal antibody-based therapeutic 

approaches has slowed in recent years. In many cases, treatment turned out 

to be associated with severe side-effects as the effects of injected antibodies 

are often not focused on the site of inflammation or the tumor itself but may 

mediate systemic effects. Furthermore, many attractive target antigens are 

expressed in a more ubiquitous way, thus their expression is not limited to 

for instance specific tumor cells or leukocyte subpopulations, such as 

regulatory T-cells. One rather appealing approach to increase the specificity 

of antibody-based treatment is the generation of bispecific antibodies 

(BsAbs), whereby one antibody is recognizing two different antigens at the 

same time. Already in the 1960s, the very first BsAb targeting two different 

antigens with one antibody was described by Nisonoff et al.3.  At that stage, 

two rabbit antigen-binding fragments were combined from two different 

polyclonal sera through mild re-oxidation3. However, the advent of 

recombinant antibody design has dramatically enhanced the development 

of BsAbs. Since the marketing of Blinatumomab, a fragment based BsAb 

targeting CD19 and CD3 in trans, and of Emicizumab, a BsAb that mimics the 

function of the coagulation factor VIII, their sales have increased 

continuously. In 2019, Blinatumomab's sales reached $312 million and the 

sales of Emicizumab $1.49 billion4. It is currently estimated that the BsAb 

market scale will surpass $8 billion by 2025. Accordingly, the growth rate of 

the number of BsAb in the developmental pipeline has been estimated to 

reach three times that of conventional monoclonal antibody drugs in the 

next few years. 

In this review, we will discuss the progress that bispecific antibody design 

has made in recent years, their opportunities and, in particular, the current 

limitations their design is facing. 
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Cis- versus trans-targeting bispecific antibodies  

Compared to monospecific antibodies (mAbs), BsAbs potentially harbour 

several advantages. In particular, BsAbs have the capability to target cells 

either in a cis- or in a trans- binding orientation. During trans-binding, the 

antibody recognizes two different antigens, each expressed on a different 

cell population. Thus, such BsAbs can link two different cell populations with 

each other. One of the most prominent examples of such trans-binding BsAb 

are the bispecific T-cell engagers (BiTE). For the construction of these cell-

engaging BsAbs, a T-cell or NK-cell specific antibody fragment is linked with 

a tumor antigen recognizing antibody5 (Fig. 1). In this way, within a tumor 

the cell engager cross-links tumor cells with T- or NK-cells, thereby targeting 

their cellular cytotoxicity towards the tumor cell and, thus, inducing the 

killing of the recognized tumor cell. Following the clinical success of 

Blinatumomab, the first BiTE approved for clinical application, cell engagers 

constructs have reached much attention with a wide range of different 

constructs targeting different tumor antigens6. 

In contrast to the trans-binding, cis-binding BsAbs are targeted to antigens 

expressed on the very same cell. By dual targeting, BsAbs could increase 

target selectivity by concurrent binding to two antigens. Given the affinity 

for each antigen were low enough for the antibody to bind only weakly to 

target cells that express only one of the antigens but strongly to cells that 

express both antigens, then such a BsAb could be highly selective for target 

cells presenting both antigens on their cell surface7. 

In this way, these cis-binding BsAbs could be particularly attractive for 

clinical application, as specific tumor antigens could be included in the 

repertoire of clinically targeted antigens, despite the fact that also other cell 

types may occasionally express one of the two targeted antigens. In a similar 

way, bispecific, depleting antibodies could then be specifically targeted 

towards selected leukocyte populations, such as regulatory T-cells, based on 

the combined expression of antigens. Such a selectivity of treatment 

mediated by bi-specific antibodies could then substantially improve the 

efficacy of treatment and diminish the side-effects currently observed by the 

use of several monoclonal antibodies. 
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Figure 3. Scheme illustrating Bi-specific Antibodies binding in a cis- and a trans-

mode. Bi-specific antibodies recognize two antigens. If both antigens are expressed 

on the same cell surface, then a cis-binding antibody recognizes both antigens on the 

same, the cis-side. However, if both antigens are expressed on two different cells, 

then a trans-binding antibody can form a link in between two cells, with the second 

antigen being expressed on the other, the trans-side. 

 

Technical challenges in the design and production of bispecific antibodies  

Although Nisonoff et al. had already demonstrated the feasibility of the 

concept of bispecific antibodies in the 1960s, the first market approval for a 

therapeutic BsAb was almost 50 years later, in 2009. This delay was due to a 

number of challenges that the design of such BsAbs is facing. Main 

challenges that emerged were the specificity of cis-targeting constructs and 

the manufacturing of the constructs3. When comparing the mechanism of 

action of monospecific with that of bispecific antibodies, a number of 

differences become apparent (Table 1). mAbs are relatively easy to produce 

in large scale and tend to be more stable than BsAbs. This is mainly due to 

the fact that the modified sequences of BsAbs, which are used to enhance 

combination of two different arms, are more sensitive to physical and 

chemical conditions. Also, the large-scale production methods for mAbs are 

easier compared to BsAbs and less differences are present between batches 

which increases the reliability of mAbs over BsAbs during clinical 

application8.  
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Faced with these challenges, several different technical approaches were 

established that would allow the reliable production of highly pure and 

stable BsAbs9.  

Table 1. Comparison between monospecific and bispecific antibodies.  

 Monospecific antibody Bispecific antibody 

MOA 

Target one single 

population expressing the 

antigen of interest, 

inhibit/stimulate one 

signal pathway, Fc 

mediated effect 

Emerging MOAs only for BsAbs: 

bridging immune cells and tumor 

cells; inhibit/stimulate multiple signal 

pathways simultaneously 

Antigen 

recognition 

Single epitope Multiple epitopes 

Specificity High Very high 

Stability Medium Relatively low; more sensitive to 

physical/chemical conditions 

Standardized 

production 

Relatively easy; little batch 

difference 

Relatively difficult; potential batch 

difference 

Production 

cost 

Medium Relatively high 

Abbreviations: MOA: mechanism of action 

In 1983, the hybrid hybridoma (quadroma) technology was invented for 

bispecific antibody production10. In this approach, two hybridoma cell lines, 

expressing a different monoclonal antibody each, were fused. In this fused 

hybridoma randomly formed heavy/light chain pairs are formed during 

assembly. The theoretical yield of desired bispecific antibodies produced by 

this approach was assumed to be around an eighth of all produced 

antibodies. Nevertheless, during purification the different sets of BsAbs 

turned out to be extremely difficult to separate, and the production of pure 

BsAbs without the presence of non-desired by-products remained a major 

obstacle11. Over the last decades, paralleled by advances in protein 

engineering, several different approaches and production platforms have 

been developed that enforce the correct association of two different 

antibody pairs. Thereby one has to differentiate between so-called “IgG-like” 

and “non-IgG-like” BsAb, whereby the IgG-like BsAbs in principle retain the 
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classical heavy and light chain structure, while the non-IgG-like BsAbs leave 

that structure entirely and combine two or more antigen-binding domains, 

which could be antigen-binding fragment (Fab), single-chain variable 

fragment (scFv) or single-domain antibody (sdAb), also known as a 

nanobody. The IgG-like BsAbs have the substantial advantage that by 

interacting with the FcR expressed on different types of immune cells they 

are able to induce secondary immune functions, such as antibody-

dependent cellular cytotoxicity (ADCC), antibody-dependent cellular 

phagocytosis (ADCP) and complement-dependent cytotoxicity (CDC). By 

enhanced engineering, such as interfering with the glycosylation of the 

heavy chain, the interaction of these BsAbs with specific FcRs can be altered 

and, consequently, the clinical efficacy of the used antibody substantially 

improved12.  

In contrast, non-IgG-like BsAbs have the edge over IgG-like ones with regard 

to immunogenicity and tissue-penetrating capacity13. The T-cell engager 

Blinatumomab is a prominent example of an approved non-IgG-like BsAb. 

The bispecific T cell engager (BiTE) platform used for its construction consists 

of two scFv parts, one targeting CD3 and a second the cell surface-expressed 

tumor-associated antigen (TAA) CD19, which are linked by a G4S linker (Fig. 

2A). The resulting 55 kDa BsAb, Blinatumomab showed an impressive 

efficacy at very low doses in patients with non-Hodgkin lymphoma (NHL) and 

relapsed and/or refractory (r/r) acute lymphoblastic leukemia (ALL)14,15. 

Most interestingly, clinical trials using a similar antibody targeting CD3 and 

CD19 (MGD-011 / Duvortuxizumab) had to be ceased due to safety concerns 

over neurological events occurring in some patients during treatment for ALL 

in phase I studies (NCT02848911) and r/r NHL (NCT02106091)16. This 

antibody was based on the dual-affinity retargeting (DART) platform, which 

is similar to the BiTE platform but covalently links two Fab-fragments 

through C-terminal cysteine residues (Fig. 2B).  

A number of additional non-IgG-like antibodies are currently in clinical trial. 

Prominently, the company Ablynx uses its nanobody platform to construct 

Bi-Nanobodies. This platform connects three nanobody moieties into a 

trivalent molecule linked by two flexible poly-Glycine/Serine linkers. Two of 
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these nanobody moieties specifically recognize therapeutic targets with the 

third nanobody targeting human serum albumin (HSA) in order to extend the 

half-life of the BsAb (Fig. 2C). BI-836880 is a BsAb developed using this 

platform, which targets vascular endothelial growth factor (VEGF) and 

angiopoietin-2 (ANG2). It is currently in clinical trial in patients with different 

solid tumors (NCT02674152). A similar approach is used to generate tri-

specific T-cell activating constructs (TriTAC) platform from Harpoon 

Therapeutics. These are composed of two single-domain antibodies and an 

scFv which specifically bind to a TAA, HSA, and CD3, respectively (Fig. 2D). 

Based on this platform, the BsAb HPN424 was developed to target CD3 and 

PSMA. Early results from clinical trials showed a promising efficacy in 

patients with metastatic castration-resistant prostate cancer (mCRPC)17.  

Compared to non-IgG-like BsAb, IgG-like BsAbs show a substantially longer 

serum half-life. Furthermore, the IgG-like BsAb tend to display a relatively 

good solubility and stability. Nevertheless, the IgG-like BsAbs face the 

problem of the unspecific pairing of the two heavy chains with each other or 

of the heavy and light chains. A number of different approaches have been 

developed to address this issue. The predominant approaches applied to 

ensure a reliable hetero-heavy chain assembly are leucine zipper induced 

heterodimerization (LUZ-Y)18, bispecific engagement by antibodies based on 

T-cell receptor (BEAT) and strand-exchange engineered domain CH3 

heterodimers (SEEDbody) approaches. In the leucine zipper induced 

heterodimerization (LUZ-Y)18 approach additional leucine zippers are fused 

to the C terminus of each heavy chain. Following transfection, these leucine 

zippers then force the newly formed antibodies into a hetero heavy-heavy 

chain association. Following purification, the leucine zipper can be readily 

removed. In contrast, in the bispecific engagement by antibodies based on 

T-cell receptor (BEAT)19 approach a hetero heavy chain interface is created, 

which mimics the natural dimerization of the T-cell surface receptors α and 

β and thus forces hetero chain formation between two heavy chains. Finally, 

in the strand-exchange engineered domain heterodimers (SEEDbody)20 

approach, complementary human IgG and IgA heavy chain domains are 

fused with each other on the different heavy chains. Once expressed, these 

hetero-domains allow for the formation of desired AG/GA heterodimers and 



                                                                   Opportunities and challenges of BsAbs  

 43 

prevent the formation of homodimers between AG and GA. Nevertheless, 

the currently by far most common approach used is the so-called “knobs-

into-holes” (KiH)21,22 approach. In this approach, mutations are introduced 

in different domains to create either a “knob” structure or a “hole” structure 

in each heavy chain. These complementary mutations very efficiently 

prevent homodimerization and promote the heterodimerization of newly 

expressed antibodies.  

 

Figure 2. Currently common platforms for the expression of Bi-specific Antibodies.  

Bi-specific antibodies can be expressed in the form of a loose connection of antigen-

binding domains lacking an Fc-part (non-IgG-like platforms, A-D) or in forms of a 

more classical antibody structure with FC-part (IgG-like platforms, E-L). The bispecific 

T cell engager (BiTE) platform (A) consists of a protein encompassing two scFv, one 

targeting CD3 and another specific for a tumor-associated antigen (TAA), connected 

via a linker. In contrast, the Dual-Affinity Re-Targeting (DART) platform (B) is based 

on 2 separate polypeptides, consisting of a cognate heavy and light chain variable 

domain each. These two proteins are assembled and stabilized via a disulfide bridge. 
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The Bi-Nanobody platform (C) connects three nanobody moieties into trivalent 

molecules by two flexible linkers. Of this trimer, one nanobody is specific for human 

serum albumin (HSA), in order to extend serum half-life of the construct, while the 

other two are specific for therapeutic targets, such as tumor antigens.  

The trispecific T-cell activating construct (TriTAC) (D) is composed of two single-

domain antibodies and an scFv. Of the IgG-like platforms, the Orthogonal Fab 

platform (E) solves heavy-light chain (H-LC) mis-pairing issue by introducing 

mutations to generate an “orthogonal interface” that enables preferential 

alignment of the different Fab domains combined with Knob-into-Hole (KiH) heavy-

heavy chain (H-HC) heterodimerization method. The Azymetric platform (F) also uses 

KiH for H-HC heterodimerization and introduces mutations into CH3 to ensure the 

correct H-LC heterodimerization. In contrast, the Asymmetric Reengineering 

Technology-immunoglobulin (ART-Ig) platform (G) facilitates H-HC heterodimer 

formation by introducing electrostatic steering mutations and uses a common, 

shared light chain to ensure correct H-LC pairing. The CrossMab platform (H) 

overcomes H-LC mispairing by exchanging the CH1 of the heavy chain with the CL of 

the light chain within the Fab of one half of the BsAb, while correct H-HC heterodimer 

formation is ensured by typical heterodimer technologies, such as KiH. The Biclonics 

platform (I) also utilizes a shared, common light chain strategy and electrostatic 

steering to ensure correct H-HC heterodimer formation. The Y-Body platform (J) is an 

asymmetric bsAb platform which composes of a Fab-Fc and a scFv-Fc, in this way 

overcoming H-LC mis-pairing issue. The Duobody platform (K) uses a controlled Fab-

arm exchange (cFAE) of two parental antibodies that prefer heterodimer over 

homodimer formation. Of the Triomab platform (L) heavy and light chain constant 

regions are of different isotypes, preventing mis-assembly.  

Subsequently, heavy-light chain mis-pairing issues had to be overcome. In 

order to prevent heavy-light chain mis-pairing, several different strategies 

emerged. For instance, a common light chain approach was used, in which 

identical light chains are shared by two different heavy chains23-25. 

Alternatively, similar to heterodimerization methods applied for heavy-

heavy chain association, some approaches engineered the contact points 

between the specific light and heavy chain by structure-based design to 

enhance correct heavy-light chain association26-28. Furthermore, some 

approaches exchanged domains between the heavy and light chain29, 

ensuring that the engineered light chain can only associate to its 

corresponding domain-swapped heavy chain.  
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Based on a combination of different of the above named approaches, 

several companies developed their own platforms to efficiently purify highly 

pure BsAbs from transfected cells. One example using some of the above-

named approaches is the Orthogonal Fab platform Lilly27. This platform 

prevents heavy-light chain mis-pairing issues by introducing mutations to 

generate an “orthogonal interface” that enables preferential alignment of 

the different Fab domains with correct assembly. Additional KiH mutations 

in the heavy chain (Fig. 2E) allow for the very efficient and reliable formation 

of BsAbs. This platform has been used for the construction of several BsAbs. 

Nevertheless, the BsAb LY3164530, produced by this platform, 

simultaneously targeting EGFR and c-MET, had completed a phase I trial 

(NCT012221882) but further development was stopped due to significant 

toxicities that were observed in several treated patients30. Nevertheless, 

more successful appears an antibody constructed based on a similar 

platform, the so called Azymetric platform by Zymeworks31.  This platform 

also uses a KiH heavy-heavy chain heterodimerization method (Fig. 2F). 

Based on the Azymetric platform, the BsAb ZW25 was designed to 

biparatopically bind domain 2 and 4 in the extracellular region of HER2 

simultaneously in order to increase avidity and to inhibit HER2/HER3 

heterodimer formation. This BsAb demonstrated potent silencing of HER2 

signalling and efficient removal of HER2 from the cell surface. In a phase I 

study (NCT02892123), this BsAb showed promising clinical efficacy32. Similar 

to the above described KiH approach, also the Asymmetric Reengineering 

Technology-immunoglobulin (ART-Ig) platform facilitates H-HC heterodimer 

formation. Nevertheless, in this approach electrostatic steering mutations 

are introduced in complementary domain interfaces of each heavy chain, 

providing them with different charges. Consequently, heavy chain 

homodimers are prevented from forming due to repulsive charge, while 

heterodimer formation is favored (Fig. 2G). The Emicizumab BsAb by 

Genentech has been developed based on this platform and was approved in 

2018 to treat patients with hemophilia A. Also, the CrossMab from Roche 

and the Biclonis platform from Merus utilize combinations of the above 

explained approaches to construct and express BsAbs. The CrossMab 

platform overcomes heavy-light chain mispairing by exchanging heavy with 
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light chain domains within the Fab of one-half of the BsAb. Combined with 

another Fc heterodimer technology such as KiH, BsAb can be produced in a 

rather reliable way (Fig. 2H). There are a considerable number of BsAbs 

developed by this platform. Current BsAbs in clinical study are for example 

EM801 (CD3xBCMA), RG6026 (CD3xCD20), RG7802 (CD3xCEA), 

Vanucizumab (ANG2xVEGF), and RG7769 (PD-1xTim3)33. In contrast, the 

Biclonics platform utilizes both a common light chain strategy and 

electrostatic steering effects which introduces positively charged mutations 

in one heavy chain and negatively charged mutations in the second heavy 

chain (Fig. 2I). Based on this platform, MCLA-128, an ADCC enhanced HER2 

× HER3 BsAb, is undergoing clinical evaluation for patients with solid tumors 

harboring Neuroregulin1 (NRG1) fusion34. 

Nevertheless, in order to entirely prevent any possibility for mismatching, 

fundamentally alternative approaches and manufacturing platforms have 

been developed. Some platforms only use heavy chain heterodimerization 

methods in which they combine a Fab with an scFv or nanobody to avoid the 

heavy-light chain mis-pairing issue. For instance, the Y-body platform35 from 

YZYBio, combines a Fab-Fc and an scFv-Fc to overcome heavy-light chain (H-

LC) mis-pairing. Both Knobs-in-Holes (KiH) and electrostatic steering effects 

or “salt-bridge” technologies are applied on an Fc-CH3 interface to 

overcome heavy chain misassembling (Fig. 2J). M802 (anti-HER2×anti-CD3), 

developed by this platform, was approved for clinical trials to treat advanced 

HER2-positive solid tumors35. Similarly, the Immune-therapy antibody 

(ITab™) platform (36) developed by Shanghai Generon uses two scFv-Fc to 

overcome heavy-light chain mis-pairing. Based on this platform, A-319, a T-

cell activating BsAb designed to target CD19 and CD3 is under clinical 

evaluation for the treatment of patients with refractory/relapsed B cell 

lymphoma36. Finally, a fundamentally different and very successful approach 

is used by Genmab in the DuoBody technology. The DuoBody technology 

does not rely on the formation of BsAb in transfected cells but basically 

mimics the in vivo naturally occurring process of human IgG4 Fab-arm 

exchange which results in generation of bispecific antibodies37,38. Two 

parental IgG1s, each containing destabilizing mutations in their heavy chain 

domain, are produced separately. Subsequently, the purified antibodies are 
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dissociated and mixed with their pairing partner and then reassembled in 

vitro. This so-called “controlled Fab-arm exchange” (cFAE) allows for the 

formation of a wide range of different BsAbs (Fig. 2K). This platform has been 

licensed-out to many pharmaceutical companies such as BioNTech, Janssen 

Biotech, Inc., Novo Nordisk and led to several BsAbs in clinical trials such as 

JNJ-64007957 (CD3 x BCMA), JNJ-63709178 (CD3 x CD123), GEN3013 (CD3 x 

CD20), JNJ-64407564 (CD3 x GPRC5D) and one, Amivantamab (EGFR x c-

Met), recently approved for clinical application. 

Examples of BsAbs approved for clinical application  

Due to the technical success in the assembly of BsAb over the last years, 

BsAb therapeutics currently represented one of the fastest-growing classes 

of drugs on the market with four BsAb drugs approved and more than 193 

BsAbs in clinical study39. Recently, FDA published the Bispecific Antibody 

Development Programs, the Guidance for Industry40 indicative of increasing 

interest in the production of these reagents.  Below, the four BsAbs which 

have so far been approved by FDA and made it into the market are 

described. Currently, only three of them are available.  

• Catumaxomab (Removab, Fresenius Biotech and Trion Pharma) 

Approved in 2009 but retracted in 2017, Catumaxomab was a trifunctional 

rat-mouse hybrid IgG2 monoclonal antibody with two different fragment 

antigen-binding (Fab) domains. This BsAb bound with one arm to EpCAM on 

tumor cells and with the other arm to CD3 on T cells in trans. Furthermore, 

via its Fc-part, the BsAb engaged with antigen-presenting cells41. In this way, 

the BsAbs formed a trifunctional connection between tumor cells, T-cells 

and antigen-presenting cells. The generation of this BsAb was based on a 

Triomab IgG-like platform (Fig. 2L). The Fc segment enhanced an effector 

response after engaging T-cells and mediated antibody-dependent cell-

mediates cytotoxicity (ADCC) against tumoral cells.  Catumaxomab was 

indicated for intraperitoneal treatment of malignant ascites in patients with 

epithelial cell adhesion molecule (EpCAM)-positive carcinomas42. But, in 

2017, it was withdrawn from the market due to the insolvency of the 

manufacturer of the drug substance. Nevertheless, the company has 
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recently initiated a new phase III study for Catumaxomab to treat patients 

with advanced gastric carcinoma with peritoneal metastasis (NCT04222114). 

• Emicizumab (HEMLIBRA, Genentech, Inc.) 

Approved in 2018, Emicizumab is a humanized modified asymmetric 

bispecific IgG4 antibody that binds to blood clotting factor IXa and factor X. 

Its generation is based on the Art-Ig IgG-like platform (Fig. 2G). It is used to 

treat patients with hemophilia A, a hereditary bleeding disorder caused by a 

lack of blood clotting factor VIII. This BsAb mimics the function of the 

coagulation factor VIII by enhancing the formation of the prothrombinase 

complex and downstream clot formation43,44. Compared to original factor 

VIII drug, Emicizumab displays an excellent subcutaneous bioavailability and 

a relative long half-life in vivo, and therefore currently dominates the market 

of hemophilia A treatment45. 

•  Blinatumomab (Blincyto, Amgen Inc.)  

Approved in 2018, Blinatumomab is a fragment-based BsAb, lacking an Fc 

region, that targets CD19 and CD3 in trans to treat relapsed B-precursor 

acute lymphoblastic leukemia (ALL)46,47. Its generation is based on BiTE non-

IgG-like platform (Fig. 2A). The unspecific binding of this BsAb with the TCR 

receptor on CD8 T-cells induces an antigen-independent cross-linking of the 

TCR on T -cells, thereby inducing a targeted cellular cytotoxicity towards the 

tumor cell, leading to the deletion of the tumor cell recognized by the BiTE. 

Blinatumomab has been the first BsAb drug approved by FDA to treat 

leukaemia. Due to their impressive clinical efficacy (NCT01209286 and 

NCT01466179), the development of T- and NK-cell bispecific engagers have 

gained extensive attention and investment by pharmaceutical companies6. 

• Amivantamab (Rybrevant, Janssen Biotech, Inc.)  

Approved in 2021, Amivantamab is a fully-humanized IgG1-based bispecific 

antibody targeting both epidermal growth factor receptor (EGFR) and 

mesenchymal-epithelial transition factor (MET). Its generation is based on 

the Duobody IgG-like platform (Fig. 2K) described above and was shown to 

bind the EGFR independently of the diverse primary and acquired resistance 
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mutations the EGFR develops in advanced cancers and has been shown to 

downregulate EGFR expression on tumor cells48,49. It blocks both EGFR and 

MET signalling via receptor inactivation. Amivantamab showed substantially 

enhanced clinical efficacy over EGFR blockade monotreatment and is 

indicated for the treatment of adult patients with locally advanced or 

metastatic NSCLC harbouring EGFR Exon 20 insertion mutations, whose 

disease has progressed on, or after platinum-based chemotherapy50. As 

many tumors overexpress MET in order to escape EGFR blockade51, it is 

assumed that Amivantamab prevents this escape and, consequently, 

enhances treatment efficacy. Nevertheless, owing to a low-fucose-

containing Fc-part, this BsAb is also more adept at inducing ADCC than 

antibodies with traditional Fc-parts48,52. Hence, a combination of both 

effects may have contributed to the clinical success of this BsAb52.  

Further Opportunities for bispecific antibodies on the example of 

regulatory T-cells: 

The clinical success of the currently approved BsAbs encouraged the 

development of even more BsAbs. Furthermore, bsAbs are currently tested 

as potential therapy in fields like autoimmune and inflammatory disease53 

or as treatment for infectious diseases, such as SARS-CoV254. In this review, 

as a representative example, we will further focus on the generation of cis-

binding BsAb, with a special outlook on Tregs targeting in cancer (Table 2).  

• Regulatory T-cell biology:  

Regulatory T-cells (Tregs) populations play a pivotal role in preserving an 

immune balance between self-tolerance and effector responses55. Their 

dysfunction causes severe autoimmune disease56. The concept of 

suppressor T cells was first described in 1970 by Gershon and Kondo57. After 

several years of research and the discovery of CD25 as a Treg marker in 1995, 

Treg populations became substantially better characterized56. Currently, 

Tregs are defined as a highly immunosuppressive subset of CD4+ T cells that 

dampen excessive immune responses and maintain immune homeostasis by 

inhibiting effector T cells (Teff) proliferation and cytokine production, hence 

preventing the development of autoimmune diseases and tissue 
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destruction58. FOXP3 was defined as the hallmark transcription factor of 

Tregs. Genetic alterations of FOXP3 expression induce Treg cell deficiency, 

causing severe autoimmune disorders, allergy and inflammation59-61. Hence, 

enhancing Treg function is currently seen as an attractive approach for the 

treatment of autoimmune diseases62. On the other hand, Tregs have also 

been identified as a critical cell type interfering with anti-tumor immune 

responses and several studies have shown that a high frequency of tumor-

infiltrating Tregs in combination with low frequency of T effector cells, 

resulting in a low Teff/Treg ratio, is correlated with a poor prognosis for 

cancer patients and tumor immunotherapy63,64. In particular, in the context 

of CTLA-4 and PD-1 immune checkpoint inhibitor (ICI) treatments, it became 

apparent that Tregs play an important role in ICI resistance65,66. Therefore, 

there is a need to find Treg targeting strategies. However, an exclusive Treg 

cell surface marker is currently not known. Several monoclonal antibodies 

described to specifically target intra-tumoral Tregs in mice, failed to be 

effective in a clinical setting. This failure is based in part on the difference in 

biology of these receptors between species. In mice, anti-CTLA-4 antibodies 

preferentially deplete tumor-infiltrating Tregs by activating FcγR binding67,68. 

In contrast, in humans, anti-CTLA-4 treatment shows controversial results: a 

reduction of Treg intratumorally but collateral effects in secondary lymphoid 

organs69,70. Other monoclonal antibodies have been described to target 

Tregs in mice but fail to show effects in clinical trials. For instance, 

Daclizumab (an anti-CD25 mAb aimed to target Tregs) had to be withdrawn 

from the market for MS treatment following induction of severe liver failure 

in some treated patients71.   

Therefore, it has become a rather appealing approach to target specifically 

intra-tumoral Treg populations with BsAb with the aim to enhance the 

specificity of Treg targeting with an appropriate combination of two 

independent antigens expressed on Treg cell surfaces. 

Regulatory T-cell expressed cell surface markers:  

Tregs express a number of different cell surface markers. Most of these are 

shared by other activated T-cells. Nevertheless, the most promising 
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approaches for BsAbs targeting specifically Tregs have been focused on a 

combination of the following receptors:  

- CTLA-4 (CD152): CTLA-4 is an inhibitory receptor relative of the T cell 

costimulatory molecule CD2872. However, in contrast to CD28, CTLA-4 

suppresses T cell responses upon binding of CD80/CD8673. CTLA-4 is an 

activation marker transiently expressed on all activated T-cells, but it is 

constitutively expressed on the Treg cell surface74. Mice selectively 

deficient in CTLA-4 in Treg cells develop systemic lymphoproliferation 

and fatal autoimmune disease, indicative of its importance for Treg-

mediated maintenance of immunological self-tolerance75.  

- GITR (TNFRSF18/CD357): glucocorticoid-induced tumor necrosis factor 

receptor-related protein belongs to the costimulatory receptors tumor 

necrosis factor receptor superfamily (TNFRsf). Also GITR is an activation 

marker transiently expressed to some extent on all activated T-cells. 

Nevertheless, GITR is crucial during Treg maturation and mature Tregs 

highly express it on its surface76. It was shown that anti-GITR Ab 

abrogates the suppressive activity of Tregs77,78 and that GITR triggering 

costimulates Tregs79.  

- OX-40 (TNFRSF4/CD132): OX-40 belongs to the costimulatory receptors 

TNFRsf. Similar to GITR, OX-40 is transiently expressed by recently 

activated T-cells. In Tregs, OX-40 mediated costimulation is important 

for Treg proliferation and, in contrast to effector T-cells, its expression is 

maintained in Tregs76.  

- CD25: There is a constitutively high expression of the IL-2 receptor CD25 

on Tregs, allowing Tregs to respond to IL-2 as a requirement for their 

growth and survival.  IL2 binding facilitates immune tolerance in Tregs80 

and upregulates FOXP3 expression and drive their immunosuppressive 

phenotype. Due to a lack of Treg function, IL-2 deficient mice die due to 

the early onset of auto-immune diseases81. However, CD25 is also a 

critical activation marker expressed on activated T-cells. Expression level 

on activated T-cells is lower than on Tregs, but it mediates essential IL-2 

induced signals that facilitate effector T-cell survival and proliferation. 

- PD-1 (CD279): PD-1 is expressed by T and B cells and has a role in 

regulating immune responses. It is an immune checkpoint which 
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downregulates the immune system. In this way, it plays an essential role 

in the regulation between protective immunity and immunopathology. 

Consequently, PD-1 deficient mice are prone to develop auto-immune 

diseases. Its expression on Tregs is critical to maintaining the 

immunosuppressive activity of these cells82.  

- CCR4 (CD194): CCR4 is a chemokine receptor expressed on cutaneous T-

cells. However, also recently activated, effector Treg cells express 

elevated levels of it, making it an attractive target for Treg specific 

depletion83. 

Taken together, none of the above-mentioned cell surface markers is 

uniquely expressed on Tregs. Thus, targeting either of these cell surface 

markers using monoclonal antibodies has been associated with sometimes 

rather severe side effects. Therefore, several BsAbs candidates have been 

designed and undergone first clinical trials. In the following, the currently 

generated BsAbs against Tregs which are being developed and under study 

are described. 

• ATOR-1015:  

ATOR-1015 is a human CTLA-4 x OX40 bispecific IgG1 antibody from Alligator 

Bioscience. Its BsAb format consists of an appended IgG (anti-OX-40) with 

single-chain variable fragments (scFv) (anti-CTLA-4) fused to a light chain. 

CTLA-4 and OX40 are both expressed on activated T cells, however, are 

expressed to a substantially higher level on Tregs in the tumor 

microenvironment (TME)70,84. Hence, this antibody was designed to target 

and deplete Tregs in the TME. It combines a simultaneous blockade of CTLA-

4 and an agonistic OX40 binding. The use of an IgG1 isotype enhances ADCC, 

and this BsAb shows superior ADCC activity compared to the combination of 

monoclonal antibodies85. Thanks to its encouraging results in preclinical 

studies86, a first-in-human phase I clinical trial was performed, indicated for 

solid tumors and neoplasms (NCT03782467).  

• ATOR-1144:  

Similar to ATOR-1015, also ATOR-1144 is a humanized bispecific IgG1 

antibody. Its BsAb format consists of an appended IgG (anti-GITR) with 
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single-chain scFv (anti-CTLA-4) fused to the light chain. CTLA-4 and GITR are 

upregulated on activated T cells, however, yet again, to a substantially 

higher level on Tregs in the TME87. In order to target and deplete Tregs in 

TME a simultaneous blockade of CTLA-4 was combined with GITR agonistic 

binding. ATOR-1144 was developed for treatment of solid tumors and 

hematological malignancies. In preclinical testing, ATOR-1144 showed Treg 

depletion via ADCC and the activation of effector T and NK cells within the 

tumor88,89.  

• KY1055:  

It is a human ICOS x PD-L1 bispecific IgG1 antibody produced by Kymab. a 

human IgG1 format that consists of fully human Fab arms targeting ICOS and 

a modified Fc (Fcab) targeting PD-L1. ICOS is a co-stimulatory molecule 

transiently expressed on activated T cells and constitutively by Tregs in the 

TME90. Via a simultaneous PD-L1 and ICOS binding, KY1055 showed higher 

anti-tumor activity in several syngeneic pre-clinical tumor models compared 

to the treatment combining both monoclonal antibodies. In these models, 

KY1055 depleted Tregs and improved Teff/Treg ratio91.  

Table 2. BsAb antibodies generated against Tregs. 

 

 

 

Reagent  

trademark 

Compounds  

(administration) 

Indications NCT  
(phase) / status 

Sponsor Ref. 

ATOR-1015 CTLA-4 x OX40  
bispecific (iv) 

Solid tumors 

and 

neoplasms 

NCT03782467  
(I) / completed 

Alligator 

Bioscience  

(85)  

ATOR-1144 CTLA-4 x GITR Solid tumors 

and 

hematological 

malignancies 

- Alligator 

Bioscience 

(88)  

KY1055 ICOS x PD-L1     - Kymab (91)   
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Concluding remarks 

The above mentioned BsAb appear rather promising in specifically targeting 

intra-tumoral Treg populations. All Treg targeting BsAbs for tumor 

malignancies treatment currently share one common goal: to block or 

deplete Tregs, specifically within the TME. Given the increased specificity of 

a combination of two selective targets, the use of BsAbs with isotypes that 

bind and activate stimulating Fc receptors may potentially have fewer side 

effects than the use of similar monoclonal antibodies. The BsAbs may trigger 

an effector response specifically within the TME and might hence enhance 

the efficacy of treatment. For example, high ADCC with anti-CTLA-4 mAb 

achieves predominant depletion of Treg cells without many off-target 

effects on Teff cells as the level of CTLA-4 expression on Treg cells is 

substantially higher on Tregs than on Teff cells69. Nevertheless, developing a 

BsAb with increased selectivity over two individual mAbs turned out to be 

rather challenging. In particular, it turned out to be very difficult to lower the 

binding affinity of an individual antibody moiety sufficiently to prevent 

unspecific binding to cells that express one antigen only, while at the same 

time achieving the specific binding of the BsAb to cells that express both 

antigens. Introducing mutations in the target binding site of an antibody is 

often complicated and unpredictable, easily leading to entire loss of binding 

rather than in just lowering it. Furthermore, in particular the selective 

expression levels of specific receptors expressed on the target cell 

population is critical for the selection of relevant BsAbs targets16,92. 

However, the exact prediction of cell surface expression of each target on 

different cell types within distinct organs and places within the body of 

patients remains also rather unpredictable. This aspect always raises the 

possibility of inducing unexpected side-effects in treated patients during 

clinical trials. Therefore, a number of formidable obstacles remain for BsAb 

prior to us being able to explore the full potential of their efficacy in clinical 

settings. Nevertheless, BsAbs are becoming more and more relevant for 

medical scientists due to the newly provided insights into the huge impact 

these antibodies can have. This provides new opportunities in the treatment 

of various diseases. These could include even rather unexpected diseases, as 
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for instance, most recently, BsAbs have shown surprisingly promising 

efficacy in the treatment of SARS-CoV-2 infected patients54.  

Thus, taken together, BsAb may have the great potential to improve 

treatment efficacy and to reduce side effects in treated patients. This may 

then open entirely novel treatment opportunities for diseases, such as 

cancer or autoimmune diseases. Nevertheless, for each BsAb also, daunting 

challenges may have to be overcome prior to any planned clinical rollout. 
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Abstract 

T cell engager (TCE) antibodies have emerged as promising cancer 

therapeutics that link cytotoxic T-cells to tumor cells by simultaneously 

binding to CD3E on T-cells and to a tumor-associated antigen (TAA) 

expressed by tumor cells. We previously reported a novel bispecific format, 

the IgG-like Fab x sdAb-Fc (also known as half-IG_VH-h-CH2-CH3), combining 

a conventional antigen-binding fragment (Fab) with a single domain 

antibody (sdAb). Here, we evaluated this Fab x sdAb-Fc format as a T-cell 

redirecting bispecific antibody (TbsAbs) by targeting mEGFR on tumor cells 

and mCD3E on T cells. We focused our attention specifically on the hinge 

design of the sdAb arm of the bispecific antibody. Our data show that a 

TbsAb with a shorter hinge of 23 amino acids (TbsAb.short) showed a 

significantly better T cell redirected tumor cell elimination than the TbsAb 

with a longer, classical antibody hinge of 39 amino acids (TbsAb.long). 

Moreover, the TbsAb.short form mediated better T cell-tumor cell 

aggregation and increased CD69 and CD25 expression levels on T cells more 

than the TbsAb.long form. Taken together, our results indicate that already 

minor changes in the hinge design of TbsAbs can have significant impact on 

the anti-tumor activity of TbsAbs and may provide a new means to improve 

their potency. 

Keywords: bispecific antibody; cancer immunotherapy; mCD3E; mEGFR; 

hinge 
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Introduction 

T-cell engager antibodies (TCEs) redirect cytotoxic T-cells to tumor cells by 

simultaneously binding to a component of the TCR complex (commonly 

CD3E) and a tumor associated antigen (TAA) on tumor cells1. Due to the 

clinical success of the bispecific T-cell engager (BiTE) blinatumomab, 

approved by the FDA in 20142,3, the majority of bispecific antibodies (BsAbs) 

in clinical development are currently TCEs4. TCEs can further be classified 

into two broad classes according to their formats: IgG-like or fragment-

based TCEs. Currently, the IgG-like T cell redirecting bispecific antibodies 

(TbsAbs) being the most widely used form, largely due to their longer in vivo 

serum half-life due to the presence of an Fc region5. 

Although the concept of BsAbs has a long history, due to challenges in BsAb 

manufacturing, they only began to stimulate the interest of pharmaceutical 

companies in the past decade. The production of IgG-like BsAbs requires the 

correct assembly of antibody’s light and heavy chain fragments. A random 

assembly of four distinctive polypeptide chains may result in 16 

combinations6. Therefore, in order to manufacture IgG-like BsAb that can 

reliably be assembled, it is required to ensure the selective formation of the 

heterodimerized heavy chains (HCs) and the proper pairing of the light 

chains of each arm with the cognate HC7. Multiple recombinant technologies 

have been developed to ensure the correct formation of IgG-like bispecific 

antibodies. In our previous study, we developed a novel Fab x sdAb-Fc 

format which combined a single domain antibody (sdAb) with a conventional 

antigen-binding fragment (Fab)8. Both arms were linked to an Fc domain 

optimized for heavy-heavy chain heterodimerization by the introduction of 

matched amino acid mutations, thus ensuring both correct heavy-chain and 

heavy-light chain assembly8. However, the hinge between sdAb and Fc can 

be designed in various ways, dependent on different applications. Previous 

studies demonstrated a direct role of the distance between TAA and CD3E 

binding sites of TbsAbs on T-cell mediated tumor cell lysis9,10. In these 

applications, the authors modulated their format using various approaches 

with the common objective of shortening the distance between the two 

arms of TbsAbs which resulted in improved tumor cell lysis11-14. Additional 
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studies looked at the correlation between the length of effector/target cell 

synapse distance and T-cell mediated tumor killing by alternative strategies, 

such as tumor antigen epitope distance to the cancer cell membrane or the 

overall size of the antigen, which can increase the distance between the 

effector and target cell9. Thereby, it has become apparent that TbsAbs that 

bind to membrane-distal epitopes extend the intermembrane spacing 

resulting in decreased tumor killing compared to TbsAbs that bind 

membrane-proximal epitopes15-19. Additionally, the size of the targeted 

antigen can also effectively increase the distance within the synapse 

between the T-cell and target cell and has been shown to affect TbsAb 

potency15,16. In particular, it was noticed that the IgG hinge region in 

different IgG subclasses was a major modulator of antibody function. IgG3 

molecules have an extended hinge region of 62 amino acids. This long hinge 

provides superior flexibility and leads to improved phagocytosis. In contrast, 

other IgG molecules have shorter and less flexible hinge regions, which was 

associated with improved antibody-dependent cellular cytotoxicity20. These 

findings suggested that the size of the hinge between the heavy chain and 

the Fab arm may determine the flexibility of the antibody and therefore the 

cytotoxic effector functions of it. Therefore, we hypothesized that TbsAbs in 

the Fab x sdAb-Fc format may benefit from a short hinge design. 

To address this hypothesis, we constructed and evaluated TbsAbs targeting 

mouse EGFR and mouse CD3E with two different hinge region lengths 

connecting the mEGFR binding domain and its cognate constant region. The 

longer hinge TbsAb (TbsAb.long) format was designed to mimic the distance 

between two binding sites of conventional IgG format TbsAb, while the 

shorter hinge TbsAb (TbsAb.short) was designed to minimize the distance 

between two binding sites. Our results demonstrated that the efficiency of 

T cell redirected tumor cell killing directly correlated with the proximity of 

mEGFR and mCD3E binding regions in Fab x sdAb-Fc TbsAbs. 
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Results 

Designing and preparation of mCD3E x mEGFR TbsAbs with different hinges 

In order to avoid potential heavy-light chain mispairing during BsAb 

expression, we previously suggested a novel Fab x sdAb-Fc bispecific 

antibody format8. To further investigate this novel antibody format, we 

designed and expressed TbsAbs, using a mCD3E Fab-Fc combined with an 

mEGFR sdAb-Fc with two different hinges. The design of the shorter hinge 

(23 amino acids in total) was based on the natural mouse IgG2a hinge 

sequence, with the exception of an Arginine residue at position 3 which we 

replaced with a lysine residue in order to stabilize the sdAb21. The longer 

hinge (39 amino acids in total) was designed as a chimer hinge based on a 

combination between a mouse IgG2a hinge and a part of the llama hinge. 

This resulted in 16 additional amino acids compared with the shorter hinge 

and mimicked the length of an entire CH1 domain (starts at the end of the 

hinge and ends with VDKKI, approximately 32.6 Å, Fig. S2)22, in this way, 

extending the length of the sdAb arm to a similar length of a conventional 

Fab (Fig. 1A).  

To abrogate Fc-FcR mediated effector functions without affecting affinity, 

LALAPG mutations were introduced to each parental antibody (anti-mCD3E, 

clone 2c11; anti-mEGFR, clone RR359)23. The mCD3E x mEGFR TbsAb with a long 

hinge (TbsAb.long) and mCD3E x mEGFR TbsAb with a short hinge (TbsAb.short) 

were then constructed by performing controlled Fab-arm exchange (cFAE) 

based on the duobody platform (Fig. 1B,C).  
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Figure 1. Preparation of Fab x sdAb-Fc TbsAbs with different hinge designs. (A) 

Schematic diagrams of two types of Fab x sdAb-Fc TbsAbs: TbsAb.long, TbsAb.short. 

(B) Schematic illustration of mCD3E × mEGFR TbsAbs generated by the duobody 

platform. (C) Schematic diagrams of tumor cell eliminated by mCD3E × mEGFR 

TbsAbs. 

The purity of each expressed TbsAb was analyzed by size-exclusion 

chromatography (SEC) and sodium dodecyl sulfate–polyacrylamide gel 

electrophoresis (SDS-PAGE). The monomericity of each parental antibody 

was >97% (HcAb.RR359.long), >97% (HcAb.RR359.short), and >98% (2c11), 

respectively (Fig. S1). Following cFAE, a single peak was observed in the 

resulting SEC for each TbsAb and monomericity evaluated was ≥96% 

(TbsAb.long) and ≥99% (TbsAb.short), respectively (Fig. 2A). Under non-

reducing SDS-PAGE conditions, the desired TbsAbs showed a predominant 

band with an MW of ~125 kDa, whereas parental antibodies showed 

predominant bands with an MW of ~95 kDa or ~165 kDa, respectively (Fig. 

2B). For TbsAb.long and TbsAb.short, additional minor bands were detected 

at the same size as of parental antibodies, which indicated minor 

contamination of the parental mEGFR HcAb and mCD3E mAb in the TbsAb. 
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The purity of TbsAb.long and TbsAb.short were evaluated as ~80.7% and 

82.8%, respectively. Under reducing conditions, one band for mEGFR HcAb, 

two bands for mCD3E mAb and three bands for TbsAbs were detected, as 

expected (Fig. 2C). The bands just below 63 kDa detected in TbsAbs and 

mCD3E mAb represent the heavy chain of the mCD3E mAb, while the MW 

bands just above 48 kDa which are detected in mEGFR HcAb and TbsAbs 

represent the heavy chain of the mEGFR HcAb. The bands at ~35 kDa 

detected in TbsAbs and mCD3E mAb represent the light chain of the mCD3E 

mAb. Taken together, these results demonstrate the successful generation 

of TbsAbs with long and short hinges. 

 

Figure 2. Analysis of the expressed mCD3E × mEGFR TbsAbs. (A) Size exclusion 

chromatography (SEC) analysis of TbsAb.long and TbsAb.short proteins. Ten µL of 

each respective sample (TbsAb.long and TbsAb.short), at 0.5 mg/mL were eluted by 

DPBS buffer at a flow rate of 50 µL·min−1. (B,C) SDS-PAGE analysis of TbsAb.long and 

TbsAb.short proteins under non-reducing and reducing conditions, respectively. 
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Generation of TbsAb negative control antibody 

In order to express an appropriate negative control TbsAb24, we disrupted 

the binding ability of the mEGFR arm of the TbsAb to mEGFR through site-

directed mutagenesis. We started out by evaluating the structure of mEGFR 

sdAb (RR359) using ColabFold (Fig. 3A and S3)25. By aligning the sequence of 

mEGFR sdAb to the PDB database, the molecule with PDB ID 5IMMB was 

found to be the most similar sdAb to mEGFR sdAb, which facilitated the 

identification of CDR1,2,3 of mEGFR sdAb (Fig. 3B). Given that the CDR3 of 

the mEGFR sdAb differs most from 5IMMB, we considered it was very likely 

the region that determined the antibody specificity. Consequently, we 

performed targeted mutagenesis on this region. Based on the computational 

analysis of the interactions between sdAb and mEGFR protein by using 

Discovery Studio software, several amino acids (e.g., Y101, D105, D107, 

L110, H115 etc.) appeared to be critical for antigen binding. A set of HcAbs 

containing site-specific mutations were expressed and subsequently affinity 

to mEGFR recombinant protein was measured by biolayer interferometry 

using Octet (Fig. S4). The HcAbs with Y101S, D105A or H115K mutation 

showed no detectable binding to mEGFR protein based on the Octet results 

(Fig. 3C). Considering the mEGFR recombinant protein might differ in 

structure from the natural mEGFR, the binding activity of the HcAbs with 

either Y101S, D105A or H115K mutation were further examined by FACS, 

using a CHO cell line overexpressing the mEGFR. No binding of the HcAb with 

D105A mutation in CDR3 was confirmed with CHO/mEGFR cells (Fig. 3D). 

This version of HcAb was subsequently incorporated into a mCD3E × mEGFR 

TbsAb by cFAE and used as negative control bispecific antibody (TbsAb.con). 

The expressed TbsAb.con showed similar purity to the other TbsAbs (Fig. S5) 

and retained its binding capacity to mCD3E (Fig. 3E). 
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Figure 3. Generation of bispecific negative control antibody by CDR3 mutagenesis. 

(A) Structure of anti-mEGFR sdAb (RR359) predicted by ColabFold. (B) The sequence 

of anti-mEGFR sdAb (RR359) aligned to sdAb (5IMMB). The sequence of CDR1 (blue), 

CDR2 (orange), CDR3 (red) was indicated. (C) The affinity of mutated anti-mEGFR 

HcAbs measured by Octet. (D) The binding of mutated mEGFR HcAbs to CHO/mEGFR 

cell line. (E) TbsAb.con (mCD3E x mEGFR.D105A) binds to OT-1 cells detected by flow 

cytometry. N.D, not detectable. The “*” (asterisk) indicates positions with conserved 

residues. The “:” (colon) indicates conservation between groups of amino acids with 

similar properties. The ”.” (period) indicates amino acids with weakly similar 

properties. 

mCD3E x mEGFR TbsAb.short molecule mediated enhanced T cell redirected 

killing in vitro 

To investigate the capacity of the purified TbsAb for mEGFR+ cell killing, 

Lactate dehydrogenase (LDH) release cytotoxicity assays were performed. 

As target cells in the cytotoxicity assays, different mEGFR+ cell lines were 

used. In order to determine mEGFR expression level on target cells, ID8, 

CHO/mEGFR, and CHO/K1 were stained with RR359 and antibody binding 

was measured by FACS (Fig. 4A). In order to generate an mEGFR-deficient 

control cell line, CRISPR/Cas9 was performed to disrupt the mEGFR gene on 

ID8 cells (Fig. 4A). As effector T cells, OT-1s were derived from the spleens 
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of OT-1 × Rag1−/− mice. OT-1 CD8 T-cells were derived from a C57BL/6 mouse 

strain, transgenic for a T-cell receptor (TCR) which recognizes an 

immunodominant ovalbumin-derived epitope. These T-cells can be 

activated with their cognate antigen, the ovalbumin-derived peptide 

SIINFEKL. Following a 48 h incubation with the SIINFEKL peptide, activated 

OT-1 s and target cells were mixed and incubated with each TbsAb for 24 h. 

At the concentration of 0.02688 nM (0.0032 μg/mL) of each group, 

significantly more and bigger T cell clumps were observed in the 

TbsAb.short-treated group compared to TbsAb.long and TbsAb.con treated 

groups, which suggested stronger proliferation (T-cell blast) of T cells 

induced by the TbsAb.short form than by the other two TbsAbs (Fig. 4B,C). 

Furthermore, the LDH release assay showed higher LDH release in the 

presence of the TbsAb.short molecules, suggesting that the TbsAb.short 

form induced better T-cell mediated cytotoxicity towards ID8 and 

CHO/mEGFR cells than the TbsAb.long form. The TbsAb.con form appeared 

not to induce any specific cell lysis. In addition, mEGFR negative cell lines, 

ID8/mEGFR−/− and CHO.K1, showed no specific cell lysis induced in the 

presence of either the TbsAb.long, the TbsAb.short or the TbsAb.con form 

(Fig. 4D). 

To corroborate these findings, an alternative approach was used to measure 

tumor cell killing. To this end, ID8 cells and ID8 mEGFR−/− cells were labeled 

by eFluo 450 or eFluor 670, respectively, and incubated with OT-1 cells at a 

concentration of 0.02688 nM (0.0032 μg/mL) for each TbsAb or PBS for 24 

h. OT-1 cells were carefully washed off by PBS and adherent ID8 cells were 

then harvested using trypsin detachment. Flow cytometry was performed to 

detect live ID8 and ID8 mEGFR−/− cells (Fig. 4E). As shown in Fig. 4F, the 

TbsAb.short form depleted mEGFR-expressing ID8 cells significantly better 

than the TbsAb.long form (Fig. 4F).  

Taken together, using two different approaches, these data strongly suggest 

that mCD3E × mEGFR TbsAb.short molecules mediate better T cell 

redirected killing than the TbsAb.long form. 
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Figure 4. The TbsAb.short form mediates superior T cell mediated cytotoxic. (A) 

Expression of mEGFR on ID8, ID8/mEGFR−/−, CHO/mEGFR and CHO/K1 cell lines were 

measured by flow cytometry. (B) OT-1 T cell blasts with CHO/mEGFR cells in the 

presence of 0.02688 nM (0.0032 μg/mL) of either mCD3E x mEGFR TbsAb.long or 

TbsAb.short at an E: T ratio of 5:1 following 24 h incubation. Images were obtained 

under 4 × magnification, and scale bars 650 μm. (C) Quantified number of T cell 

blasts per grid and average area per T cell blasts by EVOS analysis software. (D) In 

vitro cytotoxicity assay of mCD3E × mEGFR TbsAbs using LDH release assay. Curves 

were fitted using a four-parameter logistic fitting with GraphPad Prism 8. (E) In vitro 

cytotoxicity assay of mCD3E × mEGFR TbsAbs (0.02688 nM, equal to 0.0032 μg/mL) 

using FACS. (F).  Data points represent the mean of three samples; error bars, SD. *: 

p < 0.05; **: p < 0.01; ***: p < 0.001. 
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mCD3E × mEGFR TbsAb.short mediated enhanced cell–cell association in 

vitro 

To investigate the underlying mechanisms, which may lead to the improved 

redirected T cell killing observed with the mCD3E × mEGFR TbsAb.short 

molecules, we evaluated the ability of the different TbsAbs to induce 

ID8/OT-1 cell association. Non-activated, naïve OT-1 cells and ID8 cells were 

used for association and cell aggregation, as measured by FACS. ID8 and OT-

1 cells were stained with two different cell-staining dyes and subsequently 

mixed and incubated with TbsAb.long, TbsAb.short or TbsAb.con. The flow 

cytometry results showed that a clear cell–cell association was observed 

with both TbsAb.long and TbsAb.short molecules, but not with the 

TbsAb.con control construct (Fig. 5A,B). Furthermore, the TbsAb.short 

molecules could induce more cell aggregates than the TbsAb.long form (up 

to ~8% of the total cell population in the presence of TbsAb.short molecules 

compared to ~4% of the cell aggregates in the presence of the TbsAb.long 

molecules). Such an enhanced level of cell–cell association mediated by 

TbsAb.short molecules was observed consistently across a range of 

concentrations of the bispecific antibodies. As expected, the TbsAb.con 

molecule did not induce the cell–cell association of ID8 and OT-1 cells at any 

concentration tested (Fig. 5B). Taken together, these data show that the 

TbsAb.short form has a higher capacity to form cell aggregates than the 

TbsAb.long form. Compared to ~30% cell aggregates we reported in our 

previous study and ~5–17% cell aggregates that others have typically 

reported8,18, the relatively lower percentage of cell aggregates induced in 

our experiments might be for several reasons. So far, we have not yet 

followed up on these, nevertheless, several aspects such as the expression 

level of antigens, the affinity of antibodies used or the geometry of the 

specific antigens could all influence the efficiency with which such TbsAb 

molecules can link two different cell populations. 
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Figure 5. The TbsAb.short form shows better cell aggregate formation than the 

TbsAb.long form. OT-1 cells were labeled with eFlour 670 dye, and ID8 cells were 

labeled with the eFlour 450 dye. (A) Cells were incubated for 30 min at room 

temperature with TbsAb.con, TbsAb.long or TbsAb.short molecules at 0.672 nM 

(0.08 μg/mL). The OT-1-ID8 cell-cell association was determined using flow 

cytometry and quantified as the percentage of eFlour 450 and eFlour 670 double 

positive cells in the upper right quadrant. (B) The experiment was repeated using 

increasing concentrations for each of the molecules. Each experimental point was 

set up in duplicate and the mean SD was plotted. *: p < 0.05. 

mCD3E × mEGFR TbsAb.short mediated enhanced T cell activation in vitro 

To investigate to what extent either form of the mCD3E × mEGFR TbsAb 

could induce T cell activation, splenocytes were mixed with ID8 cells in the 

presence or absence of the different TbsAb forms and the expression levels 

of the early activation marker CD69 and of the late activation marker CD25 

were determined by flow cytometry on CD4+ and CD8+ T cells after 24 h of in 

vitro incubation. Our data show that in the presence of ID8 cells, the 

expression levels of activation marker CD69 and CD25 were considerably 

upregulated by the TbsAb.long form as well as by the TbsAb.short form. 

However, in comparison to the TbsAb.long form, the TbsAb.short form 
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activated a significantly higher fraction of CD4 T cells (Fig. 6A,F). 

Furthermore, on a single cell level, the TbsAb.short form activated a 

significantly higher expression levels of CD69 and CD25 per cell (Fig. 6D,I). 

For CD8 T cells, both TbsAb forms activated a similar fraction of CD8 T-cells 

(Fig. 6B,G), but the TbsAb.short form induced significantly higher expression 

levels of CD69 and CD25 than the TbsAb.long form (Fig. 6E,J). Gating strategy 

is shown in Fig. S6. These data strongly suggest that while both TbsAb can 

induce T cell activation, the TbsAb with the shorter hinge induced a stronger 

T cell activation than the TbsAb with the longer hinge. 

 

Figure 6. The TbsAb.short form induces superior T cell activation. (A–E) The 

expression level of CD69 on CD4+ and CD8+ T cells was detected after incubating with 

each TbsAb for 24 h (E:T = 5:1). (F–J) The expression level of CD25 on CD4+ and CD8+ 

T cells was detected after incubating with each TbsAb for 24 h (E:T = 5:1). *: p < 0.05; 

**: p < 0.01. 
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Discussion 

Several different factors have been described that can affect the potency of 

bispecific T-cell engagers. These include the copy number of the targeted 

antigen, the size of the antigen, and the distance of the target epitope to the 

membrane, as well as antibody formats with different sizes, valences, and 

geometries9,10. In this study, we focused on modulating the distance 

between T cells and tumor cells, by modulating the hinge region between 

the heavy chain backbone of the antibody molecule and the Fab arm. To this 

end, two mCD3E × mEGFR bispecific antibodies with different hinge designs 

in the Fab x sdAb-Fc format were generated; one with a shorter hinge and 

one with a longer hinge design. As our results show, the TbsAb.short 

molecule exhibited significantly greater potency than the TbsAb.long 

molecule in T-cell redirected killing (Fig. 4D). Furthermore, the TbsAb.short 

form linked T cells to mEGFR-expressing tumor cells more efficiently than 

the TbsAb.long form by forming more T cell-tumor cell aggregates. In 

addition, as measured by CD69 and CD25 expression, T cells appeared to be 

more strongly activated by the TbsAb.short than by the TbsAb.long format.  

Since the same antigen recognition specificities were used, the 

enhancement observed with the TbsAb.short molecule was presumably due 

to the hinge difference in the molecules. Such a finding is consistent with 

previous studies. Bluemel and colleagues designed TbsAbs to target 

different epitopes on human melanoma chondroitin sulfate proteoglycan 

(hMCSP) and found that the distance of the binding domain to the target cell 

membrane had a significant impact on the potency of T cell redirecting 

bispecific antibodies16. Additionally, several more recent studies, targeting 

other TAAs such as FcRH5, ROR1, and CD3E, further confirmed that targeting 

membrane-proximal epitopes, which also shortened the distance between 

T cells and tumor cells, could improve the in vitro potency of their antibody 

constructs to facilitate T cell mediated target cell lysis15,19,26. In yet another 

study, TbsAbs in conventional IgG2 format were compared to a Diabody-Fc 

(DbFc) format in in vitro tumor cell cytotoxicity assays. The DbFc format 

shortened the distance between antigen-binding arms and turned out to be 

more potent27. With TbsAbAs in all these cases, also in the one we have 

described here, several factors may contribute to the enhanced tumor 
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elimination potency by using a short hinge format. For instance, we found 

that the TbsAb.short molecule induced significantly more T cell-tumor cell 

aggregation than the TbsAb.long molecule (Fig. 5). Such improved 

aggregation could facilitate the T cell mediated attack of tumor cells. It has 

been reported that immunological synapse formation requires an optimal 

distance between T cells and tumor cells10. This optimal distance might be 

influenced by the geometric configurations of the different antibody 

constructs. In line with such an assumption, it was reported previously, that 

targeting membrane-proximal epitope by TbsAbs could facilitate efficient T 

cell synapse formation leading to enhanced tumor cell elimination15. Based 

on this finding, one could argue that possibly by forming tight immunological 

synapses the TbsAb.short form might be more potent in T cell redirected 

tumor cell elimination than the TbsAb.long form. Alternatively, efficient T 

cell-tumor cell engagement might form multiple TbsAbs mediated 

connections at the immune synapse. In such a situation, the property of 

individual TbsAbs, such as the flexibility of the binding sites, could be an 

important factor in forming efficient T cell-tumor cell aggregation14,15. In line 

with such an assumption, it has been reported by Kapelskia et al. that the 

different flexibility shown in the hinge region of human IgG subclasses (IgG1 

> IgG4 > IgG2, IgG1 being the most flexible) significantly impacted the T cell 

redirected tumor cell elimination28. Compared to the TbsAb.long molecule, 

the TbsAb.short molecule has a shorter and relatively rigid hinge, which 

results in a relatively fixed distance and orientation between the two binding 

domains. Consequently, given the same specific concentration of each 

TbsAb, the binding arm of randomly free-floating TbsAb.long molecules 

would require more time to adjust the preferable orientation to bridging T 

cells and tumor cells than the more rigid TbsAb.short molecules. In addition, 

due to the dynamic and reversible binding property of TbsAbs, once the T 

cell-tumor cell aggregation has been formed, TbsAb.short could keep the 

distance between T cells and tumor cells shorter. This might facilitate other 

free TbsAb.short molecules to support and further enhance this originally 

brief interaction between T cells and tumor cells; consequently, resulting in 

a tighter T cell-tumor cell aggregation than the TbsAb.long molecule might 

be able to establish. In line with such an assumption, the TbsAb.short 
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construct induced in comparison to the TbsAb.long construct increased 

CD69 and CD25 expression on T cells, suggesting a more extensive activation 

of the T cells. T cell activation is generally considered to be sensitive to 

consistent TCR signaling, which is triggered by constant antigen/receptor 

interaction29. Therefore, the higher expression level of CD69 and CD25 could 

be assumed to be a direct result of a tighter T cell: tumor cell aggregation 

induced and maintained by the TbsAb.short molecule.  

In summary, we investigated the potential application of the Fab x sdAb-Fc 

bispecific format for T-cell mediated tumor cell killing. We demonstrated 

that a TbsAb with a shorter distance between the two arms allows for a 

tighter bridging between the tumor cells and the effector T cells, 

subsequently leading to a more robust T cell activation and in turn greater 

tumor cell killing. Instead of comparing different bispecific formats14,30-36, 

here, we demonstrated that by already changing a dozen of the amino acids 

in the hinge region in the same bispecific format could induce a substantial 

impact on its cytotoxic activity. So far, our data have been limited to mouse 

antibody constructs. However, the hinge length of human antibodies differs 

from that of mouse antibodies. Therefore, additional research might be 

needed to apply our findings to human antibody constructs. Nonetheless, 

our data strongly suggest that the development of human Fab x sdAb-Fc 

TbsAb for the treatment of cancers could potentially benefit from a 

shortened hinge design. Therefore, our data indicate that the modulation of 

the ‘hinge region length’ parameter could potentially also be applied to 

other IgG-like TbsAb formats in order to optimize their efficacy.  

 

Materials and Methods 

Cell lines 

CHO.K1 and CHO/mEGFR cell lines were described in our previous study8. 

Mouse ovarian cancer surface epithelial cell line (ID8) was kindly provided 

by Professor Rose Zamoyska, the cells were cultured in IMDM (ThermoFisher 

Scientific, UK #I3390-500ML) supplemented with 10% FBS (Gibco, UK 

#10500-064), 1% L-glutamine (ThermoFisher Scientific, UK #25030-081), 

0.1% 2-mercaptoethanol (Sigma-Aldrich) in 10-cm-Petri dishes and 
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incubated at 37 °C. ID8/mEGFR−/− cell line was generated by CRISP/Cas9 

gene-editing system. Cloning was performed using Truecut V2 cas9 

(ThermoFisher Scientific). ID8 cells were transfected with CRISPR plasmid-

containing gRNA for mEGFR-KO by electroporation (1600V, 10ms, 3 pulses) 

using the InvitrogenTM NeonTM Transfection System (ThermoFisher 

Scientific). TRACR RNA was obtained from Integrated DNA technologies and 

the gRNA sequence is 5′ CCTCATTGCCCTCAACACCG 3′. The transfected cells 

were cultured with IMDM (ThermoFisher Scientific, UK #I3390-500ML) for 4 

days before sorting. Cells were stained with HcAb anti-mouse EGFR (clone 

RR359), followed by anti-mouse IgG2a-PE (1:100). Using the BD FACSAriaTM 

II sorter, the mEGFR- ID8 population was bulk-sorted based on mEGFR 

expression. Sorted ID8 clones without mEGFR expression were isolated and 

expanded. 

OT-1 cells were derived from spleens of OT-1 Rag1−/− (C57BL/6) mice. 

Spleens were gently dissociated mechanically through a 70 μm filter. The 

suspension was then centrifuged at 300× g at 4 °C for 5 min, the supernatant 

discarded, and RBC lysis buffer (Sigma-Aldrich, UK #R7757-100ML) was 

added. The suspension was incubated for 5 min at room temperature, cells 

were then centrifuged again and the pellet was resuspended in IMDM. Cells 

were counted and cultured in IMDM (ThermoFisher Scientific, UK #I3390-

500ML) supplemented with 10% FBS (Gibco, UK #10500-064), 1% L-

glutamine (ThermoFisher Scientific, UK #25030-081), 0.1% 2-

mercaptoethanol (Sigma-Aldrich, USA #M6250) in 10 cm petri dishes and 

incubated at 37 °C. 

 

Designation and construction of expression vectors for bispecific antibodies 

By using the established duobody platform, we designed IgG2a-mCD3E × 

mEGFR TbsAbs in a Fab × sdAb-Fc format previously developed by Huang et 

al. with two different hinge lengths. These comprised (i) the variable light 

chain (VL) and variable heavy chain (VH) domains of 2c11, an anti-mCD3E 

monoclonal antibody, (ii) VH domain of anti-mEGFR single domain antibody 

RR359, and (iii) a mouse IgG2a Fc module with duobody mutations for 

heterodimerization. 
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The anti-mEGFR sdAb (RR359) was described previously and the amino acid 

sequence of anti-mCD3E (2c11) was obtained from the IMGT database8, 37. 

The amino acid mutations introduced to each vector to allow heavy-heavy 

chain heterodimerization are depicted in Fig. 3C. T370K and K409R point 

mutations were introduced to the CH3 region of heavy chain only anti-

mEGFR antibody RR359. F405L and R411T point mutations were introduced 

to the CH3 region of the conventional anti-mCD3E antibody 2c11. In 

addition, L234A, L235A, and P329G (LALA-PG) mutations were introduced to 

the Fc domain of each 2c11 and RR359 sequence to silence their Fc-

mediated effector functions. The amino acid sequences of the expressed 

constructs are shown in Supplementary Table S1. The parental mAb 

expression vectors were constructed by de novo synthesis (GeneArt, 

ThermoFisher Scientific). 

Two different hinge constructs were produced by introducing different 

linkers in the parental anti-mEGFR plasmids. For the short hinge design, a 

full mouse IgG2a linker was introduced (EPKGPTIKPCPPCKCPAPNLLGG) 

between the sdAb part and the Fc part of RR359 antibody. For the long hinge 

design, a camelid/mouse chimeric linker 

(EPKIPQPQPKPQPQPQPQPKPQPKPCPPCKCPAPNLLGG) was introduced 

between the sdAb part and Fc domain of the RR359 antibody (Fig. 1). The 

expression vectors of these antibodies were constructed by de novo 

synthesis (GeneArt, ThermoFisher Scientific Scientific). 

 

Generation of bispecific antibodies 

FreeStyleTM 293-F cells (Invitrogen, UK # R79007) were grown in FreeStyle 

293 Expression medium (Invitrogen,UK #12338-018). Each relevant heavy 

and light chain expression vector was co-transfected into FreeStyle™ 293-F 

cells (Invitrogen, UK # R79007), using 293fectin™ reagent (Invitrogen, UK 

#12347-019) according to the manufacturer’s recommended conditions. At 

7-days post-transfection, the antibodies were purified by protein A affinity 

chromatography (Peptide Synthetics), dialyzed overnight to PBS (Gibco, UK 

#D8537-500ML), and filter-sterilized over 0.22-μm filters. Antibody 

concentration was calculated based on the Beer–Lambert Law, A = ε ×b × c, 

(A is the A280 absorbance, b is the path length, c is the analyte 
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concentration, and ε is the wavelength-dependent molar absorptivity 

coefficient with units of M−1 cm−1). A280 absorbance was measured by 

spectrophotometry using a Nanodrop ND-1000 system (ThermoFisher 

Scientific). Equimolar amounts of relevant parental antibodies were mixed 

and incubated with 2-mercaptoethylamine (2-MEA; Sigma, Switzerland 

#30078-25G) at a final concentration of 1 mg/mL total antibody in PBS 

(Gibco, UK #D8537-500ML). The final concentration of 2-MEA was 75 mM. 

The mixtures were incubated for 5 h at 31 °C. The mixtures were then buffer-

exchanged against PBS using Slide-A-Lyzer cassettes (ThermoFisher 

Scientific, USA #66380) to remove 2-MEA. Samples were stored overnight at 

4 °C to allow for the re-oxidation of the disulfide bonds. Bispecific antibody 

concentration was calculated as previously described. The purity of TbsAbs 

was evaluated by SDS-PAGE in reducing and non-reducing conditions.  

 

Generation of control TbsAb by mutagenesis 

The three-dimensional structure model of mEGFR sdAb was predicted by 

ColabFold, which combines a protein homolog search MMseqs2 with 

AlphaFold2 (https://colab.research.google.com/github/sokrypton/ 

ColabFold/blob/main/AlphaFold2.ipynb, accessed on 1 June 2021). The 

mutations were introduced into the mEGFR binding CDR3 of the RR359.short 

antibody sequence by site-directed mutagenesis by PCR. mEGFR-His 

recombinant protein (R&D systems) was diluted to 50 mM in 10 mM acetate 

pH 5.0 (ForteBio, USA #18-1069) and loaded on NHS/EDC activated AR2G 

biosensors (ForteBio, USA #18-5088). HcAb.mEGFR antibodies with different 

mutations were diluted to 20 μg/mL in 10× kinetic buffer (ForteBio, USA #18-

1092) and associated to mEGFR-His protein and 10 × kinetic buffer was used 

as negative control. Binding kinetics were measured by the Octet system 

according to the manufacturer’s instructions (ForteBio). Data was analyzed 

using data analysis software HT V10.0 (ForteBio). Signal of negative control 

was subtracted in the BLI experiment. cFAE was performed as described 

above, using parental antibodies HcAb.mEGFR with short hinge and D105A 

mutation and mCD3E mAb to generate the TbsAb.con. 

 

  

https://colab.research.google.com/github/sokrypton/
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Size-exclusion chromatography (HP-SEC) 

Aggregation and degradation of TbsAbs were quantified by SEC. Ten µL of 

each respective sample (TbsAb.long and TbsAb.short), at 0.5 mg/mL were 

loaded (20 µL load volume) onto a calibrated Superdex-200 Increase 3.2/300 

GL (Cytiva, UK #28990946) size exclusion column pre-equilibrated in PBS, pH 

7.4, at 8 °C and run with a flow rate of 50 µL·min−1 on an ÄKTA PURE Micro™ 

LC system (Cytiva, UK # 29302479). Elution was monitored at 220 nm, 256 

nm, and 280 nm, with 2.5 s integration. The concentration of protein in 

respective peaks was calculated using the peak analysis software (with a 

morphological baseline with a skim value of 7.0) provided with the 

instrument (UNICORN v7.7™; Cytiva) and the relative purity was calculated 

as a percentage of all integrated peaks. 

 

In vitro cytotoxicity assays 

Naïve OT-1 cells (enriched from spleens of OT-1 Rag1−/− mice) were activated 

by exposure to ovalbumin peptide SIINFEKL (2 ng/mL, Peptide Synthetics) for 

48 h. LDH method: Target cells were seeded in IMDM (ThermoFisher 

Scientific, UK #I3390-500ML) with 10% FBS (ThermoFisher Scientific, UK 

#10500-064) at a density of 1 × 104 cells/well on a 96-well flat-bottom cell 

culture plate. Five-fold serial gradient dilution of either TbsAb.long, 

TbsAb.short, or TbsAb.con was performed in a complete medium, starting 

with a 16.8 nM (2 µg/mL) concentration and incubated for 0.5 h. Samples 

were added to corresponding wells at a final volume of 150 μL. 

Subsequently, in IMDM with 10% inactivated FBS medium, OT-1 cells were 

adjusted to 5 × 104 cells/well added into the plate at an effector cell:tumor 

cell (E:T) ratio of 5:1. The cytotoxicity assay was detected after plates were 

incubated at 37 °C for 24 h from supernatant samples using CytoTox96® Non-

Radioactive LDH Kit (Promega, USA #G1781). The cytotoxicity percentages 

were calculated following the manufacturer’s instructions as shown here: 

 

𝐶𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 % =
𝑠𝑖𝑔𝑛𝑎𝑙 (𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 − 𝐸𝑓𝑓𝑒𝑐𝑡𝑜𝑟 𝑠𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠)

𝑠𝑖𝑔𝑛𝑎𝑙 (𝑇𝑎𝑟𝑔𝑒𝑡 𝑚𝑎𝑥𝑖𝑚𝑢𝑚) − 𝑠𝑖𝑔𝑛𝑎𝑙(𝑡𝑎𝑟𝑔𝑒𝑡 𝑠𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠)
×  100%  
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Flow cytometry method: ID8 cells and ID8 mEGFR−/− cells were labeled by 

eFluo 450 or eFluor 670, respectively. ID8 cells and ID8 mEGFR−/− were 

seeded in IMDM (ThermoFisher Scientific, UK #I3390-500ML) with 10% FBS 

(ThermoFisher Scientific, UK #10500-064) at a density of 2 × 104 cells/well 

on a 96-well flat-bottom cell culture plate. Five-fold serial gradient dilution 

of either TbsAb.long, TbsAb.short, or TbsAb.con was performed in a 

complete medium, starting with a 16.8 nM (2 μg/mL) concentration and 

incubated for 0.5 h. PBS treated samples were used as negative control. 

Samples were added to corresponding wells at a final volume of 150 μL. 

Subsequently, in IMDM with 10% inactivated FBS medium, OT-1 cells were 

adjusted to 1 × 105 cells/well added into the plate at an effector cell:tumor 

cell (E:T) ratio of 5:1. The OT-1 cells were washed off by PBS after 24 h 

incubation. Remaining attached ID8 and ID8 mEGFR−/− cells were detected 

by flow cytometry. The ID8 lysis percentages were calculated following the 

formula as shown here: 

𝐼𝐷8 𝑙𝑦𝑠𝑖𝑠 % = [1 −
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃𝑎𝑐𝑖𝑓𝑖𝑐 𝑏𝑙𝑢𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠(𝑇𝑅𝐵𝐴 𝑡𝑟𝑒𝑎𝑡𝑒𝑑)

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃𝑎𝑐𝑖𝑓𝑖𝑐 𝑏𝑙𝑢𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠(𝑃𝐵𝑆 𝑡𝑟𝑒𝑎𝑡𝑒𝑑)
] ×  100%  

All tests were repeated in triplicates and linear or nonlinear regression 

analysis to fit dose-response curves were assayed with GraphPad Prism 

Version 8.0. 

 

Microscopy 

Ovalbumin peptide SIINFEKL activated OT-1s were incubated with 

CHO/mEGFR cells in the presence of TbsAb.con, TbsAb.long or TbsAb.short 

respectively for 24 h. Images of activated OT-1s were taken with an EVOS 

M7000 microscope under 4 × magnification. T cell blasts analysis was 

performed using EVOS analysis software to count the number and calculate 

the area of T cell blasts in each group. T cell blasts in randomly selected 20 

grids (500 μm × 500 μm) of each photo were counted and calculated for 

analyzing. 
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Cell-cell association assays 

OT-1 cells were labelled with fixable viability dye eFluor 670 (eBiosciences, 

USA #65-0840-85) as effector cells and ID8 cells were labelled with fixable 

viability dye eFluor 450 (eBiosciences, USA #65-0842-85) as target cells, 

according to the manufacturer’s instructions. Mixtures of 5 × 104 cells of 

each labelled cell line were incubated together at 4 °C for 45 min in a 96-

round bottom plate, with 5-fold serially diluted TbsAb.long, TbsAb.short, or 

TbsAb.con in FACS buffer (PBS supplemented with 1% BSA + 1% EDTA, 

Gibco), starting with a 84 nM (10 μg/mL) concentration. All tests were 

repeated in duplicates. Cells were then washed in FACS buffer and 

resuspended in 200 μL for analysis on a FACSCanto II flow cytometer (BD 

Biosciences). Data were analyzed using FlowJo v.10.8.0 software (BD 

Biosciences), and GraphPad Prism Version 9.0 software. Ten thousand 

events were collected. 

 

T cell activation assays 

Freshly isolated splenocytes from the WT C57BL/6 mice (1 × 105 cells/mL) 

were treated with either TbsAb.long, TbsAb.short or TbsAb.con at 3.36 nM 

(0.4 μg/mL) and incubated with ID8 target cells (2 × 104 cells/mL) in 96-well 

plates for 18 h. The splenocytes were collected and stained with CD8-APC 

(eBioscience, USA #17-0081-83), CD4-Pacific blue (eBioscience, USA, 

#57004282) and CD69-PE (PharMingen, USA #553237)/CD25-PE 

(PharMingen, USA #09985B). Cells were counted by flow cytometry on a 

FACSCanto II system (BD Biosciences) and data were analyzed with FlowJo 

v.10.8.0 software (BD Biosciences). Percentage of PE positive cells and mean 

fluorescence intensities (MFI) were used for statistical analysis using 

GraphPad Prism version 9.0 software. 

 

Statistical analysis 

Statistical analyses were performed using Prism software version 9.0 

(GraphPad). P values were determined for comparisons between TbsAb.long 

and TbsAb.short-mediated T-cell cytotoxicity by paired T-test and T-cell 

activation by unpaired t-test. p values for comparisons between TbsAb.long 
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and TbsAb.short-mediated cell-cell association were determined by 2-way 

ANOVA test. For all statistical tests, results with a p value <0.05 were 

considered significant. *: p < 0.05; **: p < 0.01; ***: p < 0.001. 

 

Supplementary Materials: The following supporting information can be 

downloaded at:  

https://www.mdpi.com/article/10.3390/biom12101331/s1 Figure S1: 

Monomericity of each parental antibody (RR359.long, RR359.short and 

2c11) analyzed by size-exclusion chromatography (SEC); Figure S2: Length of 

antibody CH1 evaluated by Discovery Studio; Figure S3: Prediction quality 

judged by visualizing multiple sequence alignments (MSA) depth and 

showing the AlphaFold2 confidence measures ; Figure S4: Raw data binding 

kinetics of HcAb.RR359 with different mutations to AR2G-sensor bound 

mEGFR-His protein as measured by BLI on an Octet machine; Figure S5: 

Purity of TRBA.con evaluated by SDS-Page at non-reducing condition; Figure 

S6: The gating strategy for the T-cells shown in Figure 6; Table S1: The amino 

acid sequences of the expressed constructs. 
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Supplementary material  

 
Figure S1. Monomericity of each parental antibody (RR359.long, RR359.short and 
2c11) analyzed by size-exclusion chromatography (SEC).  

 

 
Figure S2. Length of antibody CH1 evaluated by Discovery Studio (used PDB ID 
3R06 as template).  
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Figure S3. Prediction quality judged by visualizing multiple sequence alignments 
(MSA) depth and showing the AlphaFold2 confidence measures. (A) Multiple 
sequence alignments. Number of sequences per position, the higher the better. (B) 
Predicted local distance difference test (IDDT) per position. Model confidence (out of 
100) at each position. The higher the better. (C) Predicted alignment error (PAE). A 
useful metric to assess how confident the model is about the interface. The lower the 
better. Rank 1 structure was used in this study.  
 

 
Figure S4. Raw data binding kinetics of HcAb.RR359 with different mutations to 
AR2G-sensor bound mEGFR-His protein as measured by BLI on an Octet machine. 
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Figure S5. Purity of TRBA.con evaluated by SDS-Page at non-reducing condition. 
 

 
Figure S6. The gating strategy for the T-cells shown in Figure 6. 
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Supplementary Table 1. 

RR359(anti-EGFR)-long-migg2a.LALAPG.T370K.K409R 

QVQLQESGGGLVQAGGSLRLSCAASGRTFTSYAMGWFRQVPGKEREFVAALSTRSAGNT
YYADSVKGRFTISRDNAKNTVYLQMSSLKAEDTAVYYCAAGYMSSDADPSLAASLHPYDY
WGQGTQVTVSSEPKIPQPQPKPQPQPQPQPKPQPKPCPPCKCPAPNAAGGPSVFIFPPKI
KDVLMISLSPMVTCVVVDVSEDDPDVQISWFVNNVEVLTAQTQTHREDYNSTLRVVSAL
PIQHQDWMSGKEFKCKVNNKALGAPIERTISKPKGSVRAPQVYVLPPPEEEMTKKQVTLT
CMVKDFMPEDIYVEWTNNGKTELNYKNTEPVLDSDGSYFMYSRLRVEKKNWVERNSYS
CSVVHEGLHNHHTTKSFSRTPGK 

RR359(anti-EGFR)-sh-migg2a.LALAPG.T370K.K409R 

QVQLQESGGGLVQAGGSLRLSCAASGRTFTSYAMGWFRQVPGKEREFVAALSTRSAGNT
YYADSVKGRFTISRDNAKNTVYLQMSSLKAEDTAVYYCAAGYMSSDADPSLAASLHPYDY
WGQGTQVTVSSEPKGPTIKPCPPCKCPAPNAAGGPSVFIFPPKIKDVLMISLSPMVTCVVV
DVSEDDPDVQISWFVNNVEVLTAQTQTHREDYNSTLRVVSALPIQHQDWMSGKEFKCK
VNNKALGAPIERTISKPKGSVRAPQVYVLPPPEEEMTKKQVTLTCMVKDFMPEDIYVEWT
NNGKTELNYKNTEPVLDSDGSYFMYSRLRVEKKNWVERNSYSCSVVHEGLHNHHTTKSFS
RTPGK 

RR359(anti-EGFR)-sh-migg2a.D105A.LALAPG.T370K.K409R 

QVQLQESGGGLVQAGGSLRLSCAASGRTFTSYAMGWFRQVPGKEREFVAALSTRSAGNT
YYADSVKGRFTISRDNAKNTVYLQMSSLKAEDTAVYYCAAGYMSSAADPSLAASLHPYDY
WGQGTQVTVSSEPKGPTIKPCPPCKCPAPNAAGGPSVFIFPPKIKDVLMISLSPMVTCVVV
DVSEDDPDVQISWFVNNVEVLTAQTQTHREDYNSTLRVVSALPIQHQDWMSGKEFKCK
VNNKALGAPIERTISKPKGSVRAPQVYVLPPPEEEMTKKQVTLTCMVKDFMPEDIYVEWT
NNGKTELNYKNTEPVLDSDGSYFMYSRLRVEKKNWVERNSYSCSVVHEGLHNHHTTKSFS
RTPGK 

2c11(anti-CD3)-migg2a.LALAPG.F405L.R411T 

EVQLVESGGGLVQPGKSLKLSCEASGFTFSGYGMHWVRQAPGRGLESVAYITSSSINIKYA
DAVKGRFTVSRDNAKNLLFLQMNILKSEDTAMYYCARFDWDKNYWGQGTMVTVSSAK
TTAPSVYPLAPVCGDTTGSSVTLGCLVKGYFPEPVTLTWNSGSLSSGVHTFPAVLQSDLYTL
SSSVTVTSSTWPSQSITCNVAHPASSTKVDKKIEPRGPTIKPCPPCKCPAPNAAGGPSVFIFP
PKIKDVLMISLSPMVTCVVVDVSEDDPDVQISWFVNNVEVLTAQTQTHREDYNSTLRVVS
ALPIQHQDWMSGKEFKCKVNNKALGAPIERTISKPKGSVRAPQVYVLPPPEEEMTKKQVT
LTCMVTDFMPEDIYVEWTNNGKTELNYKNTEPVLDSDGSYLMYSKLTVEKKNWVERNSY
SCSVVHEGLHNHHTTKSFSRTPGK 

2c11(anti-CD3), light chain 

DIQMTQSPSSLPASLGDRVTINCQASQDISNYLNWYQQKPGKAPKLLIYYTNKLADGVPSR
FSGSGSGRDSSFTISSLESEDIGSYYCQQYYNYPWTFGPGTKLEIKRADAAPTVSIFPPSSEQ
LTSGGASVVCFLNNFYPKDINVKWKIDGSERQNGVLNSWTDQDSKDSTYSMSSTLTLTKD
EYERHNSYTCEATHKTSTSPIVKSFNRNEC 
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Abstract 

In the last decades, antibody based tumor therapy has fundamentally 

improved the efficacy of treatment for cancer patients. Currently, almost all 

tumor-antigen targeting antibodies approved for clinical application are of 

IgG1 Fc-isotype. Similarly, the mouse homolog mIgG2a is the most 

commonly used in tumor mouse models. However, in mice the efficacy of 

antibody based tumor therapy is largely restricted to a prophylactic 

application. Direct isotype comparison studies in mice in a therapeutic 

setting are scarce. In this study, we assessed the efficacy of mouse tumor-

targeting antibodies of different isotypes in a therapeutic setting using a 

highly systematic approach. To this end, we engineered and expressed 

antibodies of the same specificity but different isotypes, targeting the 

artificial tumor antigen CD90.1 / Thy1.1 expressed by B16 melanoma cells. 

Our experiments revealed that in a therapeutic setting mIgG2a was superior 

to both mIgE and mIgG1 in controlling tumor growth. Furthermore, the 

observed mIgG2a anti-tumor effect was entirely Fc-mediated as the 

protection was lost when an Fc silenced mIgG2a isotype (LALA-PG 

mutations) was used. These data confirm mIgG2a superiority in a 

therapeutic tumor model.  

 

Significance 

 

Direct comparisons of different antibody isotypes of the same specificity in 

cancer settings are still scarce. Here, it is shown that mIgG2a has a greater 

effect compared with mIgG1 and mIgE in controlling tumor growth in a 

therapeutic setting. 
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Introduction 

Monoclonal antibodies (mAbs) are among the fastest-growing class of drugs, 

with more than 100 mAbs with marketing approval since 19861. Most of 

them belong to cancer therapeutics2, where their introduction critically 

contributed to better outcomes and increased survival for different types of 

cancer. However, many patients are still unresponsive to such tumor-

targeting antibody therapy, underlying the need for further optimisation of 

antibody-based approaches. 

Most of the mAbs used in cancer therapy target tumor antigens which are, 

to varying extent, involved in tumor survival, growth and invasiveness. 

Interfering with tumor cell signalling pathways can induce tumor cell death 

on its own (e.g. anti-HER2, anti-EGFR)3,4. However, it has become 

increasingly apparent that Fc-mediated activation of the immune system 

substantially contributes to tumor cell destruction and the efficacy of 

treatment4,5. With their Fc tail, antibodies can engage the complement 

system and different effector cells such as natural killer cells and 

macrophages, mediating antibody-dependent cell-mediated cytotoxicity 

(ADCC), antibody-dependent cell-mediated phagocytosis (ADCP) and 

complement-dependent cytotoxicity (CDC) against tumor cells5,6. Since 

different antibody isotypes bind to different FcRs on immune cells and differ 

in their potential to activate the complement system, they can induce 

diverse immune responses. Thus, the downstream effector function is 

determined by antibody isotype.  

For murine IgG antibodies, it has been established that mIgG2a offers 

superior activity to mIgG1, mostly due to differential affinity for activating 

and inhibitory FcRs, also defined as activating-to-inhibitory (A/I) ratio. 

Similar to human IgG1, mIgG2a has high A/I ratio reflecting its high affinity 

for activating FcRs and low affinity for the inhibitory one. In contrast, mIgG1 

shows very low A/I ratio7. Based on the seminal publication by Nimmerjahn 

et al.8, mIgG2a has been dominantly used as the most active antibody 

isotype in mouse tumor models. Here, the tumor-targeting mIgG2a showed 

superior tumor control to mIgG1 in B16 lung metastasis model. However, 

the antibody treatment in this study was prophylactic, as it started on the 
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same day when the tumor cells were injected. On the other hand, the same 

antibody typically failed to control the tumor growth in a therapeutic setting 

once the tumors were established9. 

Therefore, the aim of this study was to compare the in vivo efficacy of tumor-

targeting antibodies of different isotypes in a therapeutic setting. To this 

end, we followed a similar approach as in the prophylactic setting8 and 

compared the therapeutic efficacy of one specific monoclonal antibody with 

either a mIgG2a, mIgG1 or mIgE isotype. Our results show that mIgG2a was 

superior to both mIgE and mIgG1 in controlling tumor growth in a 

therapeutic setting. Furthermore, the observed mIgG2a anti-tumor effect 

was entirely Fc-mediated as the protection was lost when an Fc-silenced 

mIgG2a isotype (via LALA-PG mutations) was used.  

Materials and methods 

Antibody design, production and purification 

Amino acid sequences of all anti-Thy1.1 antibodies are provided in 

Supplementary Table 1. The design and production of murine anti-Thy1.1 

IgG1 and IgE has been done as described before10. In short, the starting point 

was OX7 hybridoma (anti-Thy1.1 IgG1) which was sequenced in order to 

obtain heavy and light chain variable domain sequences (VH, VL). Next, we 

designed chimeric anti-Thy1.1 mIgE and mIgG1 heavy chains by combining 

the VH with the known sequences of the constant domains of murine IgE or 

IgG1 (CHs). Just between VH and CH domains, a unique restriction site (AfeI) 

was introduced, allowing us to change the isotypes by cloning. The IgG2a HC 

and the IgG2a HC featuring silencing LALA-PG mutations were cloned using 

standard cloning techniques from plasmids available in house (anti-Siglec 

and anti-TNFR2, respectively) into the pcDNA3.1(+) encoding for anti-

Thy1.1_VH (Fig.1 A, B). Correct clones were confirmed by Sanger sequencing 

(GENEWIZ). The plasmid encoding for the anti-Thy1.1 light chain was de novo 

synthesized (GeneArt).  

Anti-Thy1.1 IgG2a and anti-Thy1.1 IgG2a-LALA-PG were produced in 

ExpiCHO-S™ cells and FreeStyle293 cells, respectively, as described before10. 

Purification was done with MabSelect SuRe LX resin. Anti-Thy1.1 IgG2a had 
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to be polished with preparative size-exclusion chromatography (SEC) (data 

not shown). Preparative SEC and the quality control consisting of UPLC-SEC, 

CE-SDS and SDS-PAGE were performed as described previously10. 

Thy1.1 plasmids 

Full-length Thy1.1 was cloned from pCR4-Blunt-TOPO into pcDNA3.1(+) with 

EcoRI and ApaI two-step digestion, using a standard cloning procedure. In 

short, digested bands of interest were excized from the gel and extracted 

with Qiagen Gel Extraction Kit, according to manufacturer’s protocol. 

Dephosphorylation of the vector and subsequent ligation were done with 

Rapid DNA Dephos & Ligation Kit (Roche) in 1:3 vector:insert molar ratio. 

DH5α competent cells were transformed with the ligation reaction and 

plated on LBampicillin plates. Colonies were picked, expanded and 

submitted to plasmid isolation with MidiPrep Kit (GenElute HP, Sigma). The 

correct clone was confirmed by Sanger sequencing with T7 promoter and 

BGH-R universal primers (Macrogen).  

GPI anchor of Thy1 was replaced with MHC-1 transmembrane domain in the 

following way.  Thy1.1 propeptide, which is removed when GPI is attached 

to Cys130 in the endoplasmic reticulum, was replaced with a part of MHC-1 

molecule (Uniprot ID P01900) consisting of the connecting peptide, 

transmembrane domain and cytoplasmic region. pcDNA3.1(+)_Thy1.1-MHC-

1 plasmid was de novo synthesized (Biomatik). Thy1.1-MHC-1 was cloned 

into a pSG5 vector using standard cloning techniques described above with 

EcoRI and BglII restriction enzymes in two-step digestion. The correct clone 

was confirmed by Sanger sequencing (University of Dundee). The amino acid 

sequence of the designed construct is given in Supplementary Table 2. 

Cell culture 

The B16-OVA cells with intracellular ovalbumin (OVA) were a kind gift from 

Ton Schumacher (The Netherlands Cancer Institute)11. Cell line 

authentication was not performed, except confirming OVA expression with 

Western blot analysis. They were cultured in Iscove’s modified Dulbecco’s 

medium (IMDM; Gibco) supplemented with 10% heat-inactivated Fetal 

Bovine Serum FBS (Gibco), 1% penicillin/streptomycin (Gibco), 2mM L-
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glutamine (Gibco) and 50 µM 2-mercaptoethanol (Gibco; IMDM complete). 

CHO.K1 cells (ATCC CCL-61) were cultured in DMEM/F12 medium (Gibco) 

supplemented with 5% New Born Calf Serum (Biowest) and 1% 

penicillin/streptomycin (Gibco). No regular Mycoplasma testing was 

performed. 

Generation of B16-OVA-Thy1.1 stable cell line 

B16-OVA cells were co-transfected with 1.5 μg of pSG5-Thy1.1-MHC-1 

plasmid and 0.5 μg of pLXSP plasmid coding for puromycin resistance with 

FuGENE HD reagent (Promega) in 6:1 FuGENE: DNA ratio. Briefly, the DNA 

was diluted in OptiMEM medium, after which FuGENE HD was added, and 

the mixture was incubated for 10 min at room temperature. The transfection 

mixture was added dropwise to the cells at 80% confluency. 24 h after 

transfection, 3 μg/mL of puromycin was added to the culture medium, and 

the cells were grown under puromycin pressure for 10-14 days. Selected 

cells were stained with 2μg/mL of PE anti-Thy1.1 antibody (OX7 clone, 

Biolegend #202524) and single-cell sorted into 96-well plates containing the 

selection medium with puromycin. Thy1.1 expression was regularly 

monitored by flow cytometry with the antibody mentioned above on 

FACSCanto. Positive clones were expanded and the one showing stable 

Thy1.1 expression even after puromycin retrieval was selected for the in vivo 

study. 

Thy1.1 transient transfection and cell ELISA 

An amount of 24 μg of pcDNA3.1(+)-Thy1.1 plasmid was transfected into 

CHO.K1 cells (10 mm Petri dish, 80% confluent) using the lipofectamine 2000 

reagent (Invitrogen) according to the manufacturer’s recommendation. The 

following day, cells were plated into a 96-well plate (5 x 105 cells/well). Two 

days after transfection, an antibody binding ELISA was performed. The cell 

supernatant was discarded, and either anti-Thy1.1 IgE, IgG2a or IgG1 were 

added in serial dilutions. After incubation at room temperature for 1 h, goat 

anti-mouse IgE-HRP conjugate (Southern Biotech, 1:4000) or goat anti-

mouse IgG Fc-HRP (Jackson Immuno Research 1:5000) in 1:1 1% BSA 

PBS/PBST were added for 45 min at room temperature. Immunoreactivity 
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was visualized with TMB Stabilized Chromogen (Invitrogen). Reactions were 

stopped after 15 min with 0.5M H2SO4, and absorbances were read at 450 

nm and 620 nm. All samples were tested in duplicate. 

 

OT-1 activation 

Fresh spleens from OT-1 mice were used for splenocyte isolation. The 

spleens were mashed through a 70 µm cell strainer, after which the Red 

Blood Cell Lysing Buffer (Hybri-Max, Sigma) was used to remove any 

erythrocytes. The splenocytes were plated at the density of 0.5 million 

cells/ml in 12-well plates (1ml/well). They were cultured in IMDM medium 

(Gibco) supplemented with 10% heat-inactivated Fetal Bovine Serum 

(Gibco), 1% penicillin/streptomycin (Gibco), 2mM L-glutamine (Gibco), 50 

µM 2-mercaptoethanol (Gibco) and 2µg/mL OVA peptide (SIINFEKL). 48h 

later (day 2), the cells were subcultured 1:2. On day 3, the activated OT-1 

cells were washed with PBS and injected intravenously via tail. OT-1 

activation was confirmed by flow cytometry based on CD8 (BD Biosciences) 

and CD25 (Biolegend) expression using FACS anlysis. Consistently we found 

that about 90% of the cells injected were fully activated OT-1 (CD8+ CD25+) 

(Fig. S3A).  

Mice 

OT-1 mice were maintained in the animal facility at the University of 

Edinburgh. Age-matched, 6–10-week-old female mice on a C57BL/6 

background were purchased from Charles River. Experiments were carried 

out under the project license PPL: PP7488818. All animal experiments were 

approved by The University of Edinburgh. 

 

Tumor rejection studies 

After thawing, B16-OVA-Thy1.1-MHC1 cells were cultured for about a week 

(~3 passages) before injecting into mice. 5 x 105 B16-OVA-Thy1.1-MHC-1 

cells were subcutaneously injected into the right flank. Antibody treatment 

consisted of either 200 µg anti-Thy1.1 IgG2a or 200 µg anti-Thy1.1 Ig1 or 10 

µg anti-Thy1.1 IgE (all in house produced as described above). IgGs were 
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administered intraperitoneally, whereas IgE was administered 

intravenously. The antibodies were injected on days 7, 13, 17 and 24. Some 

mice received the adoptive cell transfer of 2.5 x 105 activated OT-1 cells in 

PBS intravenously on day 13. The tumor size was measured regularly with a 

calliper. The mice were sacrificed when the tumors reached 10 mm in 

diameter or at the first sign of ulceration or if significant weight loss was 

observed (> 20% of initial weight). Tumor volume was calculated by the 

modified ellipsoidal formula: V = ½ (Length × Width2). 

CDC assay 

B16-OVA and B16-OVA-Thy1.1 cells were detached with 2mM 

Ethylenediamine tetraacetic acid (EDTA) (Gibco) and were pre-stained with 

eF450 and eF670 (eBioscience) respectively, following manufacturers’ 

instructions. The stained cells were then mixed in 1:1 ratio in 96-well round 

bottom plate (5 x 105 cells per well). Cells were washed three times with 

FACS buffer (1% FBS in PBS) at 400g for 3min at 4 °C and incubated with 

indicated antibodies at 50 μg/ml (50 μl per well) for 30min at 4 °C in the dark. 

Next, the cells were washed three times and were incubated with pre-

warmed Rabbit Complement (RC) (Cedarlane) diluted 1:8 in IMDM complete 

media (50μl of RC/well). The cells were incubated for 1 hour at 37 °C, after 

which DNAse (Promega) (1 U/μl) diluted in FACS buffer was added and the 

cells were washed three times. Finally, the cells were resuspended in 150 μl 

FACS buffer with 1 mg/ml Propidium iodide (PI) (Sigma Aldrich). 100 μl of the 

stained cells were analysed on a FACS LSRFortessa (BD) using the software 

program BD FACSDiva. Further analysis was performed with FlowJo and 

shown results plotted in GraphPad. 

 

Generation of NK cells 

Spleens from Rag1 KO mice were homogenized and submitted to red blood 

cell lysis using the RBC lysis buffer (Sigma Aldrich). The splenocytes were 

seeded at 2 x 106 cells/ml in 24-wells plates with RPMI (Sigma) 

supplemented with 10% heat-inactivated Fetal Bovine Serum (Gibco), 1% 

penicillin/streptomycin (Gibco), 2mM L-glutamine (Gibco), 50 µM 2-

mercaptoethanol (Gibco), 20 ng/ml of IL-2 (BD Pharmingen) and 20 ng/ml of 
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IL-15 (Peprotech). Cells were used at day 5 when ~95% of intact cell 

population was identified as NK cells based on the expression of NKp46 

(eBioscience) and NK1.1 (eBioscience) and lack of expression of CD3 (BD 

Pharmingen) by flow cytometry (CD3- NKp46+ NK1.1+) using FACS 

LSRFortessa (BD). 

Antibody-dependent cell cytotoxicity (ADCC) assay 

B16-OVA and B16-OVA-Thy1.1 target cells were detached with 2mM EDTA 

(Gibco) and added to 96-well round bottom plates at 1 x104 cells/well. The 

indicated anti-Thy1.1 antibodies were added at 10 μg/ml per well in FACS 

buffer and incubated for 30min at 4 °C, followed by two washing steps with 

FACS buffer at 400g for 3min at 4 °C. The live effector NK cells were counted 

using trypan blue staining and a viability of about 95% was consistently 

observed. NK cells were then added in pre-warmed media at 3-fold 

decreasing concentrations starting at 9:1 effector:target ratio. The cells were 

centrifuged at 400g for 2min to concentrate them at the bottom of the wells 

and ADCC assay was run for 4 hours at 37 °C. After 4 hours of incubation, the 

cells were centrifuged at 300g for 5min, and the supernatant was used to 

assess the cell toxicity with CytoTox 96® Non-Radioactive Cytotoxicity Assay 

LDH cytotoxicity Assay kit (Promega) following manufacturer’s instructions. 

The LDH activity of medium alone was subtracted from the LDH activity of 

test conditions to obtain the corrected values. These corrected values were 

then used to calculate the percentage of cellular cytotoxicity using the 

following formula: percentage specific lysis =  
(𝐸+𝑇+𝑚𝐴𝑏)−(𝐸+𝑇)

𝑇 max 𝑙𝑦𝑠𝑖𝑠 −𝑇
 x 100, where 

E are the effector cells, T are the target cells and Tmax the lysed target cells 

alone.  

Statistical analysis 

Statistical analysis was performed in GraphPad Prism software. Survival was 

evaluated with the Mantel-Cox test.  P-values of ≤0.05 were considered 

statistically significant. ns = P>0.05, * = P≤0.05. CDC assay was evaluated by 

one-way ANOVA applied to subtracted values (no RC – with RC) of each 

condition. ADCC assay was evaluated by multiple t-test at each specific ratio. 
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Indicated * mean the significant difference between B16-OVA-Thy1.1 IgG1 

and IgG2a versus all the other conditions.  

Data availability  

Data were generated by the authors and included in the article. The data 

generated in this study are available within the article and its supplementary 

data files. Raw data is available upon request from the corresponding 

author.  

Results 

Expression of anti-Thy1.1 antibodies with different Fc-isotypes 

To compare different isotypes in a therapeutic setting, we repeated an approach 

used by Nimmerjahn and colleagues8 and expressed antibodies with the same 

specificity but different isotypes (Fig. 1A). For our study, we chose an antibody, 

which recognises CD90.1 / Thy1.1, a congenic marker often used for 

immunological studies. This antibody binds to lymphocytes expressing 

Thy1.1, which is expressed by some mouse lines, such as AKR mice, but does 

not bind to Thy1.2, which is expressed by other mouse lines, such as 

C57BL/6. To this end, we sequenced the heavy and light chain variable 

domain sequences (VH, VL) of the OX7 hybridoma (anti-Thy1.1). OX7 

expresses antibodies with an IgG1 isotype and is known to lack cell depleting 

activity once injected into mice. We therefore designed chimeric anti-Thy1.1 

mIgG2a heavy chains by combining the VH with the known sequences of the 

constant domains of murine IgG2a (CHs). In addition, we expressed 

antibodies with the same anti-Thy1.1 specificity but an IgE isotype. This was 

mainly due to the fact that in some preclinical models, IgE antibodies have 

been shown to exhibit superior tumor control in comparison to their IgG 

homologs12,13.  

The anti-Thy1.1 antibodies with different Fc-isotypes were expressed in vitro 

and purified using MabSelect SuRe LX resin. Preparative size-exclusion 

chromatography (SEC) and quality control consisting of ultra-performance 

liquid chromatography (UPLC)-SEC, capillary electrophoresis sodium dodecyl 

sulphate (CE-SDS) and SDS-PAGE were performed. Size-exclusion ultra-

performance liquid chromatography (SE-UPLC) showed that all three 
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antibodies (anti-Thy1.1 IgG1, IgG2a and IgE) reached monomericity levels of 

>95% (Fig. S1A). Next, the purity was tested by CE-SDS. Since CE-SDS was not 

optimized for IgE, we also included SDS-PAGE to confirm the correct 

molecular weights and purity of IgE. The analysis under non-reducing 

conditions confirmed the expected molecular weights and indicated that a 

high purity (>90%) was reached in all samples (Fig. S1B (left) and S1C). 

Furthermore, only heavy chain (HC) and light chain (LC) were observed 

under reducing conditions, confirming the correct sample composition (Fig. 

S1B (right) and S1C).  

 

Figure 1. Panel of the different OX-7 antibodies targeting Thy1.1 used. (A) 

Schematic summary of the different isotypes of OX7 antibodies used. Fab (Fragment 

antigen-binding). (B) Cell binding ELISA of anti-Thy1.1 antibodies. The binding of 

anti-Thy1.1 IgG1, IgG2a and IgE was tested on CHO cells transiently transfected with 

an empty vector (left) or Thy1.1 (right). Isotype controls were used for each antibody 

isotype. Mean + SD of duplicates are shown.  

Taken together, the produced antibodies complied with high-quality 

standards regarding monomericity and purity. In addition, we confirmed 

that the antigen binding was preserved in binding ELISA with Thy1.1 

expressing CHO cells (Fig. 1B). Importantly, no difference in binding was 

observed between different isotypes. 
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Stable Thy1.1 expression by B16-OVA cells 

CD90 (Thy1) is a glycophosphatidylinositol (GPI) anchored cell surface 

protein, and it is, therefore, susceptible to the cleavage of GPI anchor by 

Phospholipase-C14 (Fig. 2A). To overcome a possible loss of expression, as it 

has been reported before15,  we replaced the GPI anchor of Thy1.1 with a 

murine MHC-1 transmembrane domain (Fig. 2B). Transfected B16-OVA cells 

were tested for their expression stability for about five weeks. B16-OVA-

Thy1.1 clone showed no changes in Thy1.1 expression even after removal of 

puromycin used for selection, confirming stable expression by this clone (Fig. 

2C-E). The replacement of the Thy1.1 transmembrane domain did not affect 

the binding capacity of anti-Thy1.1 antibodies, as Thy1.1-MHC-1 expression 

levels were measured using the same anti-Thy1.1 antibody clone (OX7). 

 

Figure 2. Thy1.1-MHC-1 expression on B16-OVA cell. B16-OVA cells were co-

transfected with pSG5-Thy1.1-MHC-1 and pLXSP, selection agent (puromycin) was 
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added 24h after transfection and single-cell sorting was performed after at least 10 

days of growing the cells in the selection medium. Thy1.1 expression was regularly 

tested by FACS. Schematic representation of (A) Thy1.1 with its GPI anchor and (B) 

the designed construct in which the GPI anchor has been replaced with MHC-1 

transmembrane domain. (C-E) FACS analysis of Thy1.1 expression on B16-OVA cells 

after transfection with pSG5-Thy1.1_MHC-1. (C) Transient expression 24h after 

transfection. (D) Expression at single-cell sorting. (E) Expression on the selected clone 

on the indicated days.  

Different CDC and ADCC profiles for IgG2a, IgG1 and IgE antibodies 

To assess the capacity of the different antibodies to induce complement-

mediated CDC and NK cell-mediated ADCC, in vitro cytotoxicity assays were 

performed. In order to detect on-target CDC killing, we mixed B16-OVA-

Thy1.1 target cells with B16-OVA control cells in 1:1 ratio and tested how the 

ratio changes after antibody-mediated complement activation. As expected, 

only IgG2a significantly reduced the ratio (Fig. 3A-B), suggesting that only 

the IgG2a isotype successfully mediated CDC against target cells. 

Furthermore, as a control, the introduction of the Fc silencing LALA-PG 

mutations into IgG2 isotype abrogated the complement mediated activity 

(Fig 3B). In parallel, different antibody isotypes were evaluated in an ADCC 

assay where NK cells were used as effector cell population (Fig. S2). Here, 

both IgG2a and IgG1 showed high cytotoxicity towards B16-OVA-Thy1.1 cells 

(Fig. 3C), whereas IgE and IgG2a-LALA-PG did not induce NK cell-mediated 

cell killing. Finally, no cytotoxicity was observed with B16-OVA control cells 

not expressing Thy1.1 antigen with any of the tested isotypes.  

Taken together, these data show that the expressed antibodies retained 

their described effector function. Although our data showed the highest 

complement-mediated activity for IgG2a, the ADCC effect was similar for 

both IgG2a and IgG1. This is to be expected as NK cells were used as effector 

cells in the ADCC assay. NK cells only express FcγRIII16,17, which shows similar 

binding profiles for IgG1 and IgG2a18. Nonetheless, IgG2a presents higher 

affinity for the activating FcγRIV, which is absent on NK cells, but present on 

macrophages. Therefore, in vivo, where macrophages may also contribute 

as effector cells, superior effector function of IgG2a expressing antibodies 

could be postulated19–21. 
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Figure 3. CDC and ADCC profiles of anti-Thy1.1 IgG1, IgG2a, IgE and IgG2a-LALA-

PG. (A) Representative plots used to calculate B16-OVA-Thy1.1:B16-OVA ratio. First, 

B16 cells were gated based on FSC-A / SSC-A properties. Next, Live cells were based 

on FSC-A/ PI staining. Live cells were gated for single cells based FSC-A / FSC-W. 

Target cells B16-OVA-Thy1.1 are found in Q3 as eF670+ and B16 are found as Q1 as 

eF450+. Data representative from samples incubated isotype control or OX7.IgG2a 

and with RC. (B) B16-OVA-Thy1.1 target cells and B16-OVA control cells were 

previously stained, then co-incubated with 50 μg/mL of anti-Thy1.1 antibodies at 4 

°C for 30 min and finally incubated with RC for 1h at 37 °C. Cells were analyzed by 

FACS and B16-OVA-Thy1:B16-OVA ratio was calculated. (C) B16-OVA-Thy1.1 target 

cells and B16-OVA control cells were incubated independently with 10 μg/mL of anti-

Thy1.1 antibodies and then co-incubated at various effector-to-target ratios with NK 

cells for 4 h at 37 °C. CytoTox 96® Non-Radioactive Cytotoxicity Assay LDH 

cytotoxicity Assay kit was used to assess cytotoxic effect mediated by the antibodies. 

Mean + SD of triplicates are shown of a representative biological replicate out of n=3 

biological replicates. (Statistics: CDC assay - one-way ANOVA on subtracted values 

(no RC – with RC); ADCC assay – multiple t-test, ***P < 0.001) 
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IgG2a antibodies show superior therapeutic tumor control to their IgG1 

and IgE homologues  

To test the therapeutic capacity of different antibody isotypes to control 

tumor growth in a syngeneic mouse model, C57BL/6 mice were 

subcutaneously injected with B16-OVA-Thy1.1 cells and treated with either 

anti-Thy1.1 IgG2a, IgG1 or IgE antibodies, starting on day 7 after tumor cells 

transfer (Fig. 4A). Similar to the prophylactic setting, in this therapeutic 

setting antibody treatment with an IgG2a isotype showed superior tumor 

growth control compared with antibodies with an IgG1 or IgE isotype (Fig. 

4B-C). Whereas all IgG1 (10/10) or IgE (12/12) treated animals reached the 

human defined endpoint by day 49, 50% (6/12) of IgG2a antibody treated 

mice showed very small or no tumor growth at all, at day 60. Median survival 

was 24 days for IgG1 and 26 days for IgE, compared to 48 days for IgG2a (Fig. 

4D).  

Figure 4. Superior tumor growth control of anti-Thy1.1 IgG2a in vivo. C57BL/6 mice 

were subcutaneously injected with 50 000 B16-OVA-Thy1.1 cells in the flank and 

were treated with anti-Thy1.1 IgG1, IgG2a or IgE antibodies. (A) Experimental 

scheme of the antibody isotype comparison in the B16-OVA-Thy1.1 model. (B) Tumor 
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growth curves. (C) Survival analysis. (D) Median survival in days. Statistical 

significance was calculated with the Mantel-Cox test. * = P≤0.05 B, C and D: n=10-

12, combined data of two independent experiments.   

To confirm that the superior tumor control is mediated via the IgG2a 

interaction with the immune system, we introduced LALA-PG mutations in 

the constant domain of the IgG2a heavy chain. LALA-PG mutations have 

been shown to significantly reduce the binding of both human and murine 

IgG antibodies to Fcγ receptors22. In the case of mIgG2a, the binding to FcγRI, 

II and IV is completely interrupted, while the binding to FcγRIII is reduced 

more than 50-fold. In addition, LALA-PG mutants show decreased C1q 

binding and C3 fixation in murine serum and, consequently, lose the capacity 

to mediate complement mediated cell lysis. When we compared the anti-

Thy1.1 IgG2a and IgG2a-LALA-PG in vivo, we observed a complete loss of 

efficacy with the Fc-silenced antibody (Fig. 5A).  

 

 

 

 

 

 

Figure 5. In vivo tumor control is lost when IgG2a Fc tail is silenced. C57BL/6 mice 

were subcutaneously injected with 50 000 B16-OVA-Thy1.1 cells in the flank and 

were treated with anti-Thy1.1 IgG2a (active) or anti-Thy1.1 IgG2a-LALA-PG (Fc 

silent) antibody. (A) Tumor growth curves. (B) Survival analysis. (C) Median survival 

in days. Combined data of three independent experiments are shown (n=12-16). Blue 

lines in Fig. 5A are indicative of data from figure 4 in IgG2a and control group. 

Statistical significance was calculated with the Mantel-Cox test. (*P < 0.1,**P < 0.01) 

4 



Chapter 4   
 

 116 

Whereas IgG2a survival rate was around 50% at day 60, all mice treated with 

IgG2a-LALA-PG reached the endpoint by day 39 (Fig. 5B). Median survival 

was 42 days for IgG2a compared to 25,5 days for IgG2a-LALAPG and 27 days 

for the untreated group (Fig. 5C). These results clearly show that the 

observed anti-tumor effect of the anti-Thy1.1 IgG2a antibody was Fc 

mediated and isotype dependent. 

Antibody treatment is not synergising with T-cell based adaptive cell 

transfer (ACT) 

In addition, the antibodies were also tested in combination with the 

adoptive cell transfer of activated OT-1 cells. B16-OVA tumors are 

characterized by an immune-suppressive tumor microenvironment 

dominated by T regulatory cells (Tregs). It has been shown that depletion of 

intratumoral Tregs offers tumor protection when combined with the GVAX 

vaccine due to enhanced activation of CD8+ T cells23,24. These data suggest 

that, in this setup, OT-1 efficacy can be inversely correlated with Treg 

function. With the B16-OVA cell line that we used, OT-1 monotherapy is 

usually ineffective when given after day seven post tumor implantation. 

Therefore, we injected the OT-1 cells at a later stage of tumor development 

when they can no longer control the tumor growth due to an established 

immune-suppressive tumor microenvironment. This allowed us to test 

whether our antibodies attenuate this immune-suppressive tumor 

microenvironment (TME) and may rescue OT-1 efficacy. Nonetheless, our 

results show that OT-1 treated mice had similar outcomes to those that did 

not receive OT-1 adoptive cell transfer (Fig. S4A). These data suggest that 

none of the IgG2a, IgG1, or IgE treatments synergized with ACT treatment. 

Discussion 

In mice, the efficacy of antibody-based treatments is largely restricted to a 

prophylactic application, but lack efficacy in a therapeutic setting, once the 

tumor has been established. In this study, we directly compared the 

therapeutic activity of murine IgG2a, IgG1 and IgE antibodies of the same 

specificity, targeting a surface tumor antigen (Thy1.1). Wild type mice 

bearing syngeneic B16-OVA-Thy1.1 tumors were used for this purpose. Our 
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results show that in this setting antibodies with an IgG2a isotype offer 

superior tumor control in comparison to antibodies with an IgG1 or IgE 

isotype. The observed effect was entirely Fc-mediated as it was completely 

lost using IgG2a featuring Fc silencing LALA-PG mutations. 

IgG2a is known as the most active IgG subclass in mice due to its high A/I 

ratio. Nevertheless, direct comparisons of different antibody isotypes of the 

same specificity in cancer settings are still scarce, although the first 

mechanistic basis for different activity of IgG subclasses was provided in 

20058. By using the B16-F10 lung metastasis model and a prophylactic 

treatment with TA99 antibody of different IgG subclasses (targeting Trp1 

expressed on B16-F10 cells), the authors showed in that study that IgG2a 

offers superior tumor control to IgG1, IgG2b and IgG38. However, these TA99 

antibodies lack activity in a therapeutic setting9. Furthermore, Dahan et al. 

showed that an anti-PD-L1 IgG2a antibody is superior to IgG1 in MC38 and 

B16-OVA tumor models25. However, PD-L1 expression is not restricted to 

tumor cells and has a substantial influence on local immune responses 

within tumors, making it challenging to extrapolate these results to 

exclusively tumor antigen-targeting mAbs.  

Here, we sought to further our understanding of the therapeutic capacity of 

IgG2a expressing antibodies. To this end, we focused our study exclusively 

on therapeutic setting and started antibody-based treatment on day 7 after 

tumor cell injection. Furthermore, we focused our study on an artificial and 

well-characterized model antigen exclusively presented by tumor cells. For 

this purpose, Thy1.1 was chosen as a target antigen. As wild type C57BL/6 

mice express only Thy1.2, the anti-Thy1.1 antibody treatment is tumor-

selective. Furthermore, in contrast to other model tumor antigens, Thy1.1 

has not functional importance for the tumor cell as such. Therefore, the anti-

tumor effect observed is solely due to Fc-mediated effects, making it an ideal 

model system for comparing the therapeutic efficacy of different antibody 

isotypes.  

In addition, we also included antibodies expressing the IgE isotype in this 

study. In multiple preclinical studies, antibodies with the IgE isotype have 

been shown to mediate superior anti-tumor effects in comparison to 
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antibodies expressing commonly used IgG isotypes12,13,26. However, these 

studies have not addressed the potential outcome of IgE-mediated 

activation of mast cells (MCs) and basophils on tumor development. Since 

IgE can induce extremely potent immune reactions through these cell types, 

diverting them against tumor cells could have therapeutic benefits. Mice 

represent a good model for addressing this question, as their FcεRI 

expression is limited to MCs and basophils27. Nonetheless, our results show 

that IgE treatment did not have any effect on tumor growth, as the growth 

curves and survival rate of IgE antibody treated mice were not significantly 

different compared to untreated mice. A similar approach has been recently 

used by a group at Massachusetts Institute of Technology (MIT) that showed 

that IgE targeting a surface tumor antigen could not successfully control the 

tumor growth in B16-OVA and MC-38 models in C57BL/6 wild type mice28. 

In many studied types of tumor, mast cells have been detected to be located 

mainly in the peritumoral and less so in the intra-tumoral space29. Therefore, 

a lack of effect as we observed it with IgE based antibody treatment could 

potentially be explained by a poor presence of IgE effector populations 

within B16-OVA tumors. Thus, targeting a surface tumor antigen with an IgE 

antibody may not be optimal for MC/basophil activation. Such limitations 

could potentially be overcome by using soluble tumor antigens, as they may 

have a higher probability of reaching MCs at the tumor edges. In line with 

such an assumption, our data may suggest that a tumor resident cell surface 

antigen, such as Thy1.1 we used in our model system, might not be an 

optimal IgE target for inducing MC and basophil activation at the site of solid 

tumors. Therefore, in order to perform a proper comparison between the 

therapeutic capacity of antibodies with an IgG2a and an IgE isotype, studies 

using mice with a humanised expression pattern of the IgεR12,13,26 appear 

warranted. 

Finally, we combined antibody treatment with OT-1 adoptive cell transfer, 

which, as monotherapy, is usually not effective in rejecting already 

established B16-OVA tumors due to the immune-suppressive TME of the 

tumor11. To our knowledge, such combination therapies consisting of tumor-

targeting antibodies and adoptively transferred CTLs have not been 

previously tested. However, they could potentially have a beneficial effect, 
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if the antibody treatment could attenuate the immune-suppressive state of 

the TME. We were particularly interested, if IgE could mediate such an effect 

by inducing the Treg suppression via histamine released from degranulating 

MCs30. Nonetheless, none of the tested antibody isotypes was able to 

improve the efficacy of OT-1 treatment, not even treatment with the IgG2a 

antibody which showed substantial efficacy in monotherapy. Such findings 

indicate that the immune-suppressive tumor microenvironment within the 

transferred B16 tumors may not have been substantially altered by the 

antibody treatment.  

Nonetheless, one should keep in mind that such a lack of response as we 

have observed it in our study might not necessarily be generalisable. We 

purposely chose the well-established B16 melanoma model system for our 

study, as it allowed us to keep all other factors stable, but selectively 

manipulate exactly one variable, i.e. the isotype of the heavy chain of the 

used antibodies. However, using such a highly artificial model system also 

has its limitations, as other tumor models might potentially be more 

susceptible to antibody mediated shifts in the TME.  B16 melanoma, for 

instance, are not particularly susceptible to PD-1 targeted antibody 

treatment, while the colon carcinoma cell line MC38 is highly responsive to 

such treatment. Therefore, it might be worthwhile to investigate 

susceptibilities of different tumor models to ACT in combination with 

therapeutic antibody treatment in future studies. Furthermore, it appears 

necessary to aim for a better understanding of how such combined 

treatment might influence immune cell influx. Due to technical limitations, 

we could not assess such differences following the treatment with different 

antibodies in this study. However, there has been substantial progress in the 

field of highly sensitive techniques that might allow to explore this aspect in 

future studies. As mentioned before, in particular with respect to IgE 

antibodies such studies might be able to open entire novel fields of research 

and, potentially, therapeutic treatment opportunities. Alternatively, 

synergisms between tumor targeting antibody treatment and regulatory T-

cell (Treg) depleting antibodies might want to be explored in more detail. In 

the B16 melanoma model system, it has been shown that targeting intra-

tumoral Tregs, using CTLA-4 antibodies, offers tumor protection when 

4 



Chapter 4   
 

 120 

combined with CD8 T-cell inducing vaccination23,24. Therefore, at this stage, 

it remains tempting to speculate that in future experiments a combination 

of Treg-depleting or TGFβ-neutralising antibody treatments with tumor 

antigen targeting antibodies may show synergistic effects in reverting an 

immunosuppressive TME and, hence, in enhancing the efficacy of treatment. 

Therefore, in conclusion, while this study provides in vivo evidence that 

tumor antigen-targeting IgG2a is superior to its IgG1 and IgE homologs in 

controlling the tumor growth in a therapeutic setting in wild type C57BL/6 

mice, future studies may have to dissect how these different isotypes 

influence immune cell influx into tumors and gauge their capacity to 

influence the immunosuppressive micro-environment within tumors. 
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Supplementary material  

Supplementary Table 1. Amino acid sequences of anti-Thy1.1 antibodies. Signal 

peptides are highlighted in grey, and LALA-PG mutations in cyan. 

Anti-Thy1.1 IgG2a HC 

MAVLGLLFCLVTFPSCVLSEIQLQQSGPELMKPGASVKISCKASGYSFTSYYMDWVKQSH
GKNLEWIGYIDPFNGDTSYNQKFKDKATLTVDKSSSTAYMHLSSLTSEDSAVYYCARGIYY
GYGGYFDYWGQGTTLTVSSAKTTAPSVYPLAPVCGDTTGSSVTLGCLVKGYFPEPVTLTW
NSGSLSSGVHTFPAVLQSDLYTLSSSVTVTSSTWPSQSITCNVAHPASSTKVDKKIEPRGPTI
KPCPPCKCPAPNLLGGPSVFIFPPKIKDVLMISLSPIVTCVVVDVSEDDPDVQISWFVNNVE
VHTAQTQTHREDYNSTLRVVSALPIQHQDWMSGKEFKCKVNNKDLPAPIERTISKPKGSV
RAPQVYVLPPPEEEMTKKQVTLTCMVTDFMPEDIYVEWTNNGKTELNYKNTEPVLDSDG
SYFMYSKLRVEKKNWVERNSYSCSVVHEGLHNHHTTKSFSRTPGK 

Anti-Thy1.1 IgG2a LALA-PG HC 

MAVLGLLFCLVTFPSCVLSEIQLQQSGPELMKPGASVKISCKASGYSFTSYYMDWVKQSH
GKNLEWIGYIDPFNGDTSYNQKFKDKATLTVDKSSSTAYMHLSSLTSEDSAVYYCARGIYY
GYGGYFDYWGQGTTLTVSSAKTTAPSVYPLAPVCGDTTGSSVTLGCLVKGYFPEPVTLTW
NSGSLSSGVHTFPAVLQSDLYTLSSSVTVTSSTWPSQSITCNVAHPASSTKVDKKIEPRGPTI
KPCPPCKCPAPNAAGGPSVFIFPPKIKDVLMISLSPIVTCVVVDVSEDDPDVQISWFVNNV
EVHTAQTQTHREDYNSTLRVVSALPIQHQDWMSGKEFKCKVNNKDLGAPIERTISKPKGS
VRAPQVYVLPPPEEEMTKKQVTLTCMVTDFMPEDIYVEWTNNGKTELNYKNTEPVLDSD
GSYFMYSKLRVEKKNWVERNSYSCSVVHEGLHNHHTTKSFSRTPGK 

Anti-Thy1.1 IgG1 HC 

MAVLGLLFCLVTFPSCVLSEIQLQQSGPELMKPGASVKISCKASGYSFTSYYMDWVKQSH
GKNLEWIGYIDPFNGDTSYNQKFKDKATLTVDKSSSTAYMHLSSLTSEDSAVYYCARGIYY
GYGGYFDYWGQGTTLTVSSAKTTPPSVYPLAPGSAAQTNSMVTLGCLVKGYFPEPVTVT
WNSGSLSSGVHTFPAVLQSDLYTLSSSVTVPSSTWPSETVTCNVAHPASSTKVDKKIVPRD
CGCKPCICTVPEVSSVFIFPPKPKDVLTITLTPKVTCVVVDISKDDPEVQFSWFVDDVEVHT
AQTQPREEQFNSTFRSVSELPIMHQDWLNGKEFKCRVNSAAFPAPIEKTISKTKGRPKAPQ
VYTIPPPKEQMAKDKVSLTCMITDFFPEDITVEWQWNGQPAENYKNTQPIMDTDGSYFV
YSKLNVQKSNWEAGNTFTCSVLHEGLHNHHTEKSLSHSPGK 

Anti-Thy1.1 IgE HC 

MAVLGLLFCLVTFPSCVLSEIQLQQSGPELMKPGASVKISCKASGYSFTSYYMDWVKQSH
GKNLEWIGYIDPFNGDTSYNQKFKDKATLTVDKSSSTAYMHLSSLTSEDSAVYYCARGIYY
GYGGYFDYWGQGTTLTVSSASIRNPQLYPLKPCKGTASMTLGCLVKDYFPNPVTVTWYSD
SLNMSTVNFPALGSELKVTTSQVTSWGKSAKNFTCHVTHPPSFNESRTILVRPVNITEPTLE
LLHSSCDPNAFHSTIQLYCFIYGHILNDVSVSWLMDDREITDTLAQTVLIKEEGKLASTCSKL
NITEQQWMSESTFTCKVTSQGVDYLAHTRRCPDHEPRGVITYLIPPSPLDLYQNGAPKLTC
LVVDLESEKNVNVTWNQEKKTSVSASQWYTKHHNNATTSITSILPVVAKDWIEGYGYQCI
VDHPDFPKPIVRSITKTPGQRSAPEVYVFPPPEEESEDKRTLTCLIQNFFPEDISVQWLGDG
KLISNSQHSTTTPLKSNGSNQGFFIFSRLEVAKTLWTQRKQFTCQVIHEALQKPRKLEKTIST
SLGNTSLRPS 
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Anti-Thy1.1 LC 

MSVLTQVLALLLLWLTGARCDIVLTQSPASLAVSLGQRATISCRASDSVDSFGNSFMHWF
QQKPGQPPKLLIYRASTPESGIPARFSGSGSRTDFTLTISPVEADDVATYYCQQSIEDPFTFG
GGTKLEIKRADAAPTVSIFPPSSEQLTSGGASVVCFLNNFYPKDINVKWKIDGSERQNGVL
NSWTDQDSKDSTYSMSSTLTLTKDEYERHNSYTCEATHKTSTSPIVKSFNRNEC 

 

Supplementary Table 2. Amino acid sequence of designed Thy1.1-MHC-1 construct 

Thy1.1-MHC-1  

MNPVISITLLLSVLQMSRGQRVISLTACLVNQNLRLDCRHENNTNLPIQHEFSLTREKKKHV
LSGTLGVPEHTYRSRVNLFSDRFIKVLTLANFTTKDEGDYMCELRVSGQNPTSSNKTINVIR
DKLVKCGKEEPPSSTKTNTVIIAVPVVLGAVVILGAVMAFVMKRRRNTGGKGGDYALAPG
SQSSDMSLPDCKV 

Legend: Signal peptide – Thy1.1 without its propeptide – connecting peptide – 

transmembrane domain of MHC-1 – cytoplasmic domain of MHC-1 
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B 

Figure S1. Quality control of anti-Thy1.1 antibodies. (A) Monomericity was 
evaluated with UPLC-SEC, monomer percentage is shown; (B) CE-SDS under non-
reducing conditions and purity percentage (left) and under reducing conditions 
(right); (C) SDS-PAGE was used for IgE evaluation as a complementary method, since 
CE-SDS was not optimised for IgE. The data for IgE has been previously published10.  
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Figure S2. Flow cytometry data used for ADCC. (A) Characterization of NK population 
at day 5 derived from ex vivo material. Gating was done on unstained splenocytes at 
day 5 and its respective fluorescence-minus-one sample. First, NK cells were gated 
based on FSC-A / SSC-A properties. Next, single cells were gated based FSC-A / FSC-
W. NK population were gated as CD3 negative. Next to the CD3- population, NK 
population are found at NKp46+ NK1.1+ gate. 

 

Figure S3. Confirmation of OT-1 cells activation by flow cytometry. (A) 
Characterization of OT-1 cells at day 3 before injection. Gating was done based on 
FSC-A / SSC-A properties. Next, single cells were gated based FSC-A / FSC-H. OT-1 
cells were gated as CD8 positive and activated cells as CD25 positive. CD8 and CD25 
quadrants based on non-stained sample.  

 

Figure S4. No synergistic effected is achieved combining anti-thy1.1 antibodies 
with adoptive cell transfer of activated OT-1s. C57BL/6 mice were subcutaneously 
injected with 50 000 B16-OVA-Thy1.1 cells in the flank and were treated with anti-
Thy1.1 IgG1, IgG2a or IgE antibodies. Mice received the combination treatment 
consisting of anti-Thy1.1 antibodies and adoptive cell transfer of activated OT-1 cells. 
(A) Tumor growth curves.  n=5-6, the experiment was done once.  
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Abstract 

Tumor necrosis factor receptor 2 (TNFR2) has gained much research interest 

in recent years because of its potential pivotal role in autoimmune disease 

and cancer.  However, its function in regulating different immune cells is not 

well understood. There is a need for well-characterized reagents to 

selectively modulate TNFR2 function, thereby enabling definition of TNFR2-

dependent biology in human and mouse surrogate models. Here, we 

describe the generation, production, purification, and characterization of a 

panel of novel antibodies targeting mouse TNFR2. The antibodies display 

functional differences in binding affinity and potency to block TNFα. 

Furthermore, epitope binding showed that the anti-mTNFR2 antibodies 

target different domains on the TNFR2 protein, associated with varying 

capacity to enhance CD8+ T-cell activation and costimulation. Moreover, the 

anti-TNFR2 antibodies demonstrate binding to isolated splenic mouse Tregs 

ex vivo and activated CD8+ cells, reinforcing their potential use to establish 

TNFR2-dependent immune modulation in translational models of 

autoimmunity and cancer.  

Key words  

TNFR2, antibody, epitope, Cysteine-Rich Domain, costimulation, Treg 

Highlights 

• We have generated a diverse library of anti-mouse TNFR2 

antibodies  

• Developed anti-mouse TNFR2 antibodies show binding to 

regulatory T cells (Tregs) and activated CD8+ cells  

• Some anti-mouse TNFR2 antibodies costimulate CD8+ cells   
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Introduction  

The immune system encodes multiple controls evolved to ensure a balance 

of immune homeostasis ready to fight infections and inhibit the 

development of cancer, but also aiming to prevent unwanted inflammation 

and autoimmunity. A disbalance in immune regulation can contribute to 

immune overreaction, as recently observed in severe Covid-19 cases1, 

leading to autoimmune and infectious disease, inadequate tumor immunity, 

or even immune paralysis in sepsis. Blockade of immune checkpoint 

receptors such as programmed cell death protein 1 (PD-1) and cytotoxic T 

lymphocyte-associated protein 4 (CTLA-4) plays an important role in the 

treatment of cancer2,3. In contrast, defects in or deliberate blockade of 

immune checkpoint pathways may result in the loss of peripheral tolerance 

and autoimmunity4. Enhancing the activity of immune checkpoint pathways 

potentially using agonistic agents may hold promise for the treatment of 

autoimmunity5,6. In this context, tumor necrosis factor receptor 2 (TNFR2; 

TNFRSF1B; CD120b) might act as an immune checkpoint on T lymphocytes.   

In the past decade, the interest to target the co-stimulatory tumor necrosis 

factor receptor superfamily (TNFRSF) for immunotherapy of cancer7,8 and 

autoimmune disease9,10 has increased significantly. Approximately 30 

members of the TNFRSF have been identified. TNFRSF, together with its 

respective ligands, control cell survival, proliferation, differentiation, and 

effector function in different cell types, including immune cells11. Some of 

these receptors have already been defined to play a crucial role in immune 

dysfunction, autoimmunity, and cancer. For example, the CD40L-CD40 

interaction has been shown to be correlated with inflammatory and muscle 

wasting diseases12,13. Furthermore, promotion of antitumor T cell activity has 

been achieved by using several agonistic anti-CD40 antibodies14,15, and other 

examples include antibodies targeting CD27, 4-1BB, and OX40. However, 

these agonists are not yet a clinical success, likely due to promiscuous 

expression and function on other cells leading to safety concerns.  

Tumor necrosis factor α (TNFα) is involved in several immune response 

pathways mediating its activity via TNF receptor 1 (TNFR1) and TNF receptor 

2 (TNFR2). While TNFR1 is ubiquitously expressed on almost all cell types16, 
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TNFR2 expression is limited to certain subpopulations of immune cells. 

Beyond its expression on specific immune cell subpopulations, TNFR2 

expression has also been described for several other cell types, such as 

oligodendrocytes, cardiomyocytes, mesenchymal stem cells and endothelial 

progenitor cell17–20.  TNFα is the principal ligand of TNFR1 and TNFR2. TNFR1 

receptor signaling is activated through both soluble and membrane TNF-α, 

whereas TNFR2 is mainly activated by membrane TNF-α21. However, while 

TNFR1 stimulation can trigger both  a strong pro-inflammatory response as 

well as cell death through its death domains, TNFR2 stimulation has so far 

only be involved in cell survival, proliferation and differentiation as well as 

inducing a more anti-inflammatory response22. 

Due to its inducible expression on regulatory T cells (Tregs), TNFR2 has been 

identified as an important target in autoimmune diseases and cancer23. In 

mice, the highest TNFR2 expression is found on Tregs with potent 

immunosuppressive capacity, as well as on conventional T cells that resist 

Treg mediated immunosuppression. However, overall, in tumor-derived T 

cell populations, the suppressive effect appears to be dominant24. In cancer 

cells, TNFR2 expression has been correlated with tumor growth25 and its 

absence in CD8+ T cells with enhanced immune rejection26. TNFR2 signaling 

in innate immune lymphocytes enhanced allergic lung inflammation27. 

However, consistent with a role in Tregs, TNFR2 signaling suppressed 

autoimmunity in the central nervous system28. Furthermore, the induction 

of Treg differentiation by specific cell types, such as mesenchymal stem cells, 

has also been shown to be TNFR2 dependent29. Therefore, TNFR2 is an 

appealing target in both cancer and autoimmune disease. Although TNFR2 

was recently considered an immune checkpoint, its role in different immune 

cells and diseases is not well understood and requires well-defined reagents.   

Here, we generated and characterized the activity of a novel panel of 13 

diverse rat anti-mouse TNFR2 antibodies. The panel contains antibodies that 

bind to different extracellular domains of TNFR2 and selectively display 

varying functional capacity. These novel antibodies have been sequenced 

and classified based on their binding and blocking activity, epitope binning 

with respect to binding of specific TNFR2 extracellular domains, and their 
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capacity to enhance costimulation of CD8+ T-cell activation. Furthermore, a 

subset of antibodies demonstrates potent binding to TNFR2 on the surface 

of mouse Tregs and activated C8+ cells. This diverse set of well-characterized 

antibodies may serve to explore further TNFR2 function in mouse models of 

health and disease. 

Material and methods 

Cell lines 

All cell lines were maintained at 37 °C in a humidified 5% CO2 incubator. CHO-

K1 cells were cultured in DMEM/F12 (Gibco, 11320-074) supplemented with 

100 U/mL Penicillin, 100 μg/mL Streptomycin (Gibco, 15140-122), and 5% 

NBCS (Biowest, S0750-500). Additionally, 0.8 mg/mL Geneticin (Gibco, 

19131-027) was added to stable transfected CHO-K1.mTNFR2. B-cells were 

cultured in DMEM/F12 HAM medium (Sigma Aldrich, D6421) supplemented 

with 365 mg/L L-glutamine (Gibco, 25030), 0.5 mM Sodium pyruvate (Gibco, 

11360-039), 50 μM 2-mercaptoethanol (Gibco, 31350-010), 100 U/mL 

Penicillin, 100 μg/mL Streptomycin (Gibco, 15140-122), and 10% BCS 

(Hyclone, SH30072.03) in the presence of 5 x 105 cells/mL irradiated EL.4 B5 

cells (feeder cells). SP2/0-Ag14 cells were cultured in DMEM/F12 (Gibco, 

11320-074) supplemented with 100 U/mL Penicillin, 100 μg/mL 

Streptomycin (Gibco, 15140-122), 50 μM 2-mercaptoethanol (Gibco, 31350-

010), and 10% FBS (Hyclone, SH30414.02). Hybridomas were selected in 

DMEM/F12 medium (Gibco, 11320-074) supplemented with 0.5 mM Sodium 

pyruvate (Gibco, 11360-039), 50 μM 2-mercaptoethanol (Gibco, 31350-010), 

100 U/mL Penicillin, 100 μg/mL Streptomycin (Gibco, 15140-122), 10% FBS 

(Hyclone, SH30414.02), 1% T24 conditioned media, and 2% HAT supplement 

50X (Gibco, 21060-017). Hybridomas were cultured in DMEM/F12 medium 

(Gibco, 11320-074) supplemented with 0.5 mM Sodium pyruvate (Gibco, 

11360-039), 50 μM 2-mercaptoethanol (Gibco, 31350-010), 100 U/mL 

Penicillin, 100 μg/mL Streptomycin (Gibco, 15140-122), 10% NBCS (Biowest, 

S0750-500), 1% T24CM, and 1% HT supplement 100X (Gibco, 11067-030). 
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Generation of hybridomas producing monoclonal antibodies (mAbs) 

Three 9-week-old female Spraque Dawley rats were immunized on the ears 

using mTNFR2 encoding DNA coated gold-carrier beads via gene gun. After 

4 rounds of immunization, cells derived from lymph nodes, spleen, and bone 

marrow were harvested and TNFR2 specific B cells isolated following 

published procedures30. Briefly, negative and positive panning strategies 

were performed to select TNFR2 specific B-cells. Culture plates with CHO-K1 

and transiently transfected CHO-K1 with mouse TNFR1, or in parallel plates 

coated with mIgG and mTNFR1 recombinant protein were used for negative 

panning as cross-reactivity to mTNFR1 was non desired. TNFR2 expressed on 

cells or recombinant mTNFR2 protein were used for positive panning.  

CHO-K1.mTNFR2 or mTNFR2 protein-bound lymphocytes were harvested 

with Trypsin-EDTA (Sigma Aldrich, T4174). Harvested B-cells were cultured, 

as described by Steenbakkers et al., 1994, Mol. Biol. Rep. 19: 125-13431. 

Briefly, selected B-cells were mixed with 10% (v/v) T-cell supernatant and 

50,000 irradiated (25 Gray) EL-4 B5 feeder cells in a final volume of 200 μL 

medium in 96-well flat-bottom tissue culture plates and were cultured at 37 

°C and 95% humidity for 9 days. 

Immunoreactivity to mouse TNFR2 and cross-reactivity to human TNFR2 was 

assessed by ELISA using recombinant mTNFR2/Fc-protein (R&D Systems, 

9707-R2) and hTNFR2 (R&D Systems, 726-R2) as well as CHO-K1.mTNFR2 

and CHO-K1.hTNFR2. 0.1μg/ml mTNFR2 and 0.2μg/ml hTNFR2 protein-

coated 96-well plates were blocked in PBS/1% bovine serum albumin (BSA) 

(Sigma Aldrich, A7409) for 1 hour at room temperature (RT). Assay plates 

with B-cell conditioned medium were incubated for 1 hour at RT. Next, 

plates were washed with PBS-T and incubated for 1 hour at RT with goat-

anti-rat IgG-HRP conjugate (Jackson Immuno Research, 112-035-167). 

Subsequently, wells were washed three times with PBS-T, and anti-mTNFR2 

immunoreactivity was visualized with TMB Stabilized Chromogen 

(Invitrogen, SB02). Reactions were stopped with 0.5 M H2SO4, and 

absorbances were read at 420 and 620 nm. 
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B-cell clones that showed specific binding to mTNFR2 (with or without cross-

reactivity toward hTNFR2) and no cross-reactivity to TNFR1 were 

immortalized by mini-electrofusion following published procedures 

(Steenbakkers et al., 1992, J. Immunol. Meth. 152: 69-77; Steenbakkers et 

al., 1994, Mol. Biol. Rep. 19:125-34)31,32 with some minor deviations. 

Briefly, B-cells were mixed with 1x106 Sp2/0-Ag14 murine myeloma cells in 

Electrofusion Isomolar Buffer (Eppendorf). Electrofusions were performed in 

a 50 μL fusion chamber by an alternating electric field of 15 s, 1 MHz, 23 

Vrms AC followed by a square, high field DC pulse of 10 μs, 180 Volt DC and 

again by an alternating electric field of 15 s, 1 MHz, 23 Vrms AC. Content of 

the chamber was transferred to hybridoma selective medium and plated in 

a 96-well plate under limiting dilution conditions. On day 10 following the 

electrofusion, hybridoma supernatants were screened for mTNFR2, hTNFR2, 

mTNFR1 binding activity by and ELISA, as described above. Hybridomas that 

secreted antibodies in the supernatant that specifically bound mTNFR2 

and/or hTNFR2 were both frozen at -180 °C and subcloned by limited 

dilution to safeguard their clonal integrity and stability.  

28 hybridomas clones producing different anti-mTNR2 were obtained, and 

based on different characteristics, 13 candidates were selected to be further 

characterized, methods, and results shown in this manuscript. Generated 

antibodies were sent for sequencing, and sequences can be found attached 

in Supplementary Table 1. All antibodies were tested for their isotype using 

the Rat Monoclonal Antibody Isotyping Test Kit (Bio-Rad, RMT1) following 

manufacturer’s instructions.  

Production and purification of mAbs 

13 hybridomas clones producing different anti-mTNFR2 antibodies were 

incubated in hybridoma serum-free medium (HSFM) (Gibco, 12045-076) 

supplemented with serum-free T24 CM and 100 U/mL Penicillin and 100 

μg/mL Streptomycin (Gibco, 15140-122) at a density of 5 x 105 cells/mL for 

7 days at 37 °C in 8% CO2 at 80 rpm. Cells were spun down, and the 

supernatant was filtered through a 0.22 μm filter. All anti-mTNFR2 mAbs 

were purified by GammaBind Plus Sepharose (GE Healthcare, 17-0886-01) 



                                                                                  Novel anti-mTNFR2 antibodies 

 137 

followed by size exclusion chromatography (SEC) using a Waters BEH200 SEC 

column (4.6 x 300 mm, 1.7μm). mAbs were rebuffered in 10mM L-Histidine 

0.1M NaCl pH 5.5.  

Quality control 

Monomericity of mAbs was tested via Size Exclusion Chromatography 

Ultra Performance Liquid Chromatography (SEC-UPLC) on a Waters BEH200 

SEC column, 4.6 x 300 mm, 1.7 μm with an Agilent 1100 series HPLC system. 

Separation was carried out in 50mM phosphate 0.2M NaCl, pH 7.0. The 

monomericity was also tested following incubation and storage at different 

temperatures to assess protein stability. Two temperature studies were 

performed: (i) 10 freeze and thaw (F/T) cycles and (ii) incubation at 40 °C for 

one week. Based on the initial monomericity, the stability has been reported 

as the recovery percentage.  

The purity of mAbs produced was tested by Capillary electrophoresis sodium 

dodecyl sulfate (CE-SDS) in non-reduced mode. CE-SDS analysis was carried 

out on a CE system PA800 Plus machine (Beckman Coulter). Non-reduced 

samples were diluted to 1 mg/mL with 10kDa internal standard and 15mM 

iodoacetamide in SDS-MW sample buffer and heated to 70 °C for 10 min. 

Reduced samples were diluted to 1 mg/mL with 10kDa internal standard and 

2-mercaptoethanol (Sigma Aldrich, M3148) in SDS-MW sample buffer and 

heated to 70 °C for 10 min. 95 μL were transferred into sample vials and 

loaded into the machine. Separations were performed in a 30 cm bara-fused 

silica 50 μm I.D capillary at 22 °C. The capillary was flushed with 0.1 M HCl, 

NaOH, water, and running buffer before sample loading at 5kV for 20sec. 

Data acquisition was performed with the 32Karat software, but data 

processing was carried out with Empower software. 

Flow cytometry: Cell binding and TNFα blocking assay 

Binding potency of the anti-mTNFR2 mAbs on mTNFR2 CHO-K1 stable 

transfected cell line was assessed by flow cytometry. 1 x 105 cells were 

incubated with 3-fold increasing concentrations (max 10 μg/mL) of anti-

mTNFR2 mAbs at 4 °C for 30 min, and binding was detected with anti-rat IgG 

PE (BD Biosciences, 550767). TNFR2 expression of the cell line was assessed 
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via hamster anti-mouse CD120b (TNF R Type II/p75) -PE (TR75-89) 

(Biolegend, 113405), and hamster IgG1 isotype control-PE (BD Biosciences, 

553972) was used as a negative control.  

For all anti-mTNFR2 mAbs, competitive binding in the presence of TNFα was 

assessed with CHO-K1.mTNFR2 stable transfected cell line by flow 

cytometry. 1 x 105 cells were incubated with 3-fold increasing concentrations 

(max 50 μg/mL) of anti-mTNFR2 mAbs at 4 °C for 30 min followed by TNFα-

biotin (Sino Biological, 50349-MNAE-B) incubation at 4 °C for 30 min without 

wash step. Blocking activity was detected with Streptavidin-APC (BD 

Biosciences, 349024). Two benchmark hamster antibodies against mTNFR2 

were taken as a reference: Purified anti-mouse CD120b (TNFR Type II/p75, 

clone TR75-54.7) (Biolegend, 113302) listed as anti-TNFR2 mAb with 

blocking activity and Purified anti-mouse CD120b (TNFR Type II/p75, clone 

TR75-89) (BD Biosciences, 559916) as a non-blocking anti-TNFR2 mAb. 

Furthermore, a benchmark rat anti-mTNFR2 clone HM102 (Abcam, ab7369) 

with unknown blocking activity was included together with a rat IgG2a mAb 

(clone EBR2a) (eBioscience, 14-4321-85) as a negative control. Each time 

that binding and blocking experiment was performed, a gating for TNFR2 

expression for FACS signal was performed with unstained CHO-K1.mTNFR2 

cell line (Fig. S1 A), and in parallel TNFR2 expression was assessed (Fig. S1; B 

and C). mTNFR1 expression was assessed by anti-mTNFR1 PE antibody 

(Biolegend, 113003) and only detected following transfection with the 

mTNFR1 construct (Fig. S1 D). 

The stained cells were analysed on a FACS CantoTM II (BD) using the 

software program BD FACSDiva. Ten thousand events were counted. Further 

analysis was performed with FlowJo and shown results plotted in GraphPad.  

Bio-Layer interferometry (BLI) 

Antibody binding kinetics towards mouse TNFR2 were evaluated by bio-layer 

interferometry (BLI) using an Octet Red96 (Forte-Bio) in triplicates. First, the 

dissociation rate constant of 28 anti-mTNR2 antibodies derived from 

hybridoma supernatant was assessed (data not shown).  
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To assess mAbs kinetics, the affinity constant (KD) toward recombinant 

mTNFR2 protein was determined. Rat anti-mTNFR2 purified antibodies were 

diluted (10 μg/mL) in 10mM acetate pH 5.0 and loaded on NHS/EDC 

activated Amine Reactive 2nd Generation (AR2G)(Forte-Bio, 18-5088). 

Thereafter, the antibody loaded biosensors were blocked with 1M 

ethanolamine (Forte-Bio, 18-1071). First, a single estimation screening of KD 

value was performed with an expected saturating concentration of 100nM 

His tagged mTNFR2 (R&D Systems, 426-R2/CF) 100nM diluted in 10x Kinetics 

Buffer (KB) followed by a dissociation step. Based on the estimated KD, the 

experiment was repeated three times per candidate starting with a 

recombinant mTNFR2 concentration 10 or 5 times above the single 

estimated KD followed by 2-fold decreasing concentration dilution. Binding 

kinetics were measured by Octet system according to the manufacturer’s 

instructions (ForteBio). Data was analysed using Data analysis software HT 

V10.0 (ForteBio). 

Epitope mapping 

Mouse-human TNFR2 chimeras were designed based on four different 

cysteine-rich domains (CRD) swap mutants: hTNFR2 (mCRD1), hTNFR2 

(mCRD2), hTNFR2 (mCRD3), hTNFR2 (mCRD4), mTNFR2 (hCRD1), mTNFR2 

(hCRD2), mTNFR2 (hCRD3) and mTNFR2 (hCRD4). mTNFR2, hTNFR2, and 

mTNFR1 were also included in the study. The N-terminal region for CRD1 and 

the C-terminal region following CRD4 was included as part of the respective 

domains. cDNA constructs were synthesized (GeneArt) and were subcloned 

with DH5α competent cells (Invitrogen, 18265-017) and amplified with 

GenElute HP plasmid Midiprep Kit (Sigma Aldrich, NA0200). Each construct 

was expressed after transient transfection of CHO-K1 cells using 

Lipofectamine 2000 (Invitrogen, 11668-019). After 6h hours with incubation 

media, cells were detached, and 5 x 106 cells were seeded per 96-wells f-

bottom plates (Thermo Scientific, 150350) in final volume of 50 μL per well. 

Cells were incubated at 37 °C with 5% CO2 and 95% humidity for 16 hours. 

Afterwards, cells were incubated with 10-fold increasing concentrations 

(max 5 μg/mL) of anti-mTNFR2 mAbs diluted in CHO medium at 4 °C for 1 h 

and after 3 wash cycles with PBS 0,05% Tween-20 (VWR, 663684B), binding 
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was detected with anti-rat IgG HRP 1:5000 (Jackson Immuno Research, 112-

035-167). After 3 wash cycles with PBS 0,05% Tween-20, TMB (Invitrogen) 

was added and after 15 min, reaction was stopped with 0.5M H2SO4. OD 450-

620 was measured on Spectramax 340PC reader. Collected data was 

analysed in GraphPad Prism.   

Treg staining  

Binding of all anti-mTNFR2 mAbs was assessed on flow-sorted 

CD4+Foxp3/YFP+ cells from B6.129(Cg)-Foxp3tm4(YFP/cre)Ayr/J mice33. 

Spleens from FoxP3/YFP mice were homogenized and RBC lysed using the 

1X RBC lysis buffer (Sigma Aldrich, R7757). Splenocytes were seeded at 2 x 

106 cells/ml per 96-wells u-bottom plates (Thermo Scientific, 163320) in final 

volume of 50 μL per well. Two different staining procedures were followed: 

(i) Treg staining with generated anti-mTNFR2 antibodies and (ii) Treg staining 

with generated anti-mTNFR2 antibodies competing with benchmark anti-

mTNFR2 (clone TR75-89, TNFα non-blocking). 

i) Splenocytes were washed once with PBS 1% BSA (Sigma Aldrich, A7409) 

(FACS buffer). Cells were incubated at 4 °C for 30 min with 20 μg/mL of anti-

mTNFR2 mAbs diluted in FACS buffer. Commercial hamster anti-mTNFR2 

direct labelled with PE (clone TR75-79)(Biolegend, 113405) and hamster 

isotype control direct labelled with PE (BD Biosciences, 553972) were 

included as controls following manufacturer’s concentrations. After 3 wash 

steps, cells were incubated at 4 °C for 30 min with hamster 5 μg/mL of anti-

CD3-PE/Cy7 (Clone 145-2C11)(Biolegend, 100320) and mTNFR2 binding was 

detected with goat 4 μg/mL of anti-rat IgG-AF647 (Invitrogen, A21247).  

ii) Similarly, splenocytes were washed once with PBS 1% BSA (Sigma Aldrich, 

A7409) (FACS buffer). Cells were incubated at 4 °C for 30 min with 20 μg/mL 

of anti-mTNFR2 mAbs diluted in FACS buffer. After 3 wash step, cells were 

incubated at 4 °C for 30 min with hamster 5 μg/mL of anti-CD3-PE/Cy7 (Clone 

145-2C11)(Biolegend, 100320) and 2,5 μg/mL of hamster anti-mouse 

CD120b (TNFR Type II/p75) -PE, (clone TR75-89) (Biolegend, 113405). 

Followed by 3 wash step, a third incubation at 4 °C for 30 min was performed 

to detect mTNFR2 binding with goat 4 μg/mL of anti-rat IgG AF647 



                                                                                  Novel anti-mTNFR2 antibodies 

 141 

(Invitrogen, A21247) assessing if both anti-mTNFR2 gave double positive 

signal.  

Each replicate the gating strategy for TNFR2 expression obtained by FACS 

signal was performed with (i) rat isotype control (Fig. S2 A) and (ii) rat isotype 

control together with anti-mTNFR2-PE clone TR75-89. The stained cells were 

analysed on a FACS LSRFortessa (BD) using the software program BD 

FACSDiva. Further analysis was performed with FlowJo and shown results 

plotted in GraphPad.  

CD8 staining  

Binding of all anti-mTNFR2 mAbs was assessed on flow-sorted activated 

CD8+ cells from OT1 hom Rag1 KO mice, endogenously expressing mTNFR2 

cells upon activation. Spleens from OT1 home Rag1 KO mice were 

homogenized and RBC lysed using the 1X RBC lysis buffer (Sigma Aldrich, 

R7757). Splenocytes were activated with 1:1000 SIINFKEL peptide and 

seeded at 0,5 x 106 cells/ml per 12 wells plates (Corning, 353043) in final 

volume of 1ml per well with IMDM complete medium (Sigma, I3390). Cells 

were for incubated for 2 days at 37 °C in 8% CO2. Cells were split 1:2 at day 

two and used at day 3.  

Activated OT1 cells were washed once with PBS 1% BSA (Sigma Aldrich, 

A7409) (FACS buffer). Cells were incubated at 4 °C for 30 min with 20 μg/mL 

of anti-mTNFR2 mAbs diluted in FACS buffer. Commercial hamster anti-

mTNFR2 direct labelled with PE (clone TR75-79)(Biolegend, 113405) and 

hamster isotype control direct labelled with PE (BD Biosciences, 553972) 

were included as controls following manufacturer’s concentrations. After 3 

wash steps, cells were incubated at 4 °C for 30 min with human 1 μg/mL of 

anti-CD8-PerCP-Vio700 (Clone REA793)(Miltenyi Biotec, 130-111-637) and 

mTNFR2 binding was detected with goat 1 μg/mL of anti-rat IgG-PE (BD 

Biosciences, 550767).  

The gating strategy for TNFR2 expression obtained by FACS signal was 

performed with a rat isotype control (gating strategy not shown). The 

stained cells were analysed on a FACS Canto (BD) using the software 

program BD FACSDiva. Further analysis was performed with FlowJo.    
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In vitro CD8+ T lymphocyte costimulation assay 

Mouse CD8+ T lymphocytes were isolated from total splenocytes of C57BL/6J 

mice with CD8+ T cell isolation kit (MACS Miltenyi Biotec, 130-104-075) 

following manufacturer’s instructions. Afterward, CD8+ T cells were 

costimulated at 37 °C with 5% CO2 and 95% for 72 h with preincubated plate-

bound at 4 °C for 48 hours with Purified anti-mouse CD3 antibody (0.5 

µg/mL, clone 17A2)(BioLegend, 100314) and anti-TNFR2 (2-fold decreasing 

concentrations starting at 50 µg/mL, generated Abs) at 1 x 106 cells/mL 

cultured in RPMI (Gibco, 61870-010) supplemented with 100 U/mL 

Penicillin, 100 μg/mL Streptomycin (Gibco, 15140-122), 50 μM 2-

mercaptoethanol (Gibco, 31350-010), and 10% FBS (Life Technologies, 

10270106). Costimulation with 0.5 µg/mL anti-CD3 antibody and 5 µg/mL 

purified anti-mouse CD28 antibody (clone E18)(Biolegend, 122004) was 

taken as a positive control. Single stimulation with 0.5 µg/mL anti-CD3e was 

taken as a reference control and isolated CD8+ T cells without any 

stimulation were considered as negative control. After 72 hours, IFN-γ 

present in media was measured via Mouse IFN-γ ELISA Set (BD Biosciences, 

555138) to assess co-stimulatory capacity following manufacturer’s 

instructions. Collected data of the experiment performed twice was 

analysed, where wells containing just media were considered as a blank. 

IFNγ was calculated based on the standard curve after blank subtraction, and 

values derived per plate from anti-CD3 incubation were normalized as 0% 

value of costimulation and values derived from anti-CD3 + anti-CD28 

incubation were considered as a 100% signal of costimulation.  

Results 

Generation of a panel of anti-mouse TNFR2 mAbs  

Novel antibodies that bind specifically to murine TNFR2 were generated in 

rats by mTNFR2 gene gun immunization. Following anti-TNFR2 B-cell 

enrichment, B-cell expansion, and subsequent B-cell lead selection formini-

electrofusion led to a set of 13 hybridomas producing distinct anti-mTNFR2 

mAbs. Isotyping results revealed that all the produced antibodies were rat 

IgG2a isotype (data not shown). In order to assess protein quality of each 
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anti-TNFR2 antibody, antibodies were purified and characterized using 

several analytical procedures. SEC-UPLC analysis showed good 

monomericity between 95.3% and 99.5% for each of the 13 selected 

candidates (Supplementary Table 2). While freeze and thaw cycles had no 

significant impact on protein monomericity with values higher than 98%, 

incubation at 40 °C for one week affected the quality of some candidates 

leading to aggregates formation with monomericities from 45.2% of 

candidate 16A to 93.8% of candidate 18A (Supplementary Table 2). 

Furthermore, CE-SDS analysis confirmed proper assembly of heavy and light 

chain the percentage of intact IgG being more than 90% in all samples 

(Supplementary Table 2, Fig. S3). 

α-mTNFR2 mAbs present different cell binding and blocking activity 

Mean binding activity was assessed on mTNFR2 stably transfected CHO-K1 

cell line (Fig. 1 A, B). Benchmark rat anti-mTNFR2 was included as a positive 

control together with a rat IgG2a mAb isotype as a negative control. Based 

on the binding plateau (efficacy), mAbs candidates could be divided in two 

groups. While most of the candidates reach plateau around 7500 gMFI, 

candidates 5A, 10A, 14A, 18A and 26A present lower efficacy achieving 

approximately 2500 gMFI. Among those showing equal efficacy, monoclonal 

antibody candidates presented with different potency (mAb concentration 

at which 50% of maximum signal is observed (EC50)) ranging from 0.07 nM 

up to 3.75 nM. Candidate 14 with an EC50 of 16.41 nM is not represented 

by full S-shaped curve; mAb 8A is the most efficacious and potent, 

presenting the lowest EC50, 0.07 nM (Table 1). The affinity of purified anti-

mTNFR2 antibodies for binding to recombinant monomeric mTNFR2 was 

quantified using bio-layer interferometry (BLI). Assessment of binding 

kinetics showed fast on-rate for most antibodies, resulting in KD values 

ranging from 2.7 to 56.8 nM (Table 1). A fully characterization for binding 

kinetics from candidate 14A was not achieved, most likely because of 

technical limitations explained at least in part by its low binding efficiency.  
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Table 1. EC50, IC50 and binding kinetics. Summary of EC50 based on gMFI of binding 

and report of TNFa blocker or non-blocker antibodies showing which IC50 values for 

the blocker ones, based on gMFI. Binding kinetics based on Kon, Koff and KD. Values 

shown in nM result from the mean of three independent experiments ± standard 

deviation. N.A., non- available. (*) Value obtained without full S-shaped curve 

reaching the maximum baseline.  

 

Next, the blocking activity of the mAb candidates was evaluated by flow 

cytometry using recombinant biotinylated TNFα for binding to 

CHOK1.mTNFR2 cells. Purified clone TR75-54.7 listed as blocking and clone 

TR75-89 listed as a non-blocking anti-TNFR2 mAb were taken as a reference. 

Candidates 8A, 12A, 16A, 25A, and 29A were able to block TNFα binding 

either partially or completely (Fig. 1 C), with candidate 25A showing the most 

potent (0.40 nM) blocking activity, assessed by the IC50, (Fig. 1 C) compared 

to 2.59 nM for the blocking benchmark antibody (data not shown). Based on 

these results, candidates 8A, 16A, and 29A are considered partial blockers 

as all presented more than 50% reduction of signal (Fig. 1 C). Candidates that 

showed less than 25% of reduction of signal compared to the benchmark 

anti-
mTNFR2 

mAbs 

EC50 
binding  

(nM ± SD) 

mTNFα  
blocker 

IC50 
blocking  

(nM ± SD) 

Kon average  
(1/Ms) ± SD) 

Koff average  
(1/s) ± SD) 

KD average  
(nM ± SD) 

5A 1,90 ± 0,001 

* 

No - 3,96E+05 ± 9,22E+04 1,87E-02 ± 1,74E-03 49,3 ± 13,5 

6A 0,39 ± 0,061 No - 2,34E+05 ± 6,35E+04 1,14E-03 ± 5,42E-04 4,8 ± 1,7 

8A 0,07 ± 0,033 Yes 0,22 ± 0,07 

* 

3,49E+05 ± 8,22E+04 4,14E-03 ± 6,72E-04 12,0 ± 1,5 

10A 0,92 ± 0,104 No - 4,95E+05 ± 2,20E+04 2,81E-02 ± 2,23E-03 56,8 ± 3,8 

12A 1,32 ± 0,270 Yes 4,19 ± 0,29 2,64E+05 ± 6,11E+04 9,10E-04 ± 7,01E-05 3,6 ± 1,0 

14A 16,41 ± 

0,296 * 

No - N.A. N.A. N.A. 

15A 1,06 ± 0,157 No - 4,71E+05 ± 7,05E+04 8,79E-03 ± 1,06E-03 18,7 ± 0,9 

16A 3,75 ± 1,133 Yes 10,20 ± 2,59 1,87E+05 ± 3,13E+04 1,44E-03 ± 1,38E-04 7,9 ± 1,4 

18A 0,50 ± 0,003 No - 4,15E+05 ± 4,32E+04 1,44E-02 ± 6,14E-04 35,1 ± 5,4 

25A 0,16 ± 0,055 Yes 0,40 ± 0,40 1,21E+05 ± 5,95E+04 2,99E-04 ± 1,09E-04 2,7 ± 0,8 

26A 0,42 ± 0,217 No - 5,11E+05 ± 1,07E+05 2,26E-02 ± 2,23E-03 45,7 ± 11,5 

29A 1,80 ± 0,588 Yes 6,01 ± 1,95 2,76E+05 ± 3,00E+04 3,07E-03 ± 3,42E-05 11,2 ± 1,3 

30A 0,25 ± 0,020 No - 1,72E+05 ± 5,26E+04 6,23E-04 ± 2,60E-05 3,8 ± 1,0 
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hamster anti-mTNFR2 non-blocking antibody are considered non-blocking 

antibodies (Fig. S1 E).  

In summary, a panel of thirteen novel anti-mTNFR2 antibodies with different 

biophysical properties, varying binding affinity to mTNFR2 and varying TNFα 

ligand blocking potency were identified.  

Figure 1. Characterization of anti-mouse TNFR2 antibodies in vitro. (A and B) 

mTNFR2 stable transfected CHO-K1 cells were incubated with 3-fold increasing 

concentrations of each rat IgG2a mAbs, and binding was detected by flow cytometry 

assessing TNFR2+ population percentage (A) and gMFI (B). (C) TNFα ligand 

competition with generated antibodies assessed by FACS. Data represented as a 

three-parameter gMFI dose-response curve fit of the blocker antibodies with 

appropriate controls incubations with 3-fold increasing concentrations. Two 

benchmark hamster-anti-mTNFR2 antibodies with known blocking activity were 

added as controls. All data based on mean and SEM is representative of three 

independent experiments.  

Mapping of mTNFR2 binding domains  

Cysteine-Rich Domains (CRDs) of human TNFR2 were replaced by their 

cognate mouse regions and vice versa and subsequently expressed on CHO 

cells (Fig. 2 A, Fig. S4 A). This reciprocal set-up allows to study the mCRD 

binding domains for each anti-TNFR2 antibody. CHO empty vector and 

mTNFR1 were also included (Fig S4 B).  
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Binding to mTNFR2 constructs with individual human CRD domains swapped 

in, respectively, was taken as a reference for each candidate (Fig. 2 B).   

Candidate 14A was determined to be cross-reactive to human mTNFR2 (Fig. 

2 B), it bound to all the constructs. Based on domain swapping, candidates 

5A, 6A and 8A bound to mCRD1. The epitope of these mCRD1-binding 

candidates might include the N-terminal region, as this was included in the 

CRD1 swap mutants. Candidates 12A, 16A, 18A, 29A bound to mCRD2, 

similar to the benchmark rat anti-mTNFR2 clone HM102. Candidates 10A, 

15A, 25A, 26A, and 30A were found to bind to mCRD3. None of the 

candidates bind to mCRD4 (most proximal to the cell membrane). The 

binding activity data for the reverse set-up (individual hCRD domains grafted 

in mTFR2) is shown in Fig. S4 B. By this analysis, the benchmark rat anti-

mTNFR2 clone HM102 was shown to bind to a region containing parts of 

mCRD1 and mCRD2 (Fig. 2 B), and confirming the same binding region for all 

generated antibodies as observed in the previous set-up. None of the 

candidates presented cross-reactivity to mTNFR1 (Fig. S4 B). Rat IgG2a 

isotype control was taken as a negative control and presented no binding to 

any of the studied conditions (Fig. S4 C).  The binding site of the novel rat 

anti-mouse TNFR2 antibodies was mapped to the extracellular CRDs as 

graphically displayed onto the human TNFR2:TNFα complex PDB structure 

(PDB ID: 3ALQ) summarized in Figure 2 C, with a sequence homology of 74% 

thought to be highly structurally similar.  

Similarly to other TNFR superfamily members34, CRD2 and CRD3 of mouse 

TNFR2 are the most important for ligand binding35,36. Blocking antibodies 

12A, 16A and 29A were able to block TNFα binding, which is consistent with 

their binding region overlapping with the ligand interface in CRD2. Along a 

similar line of reasoning, the most potent and efficacious blocking antibody 

was candidate 25A mapped to bind to CRD3. Candidate 18A, which 

presented binding to mCRD2, and candidates 10A, 15A, 26A, and 30A which 

presented binding to mCRD3, do not display blocking activity. Interestingly, 

candidate 8A presented TNFα blocking activity despite its binding to CRD1 
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which is outside of the ligand interface. Altogether, a diverse set of thirteen 

antibodies was identified targeting three mTNFR2 CRDs. 

Figure 2. Characterization of anti-mTNFR2 mAbs targeting CRDs 1-4. (A) Schematic 

representation of the 6 mouse-human TNF2 chimeras CRD1-CRD4 (Cystein Rich 

Domain). (B) The targeting CRD of each mAb were determined by cell ELISA with 

mouse-human TNFR2 domain swap mutants. Data represented as a three-

parameter OD450-620 detection based on mean and SD of three independent 

experiments. (C) The domain epitopes of the 13 mAbs are indicated on a hTNFR2-

hTNFα trimer structure (PDB: 3ALQ), 74% similar to mouse TNFR2. The CRDs for one 

TNFR2 receptor are shown in indicated colors. 

α-mTNFR2 mAbs stain mouse splenic Tregs and CD8+ cells 

To verify whether this panel of anti-mTNFR2 antibodies is attractive to 

explore the role and activity of TNFR2 on immune cells in vivo, flow 

cytometry mAb staining on mouse Treg cells was assessed ex vivo using 

spleen-derived Tregs identified by YFP expression (FoxP3-YFP transgenic 

mice33). All candidates were found to stain YFP+ mouse Tregs (Fig. 3 A) and 

activated CD8+ cells (Fig. 3B). While the most potent binders detected Tregs 

and activated CD8+ cells with a clear shift on the flow cytometer (up to ~95% 

TNFR2+), some candidates (5A, 10A, 18A and 26A) displayed a weaker signal 

(~10% TNFR2+) (gMFI for mTNFR2 Treg binding shown in Supplementary 

Table 3). Furthermore, competitive binding to TNFR2 was assessed using the 

hamster-anti-mTNFR2 clone TR75-89 known to stain mouse Tregs37. In a 
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competitive flow cytometry assay using YFP+ mouse Tregs, two different 

staining profiles were observed as expected, exemplified by 8A that directly 

competed and suppressed the TR75-89 signal, whereas 25A displayed 

concurrent binding to mouse TNFR2 indicating a different epitope (Fig. 3 C). 

Antibodies 5A and 18A appeared to outcompete the benchmark antibody 

for binding to Tregs but did not generate a strong signal themselves, 

(Supplementary Table 3). Overall, all anti-rat TNFR2 antibodies characterized 

in this panel detected and stained splenic Treg cells ex vivo. 

A selection of α-mTNFR2 antibodies shows capacity to costimulate CD8+ T-

cells 

In addition to CD28, several TNFRSF family members are able to generate an 

alternative co-stimulatory signal in vivo38. Therefore, we explored the 

potential of our panel of antibodies for their capacity to costimulate CD8+ T-

cells ex vivo. Using suboptimal anti-CD3 plus each anti-mTNFR2 antibody 

coated onto assay plates, the co-stimulatory activity of our antibody panel 

was assessed by reading out IFNγ production from freshly isolated splenic 

CD8+ T-cells.  

Results were normalized against optimal costimulation achieved using anti-

CD28 (set at 100%). Some of our anti-mTNFR2 antibodies displayed co-

stimulatory capacity on CD8+ T-cells at a coating concentration of 50 µg/mL 

(Fig. 3 D). Notably, 15A demonstrated reproducible co-stimulatory capacity 

in independent experiments and across individual mice. Similarly, 5A, 10A, 

18A, 26A and 30A appear to display varying co-stimulatory activity, albeit 

only in some of the experiments. Antibodies 6A, 8A, 12A, 14A and 29A did 

not show co-stimulatory activity in three consecutive independent 

experiments. 

Therefore, although most of the antibodies did not demonstrate robust 

activity towards mouse CD8+ T-cells, few candidates presented reproducible 

CD8+ T cell, highlighting candidate 15. Surprisingly, these were characterized 

to bind different CRDs on mouse TNFR2.   
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Figure 3. Characterization of anti-mouse TNFR2 antibodies with ex vivo material. 

(A) TNFR2 expression upon binding of anti-mTNFR2 antibodies to Treg cell 

population. Detection by commercial hamster anti-TNFR2 direct labeled with PE with 

the respective hamster-isotype control labeled with PE (left). Generated rat anti-

mTNFR2 antibodies and a rat isotype control were detected by a secondary antibody 

anti-rat AF647 label (right). Gating strategy shown in (Fig. S2 A) The isotype control 

has been overlaid in each anti-mTNFR2 antibody histogram represented with % of 

max.  Data representative of two independent experiments. (B) TNFR2 expression 

upon binding of anti-mTNFR2 antibodies to activated CD8+ cells. Detection by 

commercial hamster anti-TNFR2 direct labeled with PE with the respective hamster-

isotype control labeled with PE (left). Generated rat anti-mTNFR2 antibodies and a 

rat isotype control were detected by a secondary antibody anti-rat PE label (right). 

Gating strategy not shown. Gating strategy for CD8+ population was done on 

unstained OT1 activated cells. First, OT1 cells were gated based on FSC-A / SSC-A 

properties. Next, single cells were gated based FSC-A / FSC-H. CD8+ population were 

gated as CD8-PerCP-Vio700 positive. Next to the CD8+ population, a mouse TNFR2+ 
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gate was set with a rat isotype control via histogram. The isotype control has been 

overlaid in each anti-mTNFR2 antibody histogram represented with % of max. Data 

representative of single experiment out of two independent experiments. (C)TNFR2 

expressing Treg cells co-staining, representation of candidates 18 and 25 with a 

benchmark antibody, clone TR75-89. Data representative of two independent 

experiments. (D) Costimulation of CD8+ T-cells with anti-TNFR2 antibodies. 

Assessment of in vitro CD8+ T-cell costimulation for different anti-TNFR2 antibodies 

(plate bound anti-CD3 at 0.5 µg/mL). Anti-TNFR2 antibodies were plate bound in 2-

fold decreasing dilution starting at 50 µg/mL. Data representative of three 

independent experiments with n=3 biological replicates on the read out of IFNγ in 

supernatant at 50 µg/mL per each candidate and mean of independent experiment. 

Blank was subtracted, IFNγ was calculated based on the standard curve and 

normalized based on single incubation of anti-CD3 antibodies as 0% costimulation 

and double incubation of anti-CD3 + anti-CD28 antibodies as a 100% costimulation. 

Discussion 

TNFR2 function affects multiple signaling pathways and cell states. However, 

it is still not entirely clear what critical activity TNFR2 has on different 

immune cells, and this may explain the substantial controversy that exists 

regarding the question as to how to target this receptor in disease39,40. 

The lack of well-characterized and available antibody reagents against 

mouse TNFR2 prompted us to generate a novel panel of thirteen rat anti-

mouse TNFR2 antibodies to support more definitive exploration of TNFR2 in 

mouse models of disease.  

These thirteen candidates can be classified based on their properties, all of 

them presenting distinct features. While all of them bind to mTNFR2, only 

candidate 14A has been shown to be cross-reactive to human TNFR2. 

However, this hallmark of 14A may be convoluted by a reduced potency and 

efficacy of mTNFR2 binding, rendering it difficult to explore further. 

Candidates 8A and 25A presented the highest efficacy of binding to CHO-

K1.mTNFR2 based on absolute MFI, whereas mAbs 5A, 10A, 14A, 18A, and 

26A were ranked with the lowest one. KD values ranging from 2.7 to 56.8 nM 

presented 1-2 orders of magnitude lower EC50 of binding compared to EC50 

determined of binding to native protein expressed on CHO-K1 cells, 

presumably because BLI experiments were set up to detect monovalent 
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binding (affinity) while binding experiments by flow cytometry included 

bivalent binding (avidity). With the exception of candidates 16A and 18A, 

antibodies with reduced KD to recombinant protein also demonstrated 

reduced binding efficacy to TNFR2 expressed on cells, suggesting the latter 

could be a result of relative fast dissociation of the mAb.  

Five candidates present TNFα blocking activity. For candidates 12A, 16A, 25A 

and 29A this result is consistent with epitope mapping to CRD2 or CRD3 

(25A), whereas candidate 8A can compete with the ligand binding although 

it binds to different TNFR2 domain, CRD1, which is not known to interact 

with TNFα. Surprisingly, candidate 18A which presented binding to CRD2 

does not present blocking activity. Blocking antibodies were found in all 

epitope bins, presumably because of steric hindrance or by conformational 

changes induced in the ligand binding domains in addition to direct blockade 

of ligand binding. An extensive study via protein modeling would help to 

understand these differences and the interaction of each antibody with the 

receptor.  

The TNFR2 staining intensity on the Treg population marked by FoxP3 driven 

YFP expression and on activated CD8+ cells is proportional with antibody 

affinity. Their capacity to cause a clear shift in the flow cytometer largely 

correlated to binding on CHO-K1.mTNFR2: for instance 5A and 18A did not 

generate a high gMFI on CHO-K1.mTNFR2 and demonstrate weak binding to 

mouse Tregs at the concentrations used in flow cytometry. Similarly, weak 

mTNFR2 binding on activated CD8+ cells is observed with candidates 5A and 

18A. Most of the anti-mTNFR2 candidates demonstrated staining of mouse 

Treg TNFR2 when coincubated with hamster-anti-mTNFR2 clone TR75-89 

antibody, with the exception of 6A, 8A (epitopes mapped to CRD1) and 10A 

(CRD2/3) that might compete for the same epitope or affect binding 

otherwise (steric hindrance, conformational change).  

Several of the generated antibodies reproducibly demonstrated 

costimulation of mouse CD8+ T-cells in vitro. Costimulatory anti-mTNFR2 

antibodies were found to bind across multiple epitope bins (5A, 15A, 18A 

mapped to CRD1, CRD3, CRD2, respectively). Further study of protein 

structure by crystallography could potentially help explain which antibody 
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features might explain blocking or costimulatory activity towards mTNFR2. 

Despite the lack of this information, studying the biology triggered upon 

anti-TNFR2 binding on TNFR2 on cell surface is an interesting approach to be 

explored in cancer and autoimmune disease field. Using the antibody 

characteristics described in this study, it would make sense to explore 

whether they display the ability to modulate TNFR2-dependent 

pharmacology in vitro and in vivo. For example, in experimental autoimmune 

encephalomyelitis (EAE), TNFR2 stimulation was shown to promote 

oligodendrocyte differentiation and remyelination41 and increase numbers 

of Tregs which would reduce the number of pathogenic T conventional 

cells42. Therefore, it could be interesting to confirm activity of 15A in this 

model, and compare it to non-(co-) stimulatory candidates. Similarly, 

highlighting its crucial role in maintaining an immunosuppressive tumor 

microenvironment, blocking the TNF-TNFR2 axis on Tregs and myeloid-

derived suppressor cells, or depleting TNFR2 expressing cells appears to be 

a promising treatment in cancer. Consequently, for this purpose, it would be 

more convenient to select one of the TNFα blocking antibodies. 

Furthermore, as a potential strategy to enhance tumor immunity Fc-

mediated depletion of TNFR2 expressing Tregs cells could be explored. 

However, since activated effector CD8 T cells also express TNFR243, this 

might require careful characterization of TNFR2 expression in tumor 

microenvironment to find a potential therapeutic window in time, enabling 

selective depletion of Tregs.  

In conclusion, this novel anti-mouse TNFR2 antibody panel represents a 

useful tool to study TNFR2 biology in vitro and in vivo with potential 

applications in cancer and autoimmune diseases. 
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Supplementary Table 1. Antibody sequences. 

Supplementary Table 2. Overall quality control for monomericity and purity 

of anti-mTNFR2 mAbs purified.  

Supplementary Table 3. Treg staining percentages and MFI. 

Figure S1. Characterization of anti-mouse TNFR2 antibodies in vitro. 

Figure S2. Characterization of anti-mouse TNFR2 antibodies with ex vivo 

material. 

Figure S3. BLI representation, CE-SDS and SEC-HPLC. 

Figure S4. Characterization of anti-mTNFR2 mAbs targeting CRDs 1-4. 

Materials and Methods 

Quality control tests report good purity and stability of generated 

antibodies  

To assess the quality control (QC) from the generated antibodies the 

monomericity, purity and temperature stability was checked. Monomericity 

was checked in duplicate via SEC-UPLC. All candidates present more than 

95% monomericity. F/T test had non-significant impact on protein 

characteristic as all candidates present the same monomericity after 10 F/T 

cycles, with a recovery around 100%. However, incubating samples at high 

temperature for one week drastically affects de quality of some of the 

candidates leading to aggregates formation, with a recovery range from 45 

to 97%. 

Purity was determined via CE-SDS. Under non-reducing conditions, the intact 

IgG purity shows some signs of fragmentation, although values are higher 

than 90%. Under reducing conditions, the total IgG content, sum of light 

chain and heavy chain purity, is above 95%.  
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In short, anti-mTNFR2 generated antibodies present good monomericity and 

purity output, and while all of them remain stable at freezing temperatures, 

high temperatures might affect the stability of some of them.  

Modelling of mouse TNFR2 and TNFα complex 

The human TNFR2 model, 74% similar to mouse TNFR2, was used to 

summarize the binding sites of generated anti-mTNFR2 antibodies. The 

crystal structure of hTNFR2-hTNFα trimer (PDB: 3ALQ), was uploaded into 

PyMol v2.3.3 (Schrondinger) software.   
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Supplementary Table 1. Antibody sequences. Sequences of constant and variable of 

heavy and light chains of novel generated rat anti-mTNFR2 IgG2a antibodies. 

Variable heavy (VH), constant heavy (CH), variable light (VL) and variable constant 

(CL). 

Candidate 5A 

Heavy chain protein sequence – Complete integrity 

VH: 

EIQLVESGGGLVKPGTSLKLSCVASGFTFSDYWMTWVRQTPGKTMEWIGDIKNDGSFTNYSP

SLKNRFTISRDNAKSTLYLQMSNLRSEDTATYSCTTSPQWAYWGQGTLVTVSS 

CH: 

TETTAPSVYPLAPGTALKSNSMVTLGCLVKGYFPEPVTVTWNSGALSSGVHTFPAVLQSGLYTL

TSSVTVPSSTWSSQAVTCNVAHPASSTKVDKKIVPRECNPCGCTGSEVSSVFIFPPKTKDVLTITL

TPKVTCVVVDISQNDPEVRFSWFIDDVEVHTAQTHAPEKQSNSTLRSVSELPIVHRDWLNGKT

FKCKVNSGAFPAPIEKSISKPEGTPRGPQVYTMAPPKEEMTQSQVSITCMVKGFYPPDIYTEWK

MNGQPQENYKNTPPTMDTDGSYFLYSKLNVKKETWQQGNTFTCSVLHEGLHNHHTEKSLSH

SPGK 

Light chain protein sequence – type Kappa – Complete integrity 

VL:  

DIQMTQSPSSLPASLGDRVTITCRASQDIGNFLRWFLQRPGKSPRLMIYGASNLAVGVPSRFSG

SRSGSDYSLTISSLESEDMADYYCLQSKESPFTFGSGTKVEIK 

CL: 

RADAAPTVSIFPPSMEQLTSGGATVVCFVNNFYPRDISVKWKIDGSEQRDGVLDSVTDQDSKD

STYSMSSTLSLTKVEYERHNLYTCEVVHKTSSSPVVKSFNRNEC 

Candidate 6A 

Heavy chain protein sequence – Complete integrity 

VH:  

EVQLVESGGGLVQPGRSLKLSCVASGFTFSNYGIHWFRQAPTKGLEWVASISPSGDTTYYRDSV

KGRFTISRDNAKNTLYLQMDSLRSEDTATYYCATAPLSAYWGQGTLVTVSS 

CH: 

AETTAPSVYPLAPGTALKSNSMVTLGCLVKGYFPEPVTVTWNSGALSSGVHTFPAVLQSGLYTL

TSSVTVPSSTWSSQAVTCNVAHPASSTKVDKKIVPRECNPCGCTGSEVSSVFIFPPKTKDVLTITL

TPKVTCVVVDISQNDPEVRFSWFIDDVEVHTAQTHAPEKQSNSTLRSVSELPIVHRDWLNGKT

FKCKVNSGAFPAPIEKSISKPEGTPRGPQVYTMAPPKEEMTQSQVSITCMVKGFYPPDIYTEWK

MNGQPQENYKNTPPTMDTDGSYFLYSKLNVKKETWQQGNTFTCSVLHEGLHNHHTEKSLSH

SPGK 

Light chain protein sequence – type Kappa – Complete integrity 

VL:  
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DIQMTQSPSSMSASLGDRVTITCQASQDIGNNLIWFQQKPGKSPRPMIYYVTNLAKGVPSRFS

GSRSGSDYSLTISSLESEDMADYHCLQYKQYPLAFGSGTKLEIK 

CL: 

RADAAPTVSIFPPSMEQLTSGGATVVCFVNNFYPRDISVKWKIDGSEQRDGVLDSVTDQDSKD

STYSMSSTLSLTKVEYERHNLYTCEVVHKTSSSPVVKSFNRNEC 

Candidate 8A 

Heavy chain protein sequence – Complete integrity 

VH:  

EVQLQQSGPEVGRPGSSVKISCKASGYTFTDYFMNWLKQSPGQGLEWIGWIDPEYGSTDYAE

KFKKKATLTADTSSSTAYIQLSSLTSEDTATYFCARGMYGTDYYYNNWFPCWGQGTLVTVSS 

CH: 

AETTAPSVYPLAPGTALKSNSMVTLGCLVKGYFPEPVTVTWNSGALSSGVHTFPAVLQSGLYTL

TSSVTVPSSTWSSQAVTCNVAHPASSTKVDKKIVPRECNPCGCTGSEVSSVFIFPPKTKDVLTITL

TPKVTCVVVDISQNDPEVRFSWFIDDVEVHTAQTHAPEKQSNSTLRSVSELPIVHRDWLNGKT

FKCKVNSGAFPAPIEKSISKPEGTPRGPQVYTMAPPKEEMTQSQVSITCMVKGFYPPDIYTEWK

MNGQPQENYKNTPPTMDTDGSYFLYSKLNVKKETWQQGNTFTCSVLHEGLHNHHTEKSLSH

SPGK 

Light chain protein sequence – type Kappa – Complete integrity 

VL: 

DIVMTQSPSSLAVSAGETVTLNCKSSQSLLSSGNQRNYLAWFHQKPGQSPKLLIYLASTRESGV

PDRFIGSGSGTDFTLTISTMQAEDLAVYFCQQHYDTPFTFGPGTKLELK 

CL:  

RADAAPTVSIFPPSMEQLTSGGATVVCFVNNFYPRDISVKWKIDGSEQRDGVLDSVTDQDSKD

STYSMSSTLSLTKVEYERHNLYTCEVVHKTSSSPVVKSFNRNEC 

Candidate 10A 

Heavy chain protein sequence – Complete integrity 

VH:  

EVQLVETGGGLVRPGSSLKLSCATSGFTFSNTWMNWVRQAPGKGLEWVALIKDKYDNYEAN

YAESVKGRFTISRDDSKSRVYLQMNTLRVQDTATYYCTRQLNWFAYWGQGTLVTVSS 

CH:  

AETTAPSVYPLAPGTALKSNSMVTLGCLVKGYFPEPVTVTWNSGALSSGVHTFPAVLQSGLYTL

TSSVTVPSSTWSSQAVTCNVAHPASSTKVDKKIVPRECNPCGCTGSEVSSVFIFPPKTKDVLTITL

TPKVTCVVVDISQNDPEVRFSWFIDDVEVHTAQTHAPEKQSNSTLRSVSELPIVHRDWLNGKT

FKCKVNSGAFPAPIEKSISKPEGTPRGPQVYTMAPPKEEMTQSQVSITCMVKGFYPPDIYTEWK

MNGQPQENYKNTPPTMDTDGSYFLYSKLNVKKETWQQGNTFTCSVLHEGLHNHHTEKSLSH

SPGK 

Light chain protein sequence – type Kappa – Complete integrity 
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VL: 

EIVLTQSPTTMTASPGEKVTITCRASSSVSYMHWYQQKPGASPKPWIYETSKLASGVPDRFSGS

GSGTSYSLTINNMEAEDAATYYCQQWNYPWTFGGGTKLELK 

CL:  

RADAAPTVSIFPPSMEQLTSGGATVVCFVNNFYPRDISVKWKIDGSEQRDGVLDSVTDQDSKD

STYSMSSTLSLTKVEYERHNLYTCEVVHKTSSSPVVKSFNRNEC 

Candidate 12A 

Heavy chain protein sequence – Partial integrity 

VH:  

EVQLVESGGGLVQPGKSLKLSCEASGFTFSDYHMAWVRQAPKKGLEWVATIVFDGSRTYYRD

SVKGRFTISRYNSKSTLYLQMDSLRSEDTATYYCATQETGSSDYWGQGVMVTVSS 

CH:  

AETTAPSVYPLAPGTALKSNSMVTLGCLVKGYFPEPVTVTWNSGALSSGVHTFPAVLQSGLYTL

TSSVTVPSSTWSSQAVTCNVAHPASSTKVDKKIVPRECNPCGCTGSEVSSVFIFPPKTKDVLTITL

TPKVTCVVVDISQNDPEVRFSWFIDDVEVHTAQTHAPEKQSNSTLRSVSELPIVHRDWLNGKT

FKCKVNSGAFPAPIEKSISKPEGTPRGPQVYTMAPPKEEMTQSQVSITCMVKGFYPPDIYTEWK

MNGQPQENYKNTPPTMDTDGSYFLYSKLNVKKETWQQGNTFTCSVLHERSEEHTSELQSPEA

ISYAVFCLKRGGGGGGG 

Light chain protein sequence – type Kappa – Complete integrity 

VL:  

DIQMTQSPSSLPASLGERVTISCRASQGISKKLNWYQQKPDGTINPLIYYTSNLQFGVPSRFSGS

GSGTDYSLTLSSLEPEDFAMYYCQQDASFPPTFGGGTKLELK 

CL:  

RADAAPTVSIFPPSMEQLTSGGATVVCFVNNFYPRDISVKWKIDGSEQRDGVLDSVTDQDSKD

STYSMSSTLSLTKVEYERHNLYTCEVVHKTSSSPVVKSFNRNEC 

Candidate 14A 

Heavy chain protein sequence – Complete integrity 

VH:  

EVQLQESGPGLVKPSQSLSLTCSVTGYSITSTYRWNWIRKFPGNKLEWMGYINSAGTTNYNPS

LKSRISITRETSKNQFFLQVNSVTTEDTATYYCARDYDGYLNVYFDYWGQGVMVTVSS 

CH:  

AETTAPSVYPLAPGTALKSNSMVTLGCLVKGYFPEPVTVTWNSGALSSGVHTFPAVLQSGLYTL

TSSVTVPSSTWSSQAVTCNVAHPASSTKVDKKIVPRECNPCGCTGSEVSSVFIFPPKTKDVLTITL

TPKVTCVVVDISQNDPEVRFSWFIDDVEVHTAQTHAPEKQSNSTLRSVSELPIVHRDWLNGKT

FKCKVNSGAFPAPIEKSISKPEGTPRGPQVYTMAPPKEEMTQSQVSITCMVKGFYPPDIYTEWK

MNGQPQENYKNTPPTMDTDGSYFLYSKLNVKKETWQQGNTFTCSVLHEGLHNHHTEKSLSH

SPGK 

Light chain protein sequence – type lambda – Complete integrity 

VL:  
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QVVLTQPKSVSTSLESTVKLSCKLNSGNIGSYYMHWYQQHEGRSPTNMIYRDDKRPDGVPDR

FSGSIDSSSNSAFLTINNVQTEDEAIYFCHSYDSSINIFGGGTKLTVLG 

CL: 

QPKSTPTLTVFPPSTEELQGNKATLVCLISDFYPSDVEVAWKANGAPISQGVDTANPTKQGNKY

IASSFLRLTAEQWRSRNSFTCQVTHEGNTVEKSLSPAECV 

Candidate 15A 

Heavy chain protein sequence – Complete integrity 

VH:  

EVQLVESGGGLVQPGSSLKLSCVVSGFTFSNYGMNWIRQAPKKGLEWIAMIYFDSSNKYYADS

VKGRFTISRDNSKNTLYLEMNSLRSEDTAMYYCARYYYDGTYYDYFDYWGQGVMVTVSS 

CH:  

AETTAPSVYPLAPGTALKSNSMVTLGCLVKGYFPEPVTVTWNSGALSSGVHTFPAVLQSGLYTL

TSSVTVPSSTWSSQAVTCNVAHPASSTKVDKKIVPRECNPCGCTGSEVSSVFIFPPKTKDVLTITL

TPKVTCVVVDISQNDPEVRFSWFIDDVEVHTAQTHAPEKQSNSTLRSVSELPIVHRDWLNGKT

FKCKVNSGAFPAPIEKSISKPEGTPRGPQVYTMAPPKEEMTQSQVSITCMVKGFYPPDIYTEWK

MNGQPQENYKNTPPTMDTDGSYFLYSKLNVKKETWQQGNTFTCSVLHEGLHNHHTEKSLSH

SPGK 

Light chain protein sequence – type Kappa – Complete integrity 

VL:  

EIVLTQSPTAMAASPGEKVTLICLASSSVTCMNWYQQKSGASPKLWIYGTSNLASGVPNRFSG

SGSGTSYSLTIISMEAEDVATYYCLQLSSYPPTWTFGGGTKLELK 

CL: 

RADAAPTVSIFPPSMEQLTSGGATVVCFVNNFYPRDISVKWKIDGSEQRDGVLDSVTDQDSKD

STYSMSSTLSLTKVEYERHNLYTCEVVHKTSSSPVVKSFNRNEC 

Candidate 16A 

Heavy chain protein sequence – Complete integrity  

VH:  

EVKLVESGGGLVQPGRSLKLSCVASGFTFNNYWMTWIRQAPGKGLEWVTSITN

TDGNTYYPDSVKGRFTVSRDNAKTTLYLQLNSLRSEDTATYYCTRGGDGTYYYGV

MDAWGQGASVTVSS 

CH:  

AETTAPSVYPLAPGTALKSNSMVTLGCLVKGYFPEPVTVTWNSGALSSGVHTFPA

VLQSGLYTLTSSVTVPSSTWSSQAVTCNVAHPASSTKVDKKIVPRECNPCGCTGS

EVSSVFIFPPKTKDVLTITLTPKVTCVVVDISQNDPEVRFSWFIDDVEVHTAQTHA

PEKQSNSTLRSVSELPIVHRDWLNGKTFKCKVNSGAFPAPIEKSISKPEGTPRGPQ

VYTMAPPKEEMTQSQVSITCMVKGFYPPDIYTEWKMNGQPQENYKNTPPTMD

TDGSYFLYSKLNVKKETWQQGNTFTCSVLHEGLHNHHTEKSLSHSPGK 
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Light chain protein sequence – type Kappa – Complete integrity 

VL: 

NIQLTQSPSLLSASVGDRVTLSCKGSQNINNYLAWYQQKLGEAPKLLIYNTNSLQT

GFPSRFSGSGSGTDYTLTITSLQPEDVATYFCYEYNNGYAFGPGTKLELK 

CL:  

RADAAPTVSIFPPSMEQLTSGGATVVCFVNNFYPRDISVKWKIDGSEQRDGVLD

SVTDQDSKDSTYSMSSTLSLTKVEYERHNLYTCEVVHKTSSSPVVKSFNRNEC 

Candidate 18A 

Heavy chain protein sequence – Complete integrity 

VH:  

EVQLVESGGGLVQPGRSLKLSCAASGFTFSNFGMHWIRQAPTKGLEWVASISPS

GGNTYYRDSVKGRLTISRDNAKSTLYLQLDSLRSEDTATYYCARGETTGIQDWFA

YWGQGTLVTVSS 

CH: 

AETTAPSVYPLAPGTALKSNSMVTLGCLVKGYFPEPVTVTWNSGALSSGVHTFPA

VLQSGLYTLTSSVTVPSSTWSSQAVTCNVAHPASSTKVDKKIVPRECNPCGCTGS

EVSSVFIFPPKTKDVLTITLTPKVTCVVVDISQNDPEVRFSWFIDDVEVHTAQTHA

PEKQSNSTLRSVSELPIVHRDWLNGKTFKCKVNSGAFPAPIEKSISKPEGTPRGPQ

VYTMAPPKEEMTQSQVSITCMVKGFYPPDIYTEWKMNGQPQENYKNTPPTMD

TDGSYFLYSKLNVKKETWQQGNTFTCSVLHEGLHNHHTEKSLSHSPGK 

Light chain protein sequence – type Kappa – Complete integrity 

VL: 

DIQMTQSPSFLSASVGERVTLSCRASQNINRYLDWYQQKLGETPKLLMYNTINLH

TGIPSRFSGSGSGTDYTLTISSLQPEDVATYFCLQRNSWPNTFGAGTKLELK 

CL:  

RADAAPTVSIFPPSMEQLTSGGATVVCFVNNFYPRDISVKWKIDGSEQRDGVLD

SVTDQDSKDSTYSMSSTLSLTKVEYERHNLYTCEVVHKTSSSPVVKSFNRNEC 

Candidate 25A 

Heavy chain protein sequence – Complete integrity 

VH:  

EVQLVESGGGLVQPGRSLKVSCTVSGFTFSDYDMAWVRQTPMKGLEWVASIST

GGGNTYYRDSVKGRFTISRDNAKNIQYLQMDSLRSEDTATYYCATNYGGYSESDF

FDYWGQGVMVTVSS 

CH:  
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AETTAPSVYPLAPGTALKSNSMVTLGCLVKGYFPEPVTVTWNSGALSSGVHTFPA

VLQSGLYTLTSSVTVPSSTWSSQAVTCNVAHPASSTKVDKKIVPRECNPCGCTGS

EVSSVFIFPPKTKDVLTITLTPKVTCVVVDISQNDPEVRFSWFIDDVEVHTAQTHA

PEKQSNSTLRSVSELPIVHRDWLNGKTFKCKVNSGAFPAPIEKSISKPEGTPRGPQ

VYTMAPPKEEMTQSQVSITCMVKGFYPPDIYTEWKMNGQPQENYKNTPPTMD

TDGSYFLYSKLNVKKETWQQGNTFTCSVLHEGLHNHHTEKSLSHSPGK 

Light chain protein sequence – type Kappa – Complete integrity 

VL: 

DIQMTQSPSSLPSSLGERVTISCRASQGISNNLNWYQQKPDGTIKPLIYYTSNLQS

GVPSRFSGSGSGTDYSLTISSLEPEDFAMYYCQQDAIFPNTFGAGTKLELK 

CL:  

RADAAPTVSIFPPSMEQLTSGGATVVCFVNNFYPRDISVKWKIDGSEQRDGVLD

SVTDQDSKDSTYSMSSTLSLTKVEYERHNLYTCEVVHKTSSSPVVKSFNRNEC 

Candidate 26A 

Heavy chain protein sequence – Complete integrity 

VH:  

EVQLVETGGGLVRPGSSLKLSCVTSGFTFSNTWMNWVRQAPGKGLEWVALIKD

KYDNYEANYAESVKGRFTISRDDSKSRVYLQMNTLRDQDTATYYCTRQLNWFAY

WGQGTLVTVSS 

CH:  

AETTAPSVYPLAPGTALKSNSMVTLGCLVKGYFPEPVTVTWNSGALSSGVHTFPA

VLQSGLYTLTSSVTVPSSTWSSQAVTCNVAHPASSTKVDKKIVPRECNPCGCTGS

EVSSVFIFPPKTKDVLTITLTPKVTCVVVDISQNDPEVRFSWFIDDVEVHTAQTHA

PEKQSNSTLRSVSELPIVHRDWLNGKTFKCKVNSGAFPAPIEKSISKPEGTPRGPQ

VYTMAPPKEEMTQSQVSITCMVKGFYPPDIYTEWKMNGQPQENYKNTPPTMD

TDGSYFLYSKLNVKKETWQQGNTFTCSVLHEGLHNHHTEKSLSHSPGK 

Light chain protein sequence – type Kappa – Complete integrity 

VL:  

EIVLTQSPTTMTASPGEKVTITCRASTSVSYMHWYQQKAGASPKPWIYETSKLAS

GVPDRFSGSGSGTSYSLTINNMEAEDAATYYCQQWNYPWTFGGGTKLELK 

CL:  

RADAAPTVSIFPPSMEQLTSGGATVVCFVNNFYPRDISVKWKIDGSEQRDGVLD

SVTDQDSKDSTYSMSSTLSLTKVEYERHNLYTCEVVHKTSSSPVVKSFNRNEC 
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Candidate 29A 

Heavy chain protein sequence – Complete integrity 

VH:  

EVQLVESGGGLEQPGRSLKLSCVASGFTFSDYHMAWVRQAPKKGLEWVATIIYD

GSRTYYRDSVKGRFTISRDNAKSTLYLQMDSLRSEDTATYYCATQGTGSSDYWG

QGVMVTVSS 

CH:  

AETTAPSVYPLAPGTALKSNSMVTLGCLVKGYFPEPVTVTWNSGALSSGVHTFPA

VLQSGLYTLTSSVTVPSSTWSSQAVTCNVAHPASSTKVDKKIVPRECNPCGCTGS

EVSSVFIFPPKTKDVLTITLTPKVTCVVVDISQNDPEVRFSWFIDDVEVHTAQTHA

PEKQSNSTLRSVSELPIVHRDWLNGKTFKCKVNSGAFPAPIEKSISKPEGTPRGPQ

VYTMAPPKEEMTQSQVSITCMVKGFYPPDIYTEWKMNGQPQENYKNTPPTMD

TDGSYFLYSKLNVKKETWQQGNTFTCSVLHEGLHNHHTEKSLSHSPGK 

Light chain protein sequence – N.A. 

Candidate 30A 

Heavy chain protein sequence – Complete integrity 

VH:  

EVQLVETGGGLVRPGSSLKLSCATSGFTFSNTWMNWVRQAPGKGLEWVALVK

DEYNDYEANYAESVKGRFTISRDDSKSRVYLQMNTLRDQDTATYYCTRTAYYGLF

PYWGQGSLVTVSS 

CH:  

AETTAPSVYPLAPGTALKSNSMVTLGCLVKGYFPEPVTVTWNSGALSSGVHTFPA

VLQSGLYTLTSSVTVPSSTWSSQAVTCNVAHPASSTKVDKKIVPRECNPCGCTGS

EVSSVFIFPPKTKDVLTITLTPKVTCVVVDISQNDPEVRFSWFIDDVEVHTAQTHA

PEKQSNSTLRSVSELPIVHRDWLNGKTFKCKVNSGAFPAPIEKSISKPEGTPRGPQ

VYTMAPPKEEMTQSQVSITCMVKGFYPPDIYTEWKMNGQPQENYKNTPPTMD

TDGSYFLYSKLNVKKETWQQGNTFTCSVLHEGLHNHHTEKSLSHSPGK 

Light chain protein sequence – Incomplete integrity 

VL:  

DIQMTQSPASLSSSLGETVTIECRASEDIYSNLAWYQQKPGNSPQLLIFDANTLAD

GVPSRFSGSGSGPQYSLHINSLQSEDVASYFCQQYNNYPLTFGSGTRLEIK 

CL:  

RADAAPTVSIFPPSMEQLTSGGATVVCFVNNFYPRDISVKWKIDGSEQRDGVLD

SVTDQDSKDSTYSMSSTLSLTKVEYERHNLYTCEVVHKTSSSPVVKSFNRNEC 
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Supplementary Table 2. Overall quality control for monomericity and purity of 

anti-mTNFR2 mAbs purified. Monomericity data represented as mean and SD of 

antibodies produced of two independent experiments (n=2). Monomericity was 

checked to test the temperature stability: after 10 cycles of freeze-and-thaw (F/T) 

and after 1 week incubation at 40 °C in a single independent experiment. Purity was 

assessed via CE-SDS non-reduced (NR) and reduced (R). 

 

   Stability test NR  

CE-SDS 

R  

CE-SDS 

Anti-

TNFR2 

mAbs 

Concentration  

(mg/ml) 

Monomer 

average  

(% ± SD) 

Monomer 

(%) 

post 10 

cycles F/T 

Monomer (%) 

post 1 week  

incubation  

40 °C 

Intact IgG 

(%) 

LC+HC 

(%) 

5A 2,08 98,80 ± 0,14 99,70 67,90 90,90 98,40 

6A 1,18 95,64 ± 0,20 96,10 92,50 N.A. 97,70 

8A 0,77 95,30 ± 0,14 95,70 85,20 95,10 98,60 

10A 1,47 98,70 ± 0,14 98,90 89,70 90,50 99,60 

12A 0,99 99,02 ± 0,16 99,20 72,00 93,00 99,50 

14A 1,53 98,81 ± 0,30 98,90 71,50 91,00 99,40 

15A 1,16 99,12 ± 0,54 99,50 64,00 93,50 98,70 

16A 1,52 99,18 ± 0,03 99,40 45,20 93,80 98,70 

18A 2,31 98,69 ± 0,40 98,70 93,80 92,10 99,40 

25A 2,16 99,13 ± 0,18 99,10 78,30 93,20 99,10 

26A 2,12 98,55 ± 0,21 98,70 89,40 92,40 99,20 

29A 1,76 98,32 ± 0,17 98,10 71,80 91,60 99,10 

30A 1,80 99,52 ± 0,31 99,50 85,50 90,60 99,20 
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Supplementary Table 3. Treg staining percentages and MFI. Percentage of TNFR2- 

and TNFR2+ Tregs stained either with hamster-anti-TNFR2 PE antibody (clone TR75-

89), rat-anti-TNFR2 antibody or both. gMFI for TNFR2 signal detected by AF647 

signal. Data representative of single experiment out of two independent 

experiments.  

Abs 
% Tregs 

TNFR2- 

% Tregs 

TNFR2+ (PE+) 

% Tregs TNFR2+  

(PE+ and AF647+) 

% Tregs TNFR2+ 

(AF647+) 

gMFI AF647 signal 

in CD3+ YFP+ 

5A 61,45 33,10 2,68 2,77 442 

6A 73,15 0,11 3,80 22,95 1118 

8A 66,90 0,11 1,97 31,05 1267 

10A 71,25 10,15 6,40 12,21 401 

12A 53,95 1,63 23,55 20,88 1344 

14A 70,95 1,93 18,15 8,97 1019 

15A 64,25 0,50 13,30 21,98 1169 

16A 55,35 0,97 23,90 19,78 1504 

18A 63,15 30,45 4,50 1,90 471 

25A 52,75 0,90 21,25 25,16 1466 

26A 66,55 19,97 10,35 3,16 485 

29A 62,95 2,39 21,45 13,22 1357 

30A 48,05 0,06 17,65 34,15 1154 

rat 

isotype 

56,00 32,95 3,45 2,64 346 
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Figure S1. Characterization of anti-mouse TNFR2 antibodies in vitro. (A) Gating 

strategy followed. Gating was done on unstained CHO-K1.mTNFR2 cells. First, cell 

debris was excluded based on FSC-A / SSC-A properties. Next, single cells were gated 

based on FSC-A / FSC-H. Live cells were gated based on FSC-A / DAPI properties. Next 

to the live unstained single cell population, a mouseTNFR2+ gate was set based on 

TNFR2 histogram. Data representative of single experiment out of three independent 

experiments. (B and C) mTNFR2 expression was checked in stable transfected CHO-

K1 cells which were incubated with 3-fold increasing concentrations of each rat 

IgG2a mAb TNFR2 expression in stable transfected CHO-K1 via direct staining. 

Expression levels was detected by flow cytometry assessing TNFR2+ population 

percentage (B) and gMFI (C). Data representative of single experiment out of three 

independent experiments. (D) TNFR1 expression was tested on parental CHO-K1 

(right) and transiently transfected CHO-K1 cells (left). TNFR1 gating was done on 

unstained CHO-K1 cells, similar as shown in (A). (E) TNF competition FACS of 

antibodies. Data represented as a three-parameter gMFI dose-response curve fit 

based on mean and SEM of three independent experiments of the non-blocker 

antibodies with appropriate controls incubations with 3-fold increasing 

concentrations. Two benchmark hamster-anti-mTNFR2 antibodies with known 

blocking activity were added as controls.  
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Figure S2. Characterization of anti-mouse TNFR2 antibodies with ex vivo material. 

(A) Treg gating strategy followed. Gating was done on unstained freshly isolated 

splenocytes. First, lymphocytes were gated based on FSC-A / SSC-A properties. Next, 

single cells were gated based FSC-A / FSC-H. Treg population were gated as CD3 

positive and FoxP3-YFP positive. Next to the Treg population, a mouse TNFR2+ gate 

was set with a rat isotype control via histogram. Data representative of single 

experiment out of two independent experiments.  

 

Figure S3. BLI representation, CE-SDS and SEC-HPLC. (A) BLI analysis of candidate 

for binding to recombinant mTNFR2. The mAb association at 10 μg/ml to 

recombinant mTNFR2 protein loaded biosensors is displayed with 5-fold decreasing 

concentrations starting at 95 nM. Data representative of three independent 

experiments. (B) Auto-scaled SEC-HPLC profile of anti-mTNFR2 antibody. (C and D) 

Purity of mAb evaluated by CE-SDS. 10 kDa standard marker (~12.3 mins) was used 

for the calibration of retention time for each trace, reduced (C) and non-reduced (D). 

Numbers represent the retention time. Data representative of a single mAb anti-

mTNFR2, candidate 29; (B, C and D) data representative of a single independent 

experiment.  
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Figure S4. Characterization of anti-mTNFR2 mAbs targeting CRDs 1-4. (A) 

Schematic representation of the 6 mouse-human TNF2 chimeras CRD1-CRD4 

(Cystein Rich Domain). (B) The targeting CRD of each mAb were determined by cell 

ELISA with mouse-human TNFR2 domain swap mutants. mTNFR1 and CHO-empty 

vector targeting was included too. (C) Targeting of rat isotype control included in all 

assays. All data represented as a three-parameter OD450-620 detection based on 

mean and SD of three independent experiments.    
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Abstract  

 
T regulatory cells (Tregs) are a subset of CD4+ T cells characterized by an 

immunosuppressive activity. They play a key role in maintaining immune 

homeostasis and are, therefore, crucial for understanding autoimmune, 

chronic and cancer diseases. Although Treg importance has been 

recognized, targeting them to either promote or revert the 

immunosuppressive environment in disease conditions still poses certain 

challenges, due to the lack of a unique Treg surface marker.  

Tumor necrosis factor receptor 2 (TNFR2) has been described to be 

expressed on the Treg surface and its expression correlates with higher 

immunosuppressive activity. In this study we assessed the 

immunomodulatory capacity of two novel anti-mTNFR2 antibodies (mAbs) 

in in vitro, ex vivo and in vivo experiments. One of the mAbs blocks mouse 

TNFR2 (candidate 25), the other is a non-blocking mAb (candidate 30). Both 

mAbs were equipped with an active or silent mouse IgG2a Fc tail and 

recombinantly expressed.  As expected, both mAbs still bound mTNFR2. 

Purified mAb with an active Fc tail depleted TNFR2+ cells in a complement-

dependent-cytotoxicity (CDC) assay, while mAbs carrying a silent Fc tail 

failed to do so, confirming that the Fc regions of both mAbs induce CDC. We 

hypothesized that anti-mTNFR2 antibodies would block and/or deplete 

Tregs also in an in vivo set up, leading to enhanced naïve CD4 proliferation, 

which we tested in a Rag 1 KO T cell transfer mice model. However, in these 

in vivo experiments, anti-mTNFR2 antibody 25 diminished Treg numbers 

irregardless of Fc tail activity while both mAbs prevented effector CD4+ T cell 

expansion. Thus, the two mAbs function both in vitro and in vivo but are not 

selective for the Treg subpopulation of CD4+ T cells. 
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Introduction   
 
T regulatory cells (Tregs) represent an immunosuppressive subpopulation of 

CD4+ T cell that regulates immunological homeostasis. Tregs  dampen 

overactive immune responses by inhibiting the proliferation and generation 

of effector T cells (Teff)1,2. On one hand, this immunosuppressive activity 

prevents the development of autoimmune disorders, tissue destruction and 

chronic inflammatory diseases3,4. On the other hand, the recruitment and 

accumulation of Tregs in tumor tissues leads to immune evasion by cancer 

cells. As a result of the immunosuppressive tumor microenvironment (TME), 

the T effector response is suppressed and tumor progression is promoted5. 

Hence, targeting tumor-infiltrating Tregs and consequently activating Teff 

cells in the TME are appealing approaches for boosting cancer 

immunotherapy. 

 

Tumor necrosis factor (TNF) has been reported to play an important role in 

regulating Treg activity6. TNF-alpha (TNFα) is a cytokine which is involved in 

immune response, cell growth and proliferation, and tumor progression. The 

binding of TNFα to TNF receptors, such as tumor necrosis factor receptor 2 

(TNFR2)7, it is a known mechanism which promotes Treg proliferation and 

immunosuppression mediated by PI3K/Akt and NK-κB signalling pathway8. 

Several types of cancer, such as colon cancer, multiple myeloma and renal 

cell carcinoma, have been reported to express high levels of TNF in the TME9–

11.  

 

TNFα main receptors are TNFR1 and TNFR2. While TNFR1 is widely 

expressed by different cell types, in humans and mice, TNFR2 is 

predominantly expressed on Tregs. High level of TNFR2 expression is 

correlated with greater suppressive activity of Tregs12–14. TNFR2 with more 

limited cell expression is also found on myeloid-derived suppressing cells 

and in different types of tumors and malignant cells15. 

 

Since TNFR2 is highly expressed on tumor-infiltrating Tregs and its 

expression is correlated to a higher immunosuppressive activity16,17, 

antagonistic TNFR2 antibodies or TNFR2 blocking agents could be an 
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interesting tool for antitumor therapy. An earlier study found that blocking 

TNFR2 with antagonistic antibodies decreased the tumor growth and tumor-

associated Tregs, demonstrating the therapeutic potential of anti-TNFR2 

antibodies in cancer immunotherapy18. 

 
In this work, we further explored Treg targeting with newly generated anti-

TNFR2 monoclonal antibodies (mAbs). The main objective was to assess the 

impact of mouse TNFR2-targeting with a blocking (candidate 25) or a non-

blocking mAb (candidate 30). In addition, we also assessed the importance 

of the downstream effector function of the Fc portion of tested mAbs, by 

using either active or silent Fc. This allowed us to test if binding to TNFR2 

alone was sufficient to obtain a biological effect (Fab-mediated), or 

additional Fc-mediated destruction of target cells was needed. For this 

purpose, mIgG2a was selected as the most active isotype19,20, while mIgG2a 

with L234A/L235A/P329G mutations that abrogate FcϒR and complement 

binding was used as a silent Fc21,22.  

TNFR2-targeting mAb candidates 25 and 30 were selected based on the 

previously published work23, where both candidates presented ~3nM KD and 

high efficacy binding to TNFR2 receptor. Here, they were expressed with 

mouse Fc, and further characterized by (1) in vitro binding assay which 

confirmed binding to TNFR2-expressing cells, (2) ex vivo CDC assay which 

revealed Fc-dependent complement activation, and (3) in vivo activity 

assessment. To test the effect in vivo, naïve CD4 cells and Tregs were 

transferred into recipient mice which were then treated with anti-TNFR2 

antibodies. Proliferation of naïve CD4 cells was used as a readout for TNFR2-

mediated Treg targeting. The results indicate that tested anti-TNFR2 

antibodies successfully target Treg population, but also T effector CD4+. 

Results  

Expression of different anti-TNFR2 antibodies with active and silent Fc-

isotypes 

We previously described 13 TNFR2-specific antibodies23, of which two 

(candidate 25 and 30) were selected to assess their effects on Treg function. 
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Candidate 25 was considered as a TNFα blocker and candidate 30 as a TNFα 

non-blocker. Both candidates were expressed with an active Fc (mIgG2a) 

and a silent Fc (mIgG2a.LALA-PG), resulting in four antibodies in total (Fig. 

1A).  

 

Figure 1. Mouse anti-mTNFR2 antibodies show similar binding profile regardless 
of the isotype. (A) Schematic representation of used mTNFR2 antibodies, which 
differ in their blocking activity (Fab-dependent) and depleting activity (Fc-
dependent). (B) mTNFR2 stable transfected CHO-K1 cells were incubated with 3-fold 
increasing concentrations of each mouse anti-mTNFR2 mAbs, and binding was 
detected by flow cytometry assessing gMFI. (C) TNFα ligand competition with 
generated antibodies assessed by FACS. Data represented as gMFI dose-response 
curve fit of the blocker antibodies with appropriate controls incubations with 3-fold 
increasing concentrations. Two benchmark hamster-anti-mTNFR2 antibodies with 
known blocking activity were added as controls. (B and C) Representative biological 
replicate of n=2 biological replicates. *Green star indicates introduction of LALA-PG 
mutations. 

All antibodies were produced recombinantly and purified using MabSelect 

SuRe LX resin. SDS-PAGE was performed to confirm the correct molecular 

weights and purity of antibodies. The analysis under non-reducing 

conditions confirmed the expected molecular weights and indicated that a 

high purity (>90%) was reached in all samples (Fig. S1). Furthermore, only 
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heavy chain (HC) and light chain (LC) were observed under reducing 

conditions, confirming the correct antibody composition (Fig. S1).  

Since for this study we switched the isotype of candidates 25 and 30 from 

rat, as used previously, to mouse IgG2a, the binding activity to mTNFR2 and 

TNFα blocking activity were reassessed23. FACS analysis showed that both 

mAbs stained TNFR2-expressing CHO cells (Fig. 1B) confirming that antigen 

binding was preserved. Furthermore, the higher affinity of candidate 25 

compared to candidate 30 is maintained after isotype switching from rat to 

mouse. In parallel, blocking activity was checked through a competition 

assay consisting of TNFR2-expressing CHO cells bound to TNFR2 antibodies 

in a first incubation step followed by a second incubation step with 

biotinylated TNFα and detected with streptavidin-APC. Similarly, candidate 

25 preserved TNFα blocking activity and candidate 30 remained TNFα non-

blocker, regardless of the mouse Fc used (Fig. 1C).  

Taken together, the produced antibodies complied with high-quality 

standards regarding monomericity and purity. Rat to mouse isotype switch 

did not alter the binding and blocking features. 

mTNFR2 antibodies mediate Fc-dependent CDC against Tregs  

Monoclonal antibodies can mediate their effects by a variety of mechanisms, 

including interference with cell signalling resulting in cell cycle arrest, direct 

induction of apoptosis, sensitization to cytotoxic drugs, CDC, antibody-

dependent phagocytosis (ADPC), and ADCC. In the present study, the role of 

the complement activity of the different candidates was assessed in vitro 

and ex vivo.  

In order to detect on-target CDC killing, CHO-K1.mTNFR2 target cells and 

CHO-K1 control cells were labelled with different dyes and mixed in 1:1 ratio. 

Next, the antibody-mediated complement activation was induced and the 

changes in target:control cell ratio were assessed by FACS. The gating 

strategy is shown in Fig. 2A. A significantly lower target:control cell ratio was 

observed after complement activation with anti-TNFR2 antibodies with 

active Fc (IgG2a) compared to isotype control or complement alone (Fig. 2A). 

Therefore both anti-TNFR2 candidates successfully induced CDC against 
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CHO-K1.mTNFR2 target cells. As expected, the introduction of LALA-PG 

mutations into IgG2 isotype abrogated the CDC effect (Fig. 2B).  

Figure 2. CDC profiles of anti-TNFR2 constructs targeting CHO-K1.mTNFR2 and 
Tregs. (A) Representative plots used to calculate CHO-K1.mTNFR2:CHO-K1 ratio. 
First, CHO-K1 cells were gated based on FSC-A / SSC-A properties. Next, Live cells 
were based on FSC-A/ PI staining. Live cells were gated for single cells based FSC-A / 
FSC-W. Target cells CHO-K1.mTNFR2 are found in Q3 as eF670+ and CHO-K1 are 
found as Q1 as eF450+. Data representative from samples incubated isotype control 
or 25.IgG2a and with RC. (B) CHO-K1.mTNFR2 target cells and CHO-K1 control cells 
were previously stained, then co-incubated with anti-TNFR2 antibodies followed by 
RC incubation Cells were analysed by FACS and CHO-K1.mTNFR2:CHO-K1 ratio was 
calculated. (C) Similarly, Tregs expanded ex vivo for 5 days. At day 5, Tregs incubated 
with anti-TNFR2 antibodies previously stained with eF670 and Tregs without 
antibody incubation stained with eF450. After antibody incubation, cells were mixed 
1:1 and incubated with RC. Cells were analysed by FACS and Tregs.mTNFR2 
Abs:Tregs ratio was calculated. Mean + SD of duplicates are shown of a 
representative biological replicate out of n=2 biological replicates. (Statistics: CDC 
assay – one-way ANOVA on subtracted values (no RC – with RC), ***P<0.0005). 

Furthermore, we tested if anti-TNFR2 antibodies were able to induce CDC 

against Tregs in an ex vivo assay. Harvested splenocytes were sorted as CD4+ 
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CD45RBlow CD25high and were 5-day expanded with anti-CD3/CD28 

dynabeads (1:1 ratio) plus recombinant mouse IL2 (20 ng/ml) in 96 round-

bottom plates (4 x 105 cells/well). Treg depletion was driven by complement-

dependent toxicity with the active isotype antibodies, and this was 

abrogated by the Fc silencing LALA-PG mutation (Fig. 2C). CDC activity was 

also tested on freshly sorted naïve CD4 T cells and after 5-day expansion. On 

day 0, naïve CD4 did not express TNFR2 (data not shown). Although CD4 T 

cells upregulated TNFR2 expression after 5-day expansion (Fig. S2A), they 

were not susceptible to anti-TNFR2-mediated CDC (Fig. S2 B). 

In summary, the expressed anti-TNFR2 antibodies of IgG2a isotype 

successfully mediated CDC against CHO-K1.mTNFR2 and Tregs, but not 

against naïve CD4 cells expanded for 5 days. CDC activity was lost after the 

introduction of Fc-silencing LALA-PG mutations.  

TNFR2 antibodies target Treg and effector CD4+ T cell populations in vivo 

To further assess the potential use of anti-TNFR2 antibodies for Treg 

targeting, we tested whether the anti-TNFR2 treatment could modulate the 

suppressive capacity of Tregs in vivo. Naïve wild-type CD4+ T cells 

(CD45.1/2+) were mixed with or without Tregs (CD45.2+) in the indicated 

ratios and injected intravenously into Rag1-/- (CD45.1+) recipient mice. At day 

2 and 7, indicated groups received 100μg of anti-TNFR2 antibody 

intraperitoneally. After 14 days, splenocytes and lymph nodes were analysed 

for the presence of CD45.1/2 and CD45.2 cells (Fig. 3 A). The gating strategy 

is shown in Fig. 3 B.  

When naïve cells (CD45.1/2+) were co-transferred with Tregs (CD45.2+) 

without antibody treatment, lower numbers of naïve cells were observed in 

spleen and lymph nodes (Fig. 3C, left) compared to the group that received 

only naïve CD4 T cell transfer. Thus, the results indicate that Tregs 

suppressed the expansion and proliferation of naïve CD4 T cells. As 

expected, CD45.2+ cells were only observed in the group who received Treg 

transfer (Fig. 3C, right). 
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Figure 3. Tregs and effector CD4 T cells are targeted in vivo by anti-mTNFR2 mAbs. 

(A) Scheme of the in vivo setup. WT naïve CD45.1/2+ CD4+ CD25- CD45RBhigh cells  

(4 x 105) were injected alone or together with WT CD45.2+ CD4+ CD25+ Tregs (1-2 x 

105) intravenously into Rag1 KO recipients in 2:1 or 4:1 ratio as indicated. After 14 

days, spleens and lymph nodes (mix of brachial, axillar and inguinal) were assessed 

by flow cytometry for their proportions and absolute numbers of CD45.1/2+ and 

CD45.2+ Tregs. (B) Representative plots used at day 14 to analyse cell numbers. First, 

live splenocytes or cells derived from lymph nodes (LN) were gated based on FSC-A / 

NIR staining. Cell debris was excluded based on FSC-A / SSC-A properties. Next, 

CD45.1 and CD45.2 populations were gated. Data representative for spleen samples 

from mice injected with naïve and Tregs 2:1. (C) Control results of naïve CD4 T cells 

injected with or without Tregs (4:1) into Rag 1 KO recipient mice. Absolute numbers 

of CD45.1/2+ cells are shown on the left side (spleen and lymph node) and CD45.2+ 
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cells on the right side. (D) Absolute numbers of CD45.2+ Tregs in spleen and inguinal 

lymph nodes (iLN) of mice injected with naïve CD4 T cells, Tregs (2:1) and anti-TNFR2 

antibody treatment. I Absolute numbers of CD45.1/2 cells in spleen and inguinal 

lymph nodes (iLN) of mice injected with naïve CD4 T cells and anti-TNFR2 mAbs. (D 

and E). Mice received 100μg of mAb per group diluted in 250μl PBS intraperitoneally 

administered at day 2 and day 7. Each symbol represents an individual mouse. Data 

are representative of one individual experiment. Bars represent meanSD. 

Upon addition of anti-mTNFR2 treatment, the number of recovered Tregs 

were dependent on anti-mTNFR2 candidate that was used (Fig. 3 D). Treg 

numbers (CD45.2) were reduced in the presence of TNFR2-blocking 

candidate 25. No difference was observed between candidate 25 with 

mIgG2a or mIgG2a.LALA-PG. On the other hand, the candidate 30 did not 

reduce Treg numbers, irrespective of the Fc backbone (active or silent).  

Finally, the number of CD45.1/2 cells (naïve CD4 T cells) was assessed, as 

their higher proliferation would be indicative of diminished Treg-mediated 

suppression. Although a reduction in Treg number was observed in the 

group treated with TNFR2-blocking candidate 25, this did not lead to an 

increase in CD45.1/2 T cell numbers (naïve CD4 T cells) (Fig. S3A). 

Since we failed to observe an increase in CD4 T cell numbers, despite 

reduction of Treg numbers by anti-TNFR2 treatment, and we detected 

TNFR2 expression on CD4 T cells (Fig. S2A), we hypothesized that the anti-

TNFR2 mAbs may also target the CD4 effector T cells in vivo. Therefore, 

injection of naïve CD4 T cells alone (without Tregs) was tested together with 

anti-TNFR2 mAbs treatment. The control group that received CD4 T cells 

alone and no antibody treatment presented higher numbers of CD45.1/2+ 

cells, compared to the group that received CD4 T cell transfer and anti-

TNFR2 antibodies. (Fig.3 E). All tested anti-TNFR2 mAbs, regardless of the 

candidate and Fc backbone, reduced the numbers of CD45.1/2+ cells.  

These data demonstrate that anti-mTNFR2 antibodies target both Tregs and 

effector CD4+ T cells in vivo, and thus fail to achieve Treg-exclusive cell 

targeting.  
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Discussion  
 
Cancer immunotherapy aiming to target Tregs has been unsuccessful in the 

recent years, as different strategies failed during different stages of clinical 

trials. In this study, we used two novel antibodies against mTNFR2 with 

different binding properties (TNF blocking or non-blocking) and Fc activity 

(active or silent) to target Tregs. These antibodies have been tested in vitro 

in CHO-K1.mTNFR2, ex vivo with sorted and expanded Tregs and naïve CD4 

cells, and in vivo, were Rag1 KO CD45.1+ mice received naïve CD4+ CD45.1/2+ 

cells, with or without Tregs CD45.2+ and anti-mTNFR2 treatment. Our results 

show that in this setting, active anti-mTNFR2 antibodies are able to mediate 

in vitro CDC activity against CHO-K1.mTNFR2 cells and Tregs, but not ex vivo 

expanded CD4 T cells that also express TNFR2. In vivo, however, it seems 

that anti-TNFR2 antibodies target both Tregs and T effector CD4+ cells.  

Among the thirteen candidates presented previously23, two candidates were 

selected for further characterization. The first selection criteria was a good 

target binding efficacy. Secondly, we wanted to compare a blocking and a 

non-blocking antibody, to assess the impact of ligand competition with TNFα 

on Treg activity. From antibody production and purification perspective, 

antibody sequences propense to increase aggregation and potential post-

translational modifications were excluded. To this end, candidate 25 was 

selected as a blocking anti-TNFR2 mAb and candidate 30 was selected as a 

non-blocking anti-TNFR2 mAb. In our previously published work, these 

antibodies were of rat isotype23. Here, they were expressed with a mouse 

Fc, as they were tested in mouse models in vivo. In addition, we used both 

an active Fc (IgG2a) and a silent Fc (IgG2a with silencing mutations) in order 

to assess the importance of Fc-mediated depletion in addition to Fab-

mediated TNFR2 blocking. 

As expected, isotype switch did not affect the binding to mTNFR2 expressed 

on CHO-K1 stably transfected cell line, nor the TNFα blocking properties. 

Cytotoxicity mediated by the two selected antibodies with active and silent 

Fc was assessed by CDC and ADCC. CHO-K1.mTNFR2 as target cells were only 

significantly reduced when active mIgG2a isotype was used, suggesting that 

only the mIgG2a isotype successfully mediated CDC against target cells. The 
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introduction of the Fc silencing LALA-PG mutations into mIgG2a isotype 

abrogated the complement-mediated cell depletion. A similar trend was 

observed with sorted Tregs that were expanded for 5 days ex vivo. However, 

the decrease was less drastic. 1 hour incubation should be enough to 

observe CDC assay24,25, but cell biology and expansion ex vivo might affect 

the cell viability. Surprisingly, the CDC activity was not observed when 

complement was incubated with sorted naïve CD4 cells expanded for 5 days. 

The culture at day 5 was 95% pure for CD4 cells, where more than 65% were 

TNFR2+, therefore, CDC can be expected. The results might indicate different 

TNFR2 expression patterns on the surface of CD4+ effector cells and Tregs, 

which can lead to differences in antibody-mediated cross-linking and, hence, 

downstream complement effect.  

While ADCC assays have been broadly described in literature26–28, no ADCC 

experiment has been reported aiming to target TNFR2-expressing cells yet. 

This might be indicative of the challenges of setting up such an ADCC assay. 

Commonly used effector cells for ADCC are NK cells29. However, It has been 

previously reported that NK cells express TNFR230, which we also confirmed 

(Fig. S2C). Nevertheless, we tried to minimize the unwanted binding of our 

anti-TNFR2 mAbs to NK cells by incubating the mAbs with CHO-K1.mTNFR2 

target cells first, washing the unbound antibodies and adding the NK cells in 

the end. Unfortunately, the results were inconclusive for both ADCC assay 

setups that we tested: i) via lactate dehydrogenase, which is a cytosolic 

enzyme that is released into the cell culture medium upon damage of the 

plasma membrane, and (ii) via release of a cell dye and FACS analysis after 

inducing ADCC. We believe that the constant association and dissociation of 

the antibodies to their targets could potentially explain the readout failure31. 

Thus, upon NK cell addition, the anti-TNFR2 antibodies could dissociate from 

target cells and bind to NK cells instead, limiting in such way the target cell 

killing. Macrophages could have also been tested as effector cell population, 

but TNFR2 expression on their surface wouldn’t have allowed to establish a 

better setup32. These results confirm the difficulties in optimizing ADCC 

assay against TNFR2-expressing cells.  

Several models have been described to assess the suppressive capacity of 

Tregs in vivo33,34. Here, Treg targeting with anti-mTNFR2 antibodies was 

assessed after Treg and naïve CD4 T cell co-transfer into Rag 1 KO mice. 
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Three different CD45 background mice were used to track the cells. We 

hypothesised that the Treg-mediated suppression of naïve CD4 T cell 

proliferation would be reverted if anti-mTNFR2 antibodies successfully 

blocked Treg activity. Tregs could be either depleted by anti-mTNFR2 mAbs 

with an active Fc, or suppressed but not depleted with the TNFα-blocking 

but Fc-silent anti-mTNFR2 antibody (candidate 25 with LALA-PG mutations). 

The control group used in this mouse model revealed that CD45.1/2 cell 

numbers (derived from injected naïve CD4 T cells) are reduced upon Treg 

injection. Upon TNFR2 treatment, it seems that the number of Tregs was 

dependent on the used antibody candidate (Fig. 3D). Candidate 25, a 

blocking antibody, reduced Treg numbers regardless of the isotype. 

Candidate 30, a non-blocking antibody, slightly reduced Treg numbers with 

the active isotype but not when the Fc was silent. However, the observed 

effect on the number of Tregs had no impact on CD45.1/2 cell proliferation, 

as CD45.1/2 cell numbers were similar to the control group that received 

naïve CD4 T cells only (Fig. S3A). The main limitation here was that the 

number of CD45.1/2 cells in control group where naïve CD4 and Tregs were 

injected was higher than in the control group with naïve cells alone, contrary 

to previous experiment in Fig. 3C. This suggests that the experiment might 

not have worked accurately, most likely because the injected naïve CD4 cells 

were not pure enough. Furthermore, only 2 or 3 mice were included per 

group which makes data less robust. To further confirm if naïve CD4 cells are 

also targeted by TNFR2 treatment, Tregs were excluded in the next 

experiment. Here, Figure 3E, the control groups were as expected; the data 

showed a reduction of CD45.1/2 T cell populations upon all TNFR2-targeted 

treatments.  

Nevertheless, in an in vivo setting, the TNFR2+ NK cell-mediated cellular lysis 

may be of considerably greater importance —an aspect that has been 

discussed with extensive details for the clinical application of RituxiMab35 — 

which would make presented data still technically correct. The available 

complement in the blood is thought to be rapidly depleted inside the body. 

In lymphoma studies, it is known that NK cells can lyse rituximab-coated 

transformed B cells. Thus, the in vivo experiments could potentially be 

explained by an even better NK-cell depletion of Teffs as well as Tregs cells 

since NK-cell mediated lysis in vitro was unable to be examined.  
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In summary, our data show that the two novel anti-mTNFR2 antibodies were 

able to target different TNFR2-expressing cells, including Tregs and effector 

CD4 T cells in vivo. Ex vivo data proved that effector-mediated CDC against 

Tregs and CHO-K1 cells were isotype-dependent, as LALA-PG mutations 

abrogated CDC activity. However, isotype became less relevant upon in vivo 

injection. Furthermore, in vivo data suggests that TNFR2 blocking mAb are 

more effective in reducing Treg numbers in vivo, compared to non-blocking 

mAb.  

 
Material and methods  

Cloning and antibody production: Generation of anti-TNFR2 antibodies 

with mouse isotypes 

Variable amino acid sequences of all anti-TNFR2 antibodies were provided 

in our previous research23 (supplementary Table 1). In short, the starting 

point were anti-TNFR2 hybridomas which were sequenced in order to obtain 

heavy and light chain variable domain sequences (VH, VL); candidates 25 and 

30 were selected. Next, we designed chimeric anti-TNFR2 mIgG2a-LALA-PG 

heavy chains by combining the VH with the known sequences of the constant 

domains of murine IgG2a-LALA-PG (CH). Just between VH and CH domains, 

a unique restriction site (AfeI) was introduced, allowing us to change the 

isotypes by cloning. The mIgG2a HC were cloned using standard cloning 

techniques from plasmids available in house (anti-OVA) into the pcDNA3.1 

(+) encoding for anti-TNFR2 (Fig. 1A). Correct clones were confirmed by 

Sanger sequencing (GENEWIZ). The plasmids encoding for the anti-TNFR2 

light chains were de novo synthesized (GeneArt).  

Production and purification of mAbs 

Candidates 15 and 30 targeting mTNFR2 with mIgG2a and mIgG2a-LALA-PG 

were produced in FreeStyle293 cells. Briefly, cells were transfected with 

pcDNA3.1.(+) expression vectors encoding corresponding heavy and light 

chains (1:1 ratio), using 293fectin reagent (Invitrogen) according to the 

manufacturer’s recommendation. The cells were incubated for 7 days at 37 

°C, 8% CO2 at 120 rpm. On day 7 post-transfection, the cell suspension was 
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collected and centrifuged for 15 min at 2500 g. The supernatants were 

filtered over a 0.22 μm filter and stored at 4 °C. 

The supernatants were mixed with a pre-determined amount of MabSelect 

SuRe LX resin (GE Lifesciences) and rotated overnight at 4 °C. Following 

overnight capturing, the bound antibody was purified from the resin by 

affinity chromatography using Pierce™ Centrifuge Columns (ThermoFisher 

Scientific) and re-buffered to PBS using PD-10 Desalting Columns (GE 

healthcare) according to the manufacturer’s instructions. Quality control 

consisting of SDS-PAGE was performed.  

Cell lines  

CHO-K1 (ATCC) and CHO-K1.mTNFR2 stably transfected were cultured in 

heat-inactivated Fetal Bovine Serum (Gibco), 1% penicillin/streptomycin 

(Gibco), 2mM L-glutamine (Gibco). 

Mice 

Ly5.1 het CD45.1/2 mice on a C57BL/6 background were obtained internally 

from University of Edinburgh. Rag1 KO CD45.1 mice on a C57BL/6 

background were bred in the animal facility at the University of Edinburgh. 

Experiments were carried out under the project license PPL: PP7488818. All 

animal experiments were approved by The University of Edinburgh. 

Flow cytometry  

TNFR2 binding and TNFα blocking assay assessed on CHO-K1.mTNFR2 has 

been done as described before23. Briefly, 1 × 105 cells were incubated with 

4-fold increasing concentrations (max. 50 μg/ mL) of anti-mTNFR2 mAbs at 

4 °C for 30 min, and binding was detected with anti-mouse IgG PE (BD 

Biosciences). To assess blocking activity, TNFα-biotin (Sino Biological) was 

co-incubated with CHO-K1.mTNFR2 cells after antibody incubation and its 

signal was detected by APC-streptavidin (BD Biosciences). Results are shown 

as geometric Mean Fluorescence Intensity. Two benchmark hamster 

antibodies against mTNFR2 were taken as a reference: Purified anti-mouse 

CD120b (TNFR Type II/p75, clone TR75-54.7) (Biolegend) listed as anti-TNFR2 

mAb with blocking activity and Purified anti-mouse CD120b (TNFR Type 
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II/p75, clone TR75-89) (BD Biosciences) as a non-blocking anti-TNFR2 mAb. 

The stained cells were analysed on a FACS CantoTM II (BD) using the 

software program BD FACSDiva. Ten thousand events were counted. Further 

analysis was performed with FlowJo and shown results plotted in GraphPad.  

Complement-dependent cytotoxicity (CDC) assay   

Complement activity was tested on the TNFR2 antibodies with active and 

silent isotypes. CHO-K1 and CHO-K1.mTNFR2 cells were detached with 2mM 

EDTA (Gibco) and were pre-stained with eF450 and eF670 (eBioscience) 

respectively, following manufacturers’ instructions. Cells were mixed 2:1 

after staining in 96-round well plate, with a total concentration of 5e5 cells 

per well. Cells were washed three times with FACS buffer (1% FBS PBS) at 

400g for 3’ at 4 °C and incubated with 50 μl of each antibody at 50 μg/ml for 

30’ at 4 °C in the dark. After three wash steps, cells were incubated with pre-

warmed Rabbit Complement (RC) (Cedarlane) at 1:8 diluted in IMDM 

complete media. 50 μl of RC dilution were added to each well and cells were 

incubated for 1 hour at 37 °C. Cells were washed 3 times and DNAse 

(Promega) was added to FACS buffer at 1 U/μl. Cells were resuspended in 

150 μl FACS buffer with 1 mg/ml Propidium iodide (PI) (Sigma Aldrich). 100 

μl of the stained cells were analysed on a FACS LSRFortessa (BD) using the 

software program BD FACSDiva. Further analysis was performed with FlowJo 

and shown results plotted in GraphPad (one-way ANOVA statistics applied).  

For CDC assay on Tregs and naïve CD4 at day 5 of expansion ex vivo, similar 

procedure was followed with the following variations mentioned below. 

Cells were first stained, followed by antibody incubation, and after three 

wash steps with FACS buffer, cells were mixed 1:1 and incubated with pre-

warmed RC at 1:15 in RPMI complete media for 1 hour at 37 °C. Then, the 

same protocol mentioned above was followed for detection and analysis.  

Generation of NK cells 

Spleens from Rag1 KO mice were homogenized and submitted to red blood 

cell lysis using the RBC lysis buffer (Sigma Aldrich). The splenocytes were 

seeded at 2 x 106 cells/ml in 24-wells plates with RPMI (Sigma) 

supplemented with 10% heat-inactivated Fetal Bovine Serum (Gibco), 1% 
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penicillin/streptomycin (Gibco), 2mM L-glutamine (Gibco), 50 µM 2-

mercaptoethanol (Gibco), 20 ng/ml of IL-2 (BD Pharmingen) and 20 ng/ml of 

IL-15 (Peprotech). Cells were used at day 5 when ~95% of intact cell 

population was identified as NK cells based on the expression of NKp46 

(eBioscience) and NK1.1 (eBioscience) and lack of expression of CD3 (BD 

Pharmingen) by flow cytometry (CD3- NKp46+ NK1.1+) using FACS 

LSRFortessa (BD). TNFR2 expression of the cell population was assessed via 

hamster anti-mouse CD120b (TNF R Type II/ p75) – BV421 (TR75–89) 

(Biolegend).  

Antibody-dependent cell cytotoxicity (ADCC) assay 

CHO-K1 and CHO-K1.mTNFR2 target cells were detached with 2mM EDTA 

(Gibco) and added to 96-well round bottom plates at 1 x 104 cells/well. Anti-

mTNFR2 mAbs were added at 10 μg/ml per well in FACS buffer and 

incubated for 30min at 4 °C, followed by two washing steps with FACS buffer 

at 400g for 3min at 4 °C. The effector NK cells were then added in pre-

warmed media at 3-fold decreasing concentrations starting at 9:1 

effector:target ratio. The cells were centrifuged at 400g for 2min to 

concentrate them at the bottom of the wells and ADCC assay was run for 4 

hours at 37 °C. After 4 hours of incubation, the cells were centrifuged at 300g 

for 5min, and the supernatant was used to assess the cell toxicity with 

CytoTox 96® Non-Radioactive Cytotoxicity Assay LDH cytotoxicity Assay kit 

(Promega) following manufacturer’s instructions. The LDH activity of 

medium alone was subtracted from the LDH activity of test conditions to 

obtain the corrected values. These corrected values were then used to 

calculate the percentage of cellular cytotoxicity using the following formula: 

percentage specific lysis =  
(𝐸+𝑇+𝑚𝐴𝑏)−(𝐸+𝑇)

𝑇 max 𝑙𝑦𝑠𝑖𝑠 −𝑇
 x 100, where E are the effector 

cells, T are the target cells and Tmax the lysed target cells alone.  

Naïve CD4 and Treg purification  

Naïve CD4 T cells were isolated from single-cell suspension from Ly5 het 

CD45.1/2 mice spleens by sorting stained cells with anti-CD4 AF700 

(Biolegend), anti-CD45RB PE (BD Pharmingen), anti-CD25 APC (Biolegend). 

The sorted population was defined as CD4+ CD45RBhigh and CD25low. Treg 
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cells were isolated from single-cell suspension from a C57B/L6 CD45.2 mice 

spleens by sorting stained cells with anti-CD4 AF700 (Biolegend), anti-

CD45RB PE (BD Pharmingen), anti-CD25 APC (Biolegend). The sorted 

population was defined as CD4+ CD45RBlow CD25high.  

Expansion ex vivo 

For the bead-based expansion, naïve CD4 or Tregs were incubated in RPMI 

media supplemented with anti-CD3/CD28 dynabeads (Thermo Fisher) (1:1 

ratio) plus recombinant mouse IL2 (BD Pharmingen) (20 ng/ml) in 96 round-

bottom plates (4 x 105 cells/well). Media was refreshed at day two and cells 

were used at day 5. Cells were used at day 5 and receptor expression was 

reassessed by flow cytometry using FACS LSRFortessa (BD). TNFR2 

expression at day 5 was assessed via hamster anti-mouse CD120b (TNFR 

Type II/ p75) -BV421 (TR75–89) (Biolegend).  

Cells at day 5 were used for the complement assay following the protocol 

mentioned above, where cells were pre-stained and half of them incubated 

with the different antibodies and after 3 wash steps, cells were mixed and 

incubated with 1:15 RC.  

Adoptive cell transfer 

To analyse the potential role of anti-mTNFR2 treatment on naïve CD4 

proliferation and Treg function in vivo, purified populations of naïve 

CD45.1/2+ (5 x 105 cells) with or without CD45.2+ Tregs (2.5x 105 cells) (2:1 

ratio) were injected intravenously into Rag1-/- CD45.1+ recipient mice and 

analysed after 14 days. At day 2 and day 7, 100μg of anti-TNFR2 treatment 

diluted in 250μl PBS was administered intraperitoneally. At day 14, fresh 

spleens and brachial, axillar and inguinal LN from Rag1-/- CD45.1+ recipient 

mice were used for cell isolation. The spleens and LN were mashed through 

a 70 µm cell strainer, after which the Red Blood Cell Lysing Buffer (Hybri-

Max, Sigma) was used to remove any erythrocytes from splenocytes. Live 

cells derived from each cells suspension were counted with CASY Cell 

counter and Analyzer (BIOKÉ). 0.5-1 x 106 cells were first stained with NIR 

(1:2000) (Life Technologies) followed by CD45.1-BV650 (Biolegend) and 

CD45.2-PerCP-Cy5.5 (Biolegend) and analysed on a FACS LSRFortessa (BD) 
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using the software program BD FACSDiva. Further analysis was performed 

with FlowJo and shown results plotted in GraphPad.  
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Supplementary material 

 

Figure S1. Quality control of anti-mTNFR2 antibodies. (A) CE-SDS under non-
reducing conditions (left) and under reducing conditions (right).  NR: non-reducing, 
R: reducing. 

 

Figure S2. Flow cytometry data and analysis. (A) Characterization of CD4 population 
at day 5 derived from ex vivo material. Gating was done on FSC-A / SSC-A properties 
to exclude cell debris. Next, single cells were gated based FSC-A / FSC-W. Cells were 
gated as CD4 or CD8 cell populations. Next, TNFR2 expression was assessed in each 
cell population. In blue, FMO and in red, TNFR2+ cells, expressed in percentage. (B) 
At day 5 of naïve cells expansion, part of the cells were incubated with 50 μg/mL of 
anti-TNFR2 antibodies at 4 °C for 30 min were previously stained with eF670 and in 
parallel, cells without antibody incubation stained with eF450. After antibody 
incubation, cells were mixed 1:1 and incubated with RC for 1h at 37 °C. Cells were 
analysed by FACS and naïve D5 mTNFR2 Abs: naïve D5 was calculated. Mean + SD of 
triplicates are shown of a representative biological replicate out of n=2 biological 
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replicates. No significant differences were observed. (Statistics: CDC assay – one-way 
ANOVA on subtracted values (no RC – with RC)). (C) Characterization of NK 
population at day 5 derived from ex vivo material. Gating was done on unstained 
splenocytes at day 5 and its respective fluorescence-minus-one sample. First, NK cells 
were gated based on FSC-A / SSC-A properties. Next, single cells were gated based 
FSC-A / FSC-W. NK population were gated as CD3 negative. Next to the CD3- 
population, NK population are found at NKp46+ NK1.1+ gate. TNFR2 expression was 
assessed on NKp46+ NK1.1+ cells. In grey, FMO and in red, TNFR2+ cells, expressed in 
percentage. 

  

 

Figure S3. Poor proliferation of CD45.1/2+ cells upon anti-mTNFR2 mAbs 
treatment. (A) Absolute numbers of CD45.1/2+ cells in spleen and inguinal lymph 
nodes (iLN) of mice injected with naïve, naïve and Tregs (2:1) and antibody treatment 
of mAbs anti-TNFR2. Mice received 100μg of mAb per group diluted in 250μl PBS 
intraperitoneally administered at day 2 and day 7. Each symbol represents an 
individual mouse. Data are representative of one individual experiment. Bars 
represent SD. Control groups (naïve CD4+ T cells alone and naïve CD4+ T cells + Tregs) 
indicate assay failure since absolute CD45.1/2+ numbers were expected to be the 
highest in the naïve CD4+ T cells alone group.      
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General discussion 

mAbs have shown a great potential in immunotherapeutic treatments such 

as in cancer and autoimmune disease1. While some mAbs have been 

approved to target malignant antigens such as Rituximab against CD20 in 

non-Hodgkin’s lymphoma2 or Ofatumumab for MS3,  substantial interest in 

mAbs is currently focused on targeting immune checkpoints. Checkpoint 

inhibitors block receptors expressed by the immune system which prevent 

the immune system attacking tumoral cells. In 2020, the worldwide immune 

checkpoint inhibitors market was valued at $29,803.71 million and is 

expected to surpass around $140 billion by 2030.  

The immune checkpoints most well-explored are cytotoxic T lymphocyte 

associated protein 4 (CTLA-4) and programmed cell death protein (PD-1) 

among with its ligand PD-L1 applied in different types of cancer such as lung 

cancer, bladder cancer, melanoma, Hodgkin lymphoma among others4,5. 

Ipilimumab, an anti-CTLA4 mAb was the first immune checkpoint approved 

by  the FDA for advanced melanoma in 20116. Anti-PD1 drugs (nivolumab, 

pembrolizumab) and anti-PD-L1 drugs (atezolizumab, avelumab, 

durvalumab) were later approved7. However, a growing number of other co-

stimulatory receptors has emerged in recent years aiming to be targeted 

such as receptors belonging to tumor necrosis factor receptor superfamily 

(TNFRsf) – OX40, 41BB, ICOS, GITR, CD278–11, LAG312,13, CD4014, TIGIT15, 

TIM316.  

Despite the clinical successes obtained with immune checkpoint inhibiting 

mAbs and the overall improved treatment outcome, these therapeutics are 

beneficial only for a small proportion of patients. Cold tumors are 

characterized by an immunosuppressive TME thus preventing effector cells 

from attacking tumor cells. mAbs have appeared to be poorly effective in 

cold tumors and tumor relapse after mAb treatment has been described17,18. 

Furthermore, as a result of the checkpoint inhibitor-induced increase in 

effector responses, autoimmune toxicities have been observed19. Hence, an 

optimization of current immunotherapeutic treatments or novel approaches 

are indispensable.  
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BsAbs and a novel suggested approach for BsAb optimized treatment  

To overcome the limitations associated with mAbs, in Chapter 2, we focused 

on the therapeutic potential and application of BsAbs. Upon their 

application, BsAbs can redirect immune cells to cancerous cells improving 

the killing activity.  

BsAbs can dually target two different receptors which perform unique or 

overlapping functions and thereby reduce the drug resistance potential. 

Furthermore, BsAbs present higher specificity, targetability and less toxic 

side-effects. BsAb’s structure and mechanism of action (MOA) might 

potentially reduce the costs of treatment, as they may be more efficacious 

and less costly to develop20. 

The study on BsAbs binding, compared to mAbs, results in the capability to 

target cells either in a cis- or in a trans-binding orientation increasing target 

selectivity. Consequently, they can respectively bridge two different cells by 

recognizing two different antigens expressed on two different cell 

populations or dually target by recognizing two different antigens expressed 

on the very same cell. 

Since the first BsAb was described, technical challenges have emerged 

during the production and manufacturing of the constructs. To this end, a 

variety of technical approaches were explored to reliably produce BsAbs 

with high purity and stability. The available approaches and production 

platforms for BsAb generation differentiate between IgG-like and non-IgG-

like BsAbs. The three BsAbs which are currently available in the market were 

reviewed in this chapter:  

- Emicizumab: It is used to treat hemophilia A disease. It consists of a 

humanized modified asymmetric BsAb IgG4 antibody which binds to 

blood clotting factor IXa and factor X. Its generation is based on the 

Art-Ig IgG-like platform21. 

- Blinatumomab: It is used to treat relapsed B-precursor acute 

lymphoblastic leukemia (ALL). It is a fragment-based BsAb, lacking 

an Fc region, that targets CD19 and CD3 in trans-binding22,23.  
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- Amivantamab: It is indicated for the treatment of advanced or 

metastatic NSCLC harboring EGFR exon 20 insertion mutations. It is 

a fully-humanized IgG1-based BsAb targeting both epidermal 

growth factor receptor (EGFR) and mesenchymal-epithelial 

transition factor (MET). Its generation is based on the Duobody IgG-

like platform24. 

 

In addition, one of the most commonly used constructs which have achieved 

late-stages in the clinical development pipeline are T cell redirecting 

bispecific antibodies (TbsAbs)25. TbsAbs became a popular therapeutic 

approach with FDA approval for Blinatumomab, a CD19-directed T cell 

engager (see above), in 201826. These reagents are used to bridge tumor and 

immune cells. The most common TbsAbs redirect and activate CD3-

expressing T cells to target and attack cancerous cells expressing specific 

antigens.  

Despite the progress achieved with TbsAbs constructs, further optimization 

is required. TbsAbs can be classified as IgG-like TbsAbs and non-IgG-like 

TbsAbs. Blinatumomab, as an example of non-IgG-like TRBA, belongs to the 

bispecific T-cell engager (BiTE) format which is produced by recombinant 

expression of two cross-linked different variable fragments with linkers 

binding simultaneously CD3 and CD19. BiTEs like Blinatumomab present a 

trivial drawback: a short serum half-life (~2.11 h) due to the lack of Fc-

portion. Consequently, patients require continuous intravenous infusion27. 

Furthermore, while the lack of Fc-portion promotes a highly effective and 

specific killing, it also prevents the Fc-mediated effector functions.  

Regarding IgG-like TbsAbs, the presence of the Fc enables TbsAbs to exhibit 

a similar half-life comparable to mAbs, roughly 10-21 days28. However, full-

length TbsAbs exhibit formation of undesirable homodimers and mis-paired 

molecules limiting the production, stability and/or biological activity. To this 

end, an optimized format is suggested in Chapter 3. A TbsAb consisting of 

Fab x sdAb-Fc is evaluated targeting mEGFR on tumor cells and mCD3 on T 

cells. To optimize the previously reported novel bispecific format by Huang 

et al.29, different hinge designs of the sdAb arm of the BsAb were tested. 
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According to our research, a TbsAb with a shorter hinge of 23 amino acids 

(TbsAb.short) significantly outperforms a TbsAb with a longer hinge of 39 

amino acids (TbsAb.long), the common length for an antibody hinge, in T cell 

redirected tumor killing. Additionally, the comparison of both constructs 

revealed that TbsAb.short format induced greater T cell and tumor cell 

aggregation. These data are also supported by increased expression levels 

of the CD69 and CD25 activation markers on T cells. These findings suggest 

that minor modifications to the hinge design of TbsAbs can be an appealing 

approach to optimize TbsAb application, enabling a better anti-tumor 

activity. 

Currently, early clinical data reveal that treatments with TbsAbs have a 

promising favourable outcome for hematopoietic malignancies as well as 

solid tumors31-34. However, there are still many patients who are 

unresponsive to TbsAbs therapy. Recent studies have shown that the main 

causes of treatment failure are loss of antigenicity and the presence of 

immunosuppressive factors, in particular, increased expression of inhibitory 

immune checkpoint molecules. Furthermore, due to high toxicity of the 

treatment, some clinical trials had to be discontinued, such as those with 

duvortuxizumab (NCT02743546) and AFM11 (NCT02848911 and 

NCT02106091), developed for B-cell malignancies35,36.  The approach 

proposed in Chapter 3 reveals a strategy to obtain a TbsAb with higher 

efficacy and specificity, linking T cells to tumor cells, which might become a 

successful technique to improve TbsAbs results in preclinical and clinical 

studies.  

The importance of correct antibody isotype for treatment efficacy in a 

cancer model  

Another key factor playing a role in the successful clinical outcome of mAb 

immunotherapy is isotype selection. Different mechanisms are involved in 

mAb-mediated anti-tumor effects, such as complement and cell-mediated 

tumor cell lysis, blockage of tumor-specific receptors promoting tumor 

growth, or immune inhibitory receptors. Thus, the effectiveness of many 

mAbs depends on the Fc-mediated effector response. Immune responses 

triggered by different Ig isotypes vary because of differential binding 
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capacities to immune cell Fc receptors. The desired MOA of therapeutic 

mAbs hence determines the isotype selection. Given that a positive clinical 

outcome of mAb candidates is observed in a low percentage of patients only, 

an adjusted (proper) isotype selection may be crucial to improve treatment 

efficacy. Accordingly, in Chapter 4 we explored and compared the efficacy 

of IgG2a, IgG1 and IgE against a surface tumor antigen (Thy1.1) in the B16-

OVA-Thy1.1 model.  

Currently, the majority of mAbs approved on the market for tumor therapy 

belong to the IgG isotype. IgG1 has been traditionally used as the most active 

human isotype, i.e. showing the highest activating-to-inhibitory (A/I) ratio, 

to achieve higher anti-tumor activity36,37
. The mouse analogue of human 

IgG1 is mIgG2a38
.  

It was previously reported that a better preclinical outcome was achieved by 

targeting a tumor associated antigen (TAA) with a mAb with mIgG2a than 

with mIgG1 isotype39. However, this was studied in a B16 lung metastasis 

model and the treatment was administered prophylactically, followed by 

several mAb injections after tumor inoculation. In Chapter 4, the different 

mAbs were tested in a therapeutic set up, and administered at day 7, 13, 17 

and 24 after tumor cell injection. Our results demonstrate that only mIgG2a 

is able to successfully prevent tumor growth. The lack of an active Fc-portion 

due to introduction of the LALA-PG mutation in the mIgG2a Fc backbone 

confirmed that the anti-tumor effect observed was Fc-mediated. The results 

further suggest that an IgE antibody, with the same Fab as the mIgG2a 

antibody, is not effective to prevent tumor growth in this set-up and unable 

to mediate IgE mast cell degranulation and histamine release40. This finding 

would correlate with the lack of mast cells previously described in the tumor 

microenvironment25. Furthermore, similar results were observed in tumor 

rejection when the tested antibody isotypes were combined with OT-1 

adoptive cell transfer (ACT). Thus, none of the IgG2a, IgG1 or IgE treatments 

synergized with OT-1 ACT treatment.   

Despite the better outcomes and increased survival with the introduction of 

mAbs to treat several types of cancer, a significant portion of patients does 

not respond to tumor-targeting antibody strategies. The work presented in 

7 



Chapter 7   
 

 204 

Chapter 4 underlines the importance of the right isotype selection, in this 

case a mIgG2a for a cancer therapeutic setting. This work emphasizes the 

need for further optimisation of antibody-based strategies, in which isotype 

selection is relevant to improve the MOA of the therapeutic applications.  

Generation of novel anti-TNFR2 antibodies aiming to target Tregs 

As previously introduced in Chapter 2, there is a lack of compounds 

successfully targeting Tregs. This cell population plays a pivotal role 

maintaining an immune balance between self-tolerance and effector 

responses42. However, a distinctive Treg cell surface marker has not been 

identified thus far. Clinically successful BsAbs currently available on the 

market highlight BsAbs as a promising approach and opportunity to target 

Tregs, with special interest in TME. To date, there are three compounds at 

late preclinical phase or at phase 1 in clinical trials: ATOR-101543, ATOR-

114444 and KY105545.   

In parallel, in recent years, an interest in the detected TNFR2 expression on 

the Treg surface has increased and TNFR2 is aimed to be targeted. Some 

compounds against mTNFR2 have been characterized and applied in pre-

clinical studies. Unfortunately, antibody sequences of the available 

compounds against mTNFR2 are not accessible, such as, M861 anti-mTNFR2-

blocking antibody46 or TY101 anti-mTNFR2 antagonistic antibody47.  

To this end, and due to the lack of available accessible open data of anti-

TNFR2 reagents, we designed, generated and developed a strategy for the 

induction of novel anti-mTNFR2 antibodies. In Chapter 5, we present data 

obtained through the characterization of thirteen novel anti-mTNFR2. 

Among all candidates, only one candidate, 14A, presents cross-reactivity to 

human TNFR2. However, this candidate presents a reduced potency and 

efficacy of mTNFR2 binding. Among the different candidates identified a 

wide range of efficacy binding mTNFR2 is covered. Furthermore, TNFα 

blocking and non-blocking activity was achieved. TNFR2 binding not only is 

observable with in vivo assays but also with ex vivo material as Tregs or CD8+ 

T-cells, with all candidates showing capacity to bind.  
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The panel of antibodies presented in this study represents a useful tool to 

explore TNFR2 biology with potential different applications such as cancer 

or an autoimmune disease. For example, an increased number of Tregs 

correlates with a reduced number of autoreactive T cells in a model of 

experimental autoimmune disease48. To this end, a TNFR2 costimulatory 

candidate aiming to stimulate Tregs would be a suitable treatment, and 

candidates 5A, 15A and 18A would become possible strategies since they 

demonstrated costimulatory activity on CD8+ T-cells in vitro. On the other 

side, blocking or depleting TNFR2+ Tregs in tumor microenvironment would 

be a promising treatment. Therefore, candidates 8A, 12A, 16A, 25A, and 29A 

which presented TNFα blocking activity could be tested. 

Confirming the rising interest in TNFR2, in parallel to this work and once the 

mAb discovery campaign was already ongoing, the variable heavy and light 

chains sequence of five different mAbs was published as supplementary data 

in one study49. Obtained sequences of the novel thirteen antibodies 

maintain approximately 50% identity compared to the published available 

sequences.  

In order to assess the potential therapeutic window of the novel generated 

antibodies, two of these novel anti-mTNFR2 candidates were selected to 

examine further its application in more translationally relevant experiments. 

Thus, in Chapter 6, candidate 25A and 30A were studied in different in vitro, 

ex vivo and in vivo conditions.  

The main objective was to evaluate and compare the effects of targeting 

mouse TNFR2 with either a blocking (candidate 25) or a non-blocking mAb 

(candidate 30). Additionally, by using either active or silent Fc, the 

significance of the downstream effector function of the Fc region of the 

tested mAbs was assessed. Consequently, studying whether biological 

effects could be obtained by binding to TNFR2 alone (Fab-mediated) or 

whether additional Fc-mediated apoptosis of target cells was required. To 

this end, mIgG2a isotype was selected and L234A/L235A/P329G mutations 

were introduced to mIgG2a backbone using it as a silent Fc39.  
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As expected, rat isotype switch to mouse isotype either active or silent didn’t 

alter the ligand binding and the TNFα blocking activity since both are 

mediated via Fab region. Complement dependent cytotoxicity was assessed 

and observed with both active anti-mTNFR2 candidates, either targeting 

CHO-K1.mTNFR2 or expanded Tregs, but not against ex vivo expanded T 

effector CD4+ cells.  

In contrast, the in vivo set up revealed that naïve CD4+ cells proliferation 

could not be assessed since both anti-mTNFR2 antibodies targeted Treg as 

well as T effector CD4+ cells.  

Blocking TNFR2 has become a highly effective strategy for treating cancer 

because it is overexpressed in some tumor cells and plays a crucial role in 

immunosuppressive cells, particularly on Tregs. However, there is evidence 

revealing that therapies activating TNFR2 can also be effective inhibiting 

tumor growth.  

The rising interest in targeting TNFR2 is reflected by the emergence of 

several new immunotherapeutic approaches. However, most of the novel 

constructs are still in early phases of development and related data is still 

not published, exclusively found in conferences’ abstracts or company media 

release.  

Currently, two anti-TNFR2 antibodies with antagonistic activity have reached 

phase 1 in clinical trials: BI-180851,52 and LBL-01953. In addition, several 

antagonistic candidates are in preclinical development such as BITR210154, 

APX60152,53, AN302557, SIM023558 and NBL-02059. The most common 

reported mechanisms are either intra-tumor TNFR2+ immunosuppressive 

cell depletion, particularly Tregs, CD8+ T-cell expansion and TNFR2+ tumor 

cell killing. In parallel, TNFR2 agonistic antibodies have also reached 

preclinical phase studies, including BI-191060, HFB20030158 and MM-40162,63. 

In this instance, the most indicated mechanisms are activation and 

expansion of CD4+ and CD8+ T cells and enhanced pro-inflammatory cytokine 

production. Thus, both strategies could reduce tumor loads.  

In terms of either inhibiting or activating TNFR2 in the tumor, it is still 

unknown how these two contradictory compounds get the same antitumor 
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outcome. Tumor inhibition by Treg elimination and CD8+ T cells activation 

both have resulted in tumor inhibition in pre-clinical studies49,64,65. Since 

TNFR2 is widely described for its role in promoting cell survival and 

proliferation, TNFR2+ tumor cells are expected to benefit from this 

property66. However, different cell types in the TME can express relatively 

high levels of TNFR2, while certain cancers express TNFR2 at much lower 

levels than healthy tissues67. Each component of the TME is a unique, 

interconnected, and complex system; as a result, they can all influence one 

another and respond differently to various TNFR2 treatments. Thus, TNFR2 

expression on tumors should be considered in the design of TNFR2-targeting 

approaches.  

The characterization of novel anti-mTNFR2 antibodies described in Chapter 

5 and further exploration of two candidates in Chapter 6 have established 

these candidates as attractive tools to study the effects of anti-TNFR2 

strategies in various scenarios, such as cancer and autoimmune disease, at 

a preclinical stage. Thus, these reagents would allow one to assess whether 

for a specific condition, TNFR2 blocking or non-blocking mAbs would be 

more appropriate, with further consideration of whether Fc-mediated 

effector functions or a silent Fc would be more suitable.  

To conclude, despite the great advances in antibody-based 

immunotherapies, optimization for selection of BsAbs targets, isotype and 

antibody platform designs are crucial, as pointed out in this thesis. Our 

studies are relevant to understand how antibody design and selection 

modulate treatment outcome and generated data may be useful to develop 

and test new strategies for future immunotherapies.  
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Summary 

In context of an increasing interest in immunotherapeutic treatments, the 

work described in this thesis expands the current knowledge of several 

potential antibody-based therapeutic approaches. A new development is 

the use of bispecific antibodies (BsAb). To introduce BsAb, chapter 2 

describes the different platforms currently used to generate IgG-like and 

non-IgG-like BsAbs, as well as the strategies to gain clinical approval for the 

different BsAbs. A highly selective binding, as can be achieved with BsAbs, 

could be beneficial to ‘target’ certain cell populations, such as Tregs, against 

which current treatments appear to be insufficiently specific. Focusing on 

BsAb-based therapeutic approaches, in chapter 3 we investigate a novel 

strategy to optimize a T-cell redirecting bispecific antibody. Two Fab x sdAb-

Fc, directed against CD3 and EGFR, with different lengths of the hinge region, 

were compared. The results show that a shorter hinge design improves 

BsAb-induced anti-tumor activity, induces more effector cell/target cell 

clustering and activates T cells more efficiently. In addition, we show 

(chapter 4) how important it is to select the right isotype antibody. In a 

mouse tumor model, only IgG2a antibodies were found to exert anti-tumor 

function, achieving a survival rate of approximately 50%. None of the 

isotypes tested showed a synergistic effect with adoptive T-cell therapy. An 

increasing interest in the costimulatory receptor TNFR2 in cancer has 

prompted us to design, generate and produce novel anti-mTNFR2 antibodies 

(chapter 5). The characterization and different features of these antibodies 

are described in this chapter, and they could be used as tools in follow-up 

studies to further investigate i) the role of TNFR2 in cancer, and ii) how 

TNFR2 targeting with different antibody candidates that either block or 

activate this receptor could improve immunotherapy. In chapter 6, two anti-

mTNFR2 antibodies were selected for assessment of their application in 

vitro, ex vivo and in vivo, which revealed their capacity to bind to Tregs but 

also to CD4+ effector T cells.  

Taken together, the results presented in this thesis highlight the progress 

achieved in immunotherapy approaches, with focus on BsAbs and novel 

strategies to improve cancer treatments. Furthermore, novel anti-mTNFR2 
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antibodies were developed and featured as useful tools to unravel the role 

of this receptor in tumor growth.  
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Samenvatting 

In context van een toenemende belangstelling voor immunotherapeutische 

behandelingen, vergroot het werk beschreven in dit proefschrift de huidige 

kennis van verschillende potentiële, op antilichamen- gebaseerde, 

therapeutische benaderingen. Een nieuwe ontwikkeling is de inzetbaarheid 

van bispecifieke antilichamen (BsAb). Om BsAb te introduceren beschrijft 

hoofdstuk 2 de verschillende platforms die momenteel worden gebruikt om 

‘IgG-like’ en ‘non-IgG-like’ BsAbs te genereren, alsmede de strategieën ter 

verkrijging van klinische goedkeuring voor de verschillende BsAbs. Een zeer 

selectieve binding zoals met BsAbs bereikt kan worden, zou gunstig kunnen 

zijn om bepaalde celpopulaties te ‘targeten’, zoals Tregs, waartegen huidige 

behandelingen onvoldoende specifiek blijken. Focusserend op BsAb-

gebaseerde therapeutische benaderingen, onderzoeken we in hoofdstuk 3 

een nieuwe strategie om een T-cel ‘redirecting’ bispecifiek antilichaam te 

optimaliseren. Twee Fab x sdAb-Fc, gericht tegen CD3 en EGFR met 

verschillende lengte van de  ‘hinge region’, werden vergeleken. De 

resultaten tonen aan dat een kortere ‘hinge’ de BsAb-geïnduceerde 

tumordodende activiteit verbetert, meer effectorcel/doelcel clustering 

induceert en T-cellen efficiënter activeert. Daarnaast laten we zien 

(hoofdstuk 4) hoe belangrijk het is om het juiste isotype antilichaam te 

selecteren. In een muizentumormodel bleek alleen IgG2a antitumoractiviteit 

uit te oefenen, waarmee een overlevingspercentage van ongeveer 50% 

bereikt. Geen van de geteste isotypes vertoonde een synergetisch effect met 

adoptieve T-cel-therapie. Een toenemende interesse in de co-stimulerende 

receptor TNFR2 in kanker heeft ons ertoe aangezet om nieuwe anti-

mTNFR2-antilichamen te ontwerpen, genereren en produceren (hoofdstuk 

5). De karakterisering en de verschillende kenmerken van deze antilichamen 

zijn beschreven in dit hoofdstuk, en zouden in vervolgstudies kunnen helpen 

om i) de rol van TNFR2 bij kanker verder te onderzoeken, en ii) hoe TNFR2 

‘targeting’ met verschillende antilichaamkandidaten die deze receptor 

blokkeren of juist activeren de immunotherapie zouden kunnen verbeteren. 

In hoofdstuk 6 hebben we twee anti-mTNFR2-antilichamen geselecteerd en 

hun toepassing in vitro, ex vivo en in vivo, bepaald. Hierbij bleek dat zij zowel 

aan Tregs als ook aan CD4+ effector T-cellen.  
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Concluderend beschrijft dit proefschrift de recente vooruitgang op het 

gebied van immunotherapie, met focus op BsAbs en strategieën om huidige 

behandelingen hiermee te verbeteren. Daarnaast hebben wij nieuwe anti-

mTNFR2-antilichamen ontwikkeld die ingezet kunnen worden om de rol van 

deze receptor in tumorontwikkeling te onderzoeken. 
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