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Abstract 

Monoclonal antibodies (mAbs) have emerged as pivotal therapeutic agents, with their 

effectiveness hinging on complex pharmacokinetic properties and interactions with immune 

receptors. This thesis investigates the nuanced interplay between mAbs and two key 

receptors: the neonatal Fc receptor (FcRn) and the tripartite motif-containing protein 21 

(TRIM21). FcRn is known to affect the serum half-life of mAbs, while TRIM21 is involved 

in antibody-dependent intracellular neutralization (ADIN). Research has often focused on 

the IgG-FcRn affinity, neglecting the combined impact of both affinity and avidity, as well 

as the potential role of TRIM21 in antiviral therapy through Fc engineering. The research 

presented in this thesis aims to deepen our understanding of mAb interactions with FcRn 

and TRIM21, focusing on the mechanisms that govern these interactions. It employs 

advanced methodologies to elucidate the relationship between affinity and avidity. 

Specifically, it investigates the impact of Fc modifications that alter interactions with FcRn, 

affecting serum half-life, and with TRIM21, which is involved in viral neutralization within 

cells. The findings aim to guide the development of more effective therapeutic antibodies, 

with broad implications for the treatment of diseases.  

In the publication titled 'Insight into the Avidity-Affinity Relationship of the Bivalent, pH-

Dependent Interaction Between IgG and FcRn,' we explore the intricate binding dynamics 

between IgG and FcRn, advancing beyond traditional analyses that consider only single-

affinity interactions. Utilizing switchSENSE technology, which closely mimics the 

membrane orientation of FcRn, we conducted a comprehensive examination of both affinity 

and avidity across the broad endosomal pH spectrum (pH 5.8–7.4). Our findings reveal that 

the engineered IgG1-YTE (M252Y/S254T/T256E) variant demonstrates a critical affinity 

shift at pH 7.2, indicative of its enhanced design for FcRn interaction. It also exhibits a 

marked avidity switch at pH 6.2, which is absent at pH 7.4. This dual engagement capability 

distinguishes IgG1-YTE from the wild-type, demonstrating the impact of Fc engineering on 

binding properties. Our research emphasizes the importance of avidity in IgG recycling, 

which is dictated by the variable expression of FcRn and its higher density in endosomes, 

necessitating a 2:1 stoichiometry for an extended serum half-life. The switchSENSE platform 

emerges as a powerful analytical tool, superior to traditional surface plasmon resonance 

(SPR), capturing a full range of kinetic parameters and accurately differentiating between 

monovalent and bivalent binding modes. This methodological advancement is crucial for 

understanding the dynamics of IgG binding in physiological contexts. The superior binding 

characteristics of the YTE variant suggest improved pharmacokinetics, potentially leading to 

increased therapeutic efficacy through an optimized recycling mechanism. The variant's 

higher affinity and significant contribution to avidity, especially during endosomal 

acidification, result in more stable FcRn complex formation, a desirable feature for 
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antibodies engineered for extended serum half-life. The findings confirm the importance of 

pH-dependent binding in antibody design and have significant implications for the 

development of antibodies with improved recycling and extended half-life. Future research 

will utilize switchSENSE to further explore molecular interactions in various antibody 

mutants and formats, aiming to refine FcRn-mediated recycling for next-generation antibody 

therapies. 

In our publication titled 'TRIM21 and Fc-Engineered Antibodies: Decoding its Complex 

Antibody Binding Mode with Implications for Viral Neutralization, we explore the complex 

role of TRIM21 within the immune system, focusing on its interaction with Fc-engineered 

antibodies and the subsequent impact on viral neutralization. Utilizing a combination of 

biosensor assays, mass photometry, electron microscopy, and structural predictions, our 

study dissects the intricate binding dynamics between TRIM21 and various antibody Fc 

variants, revealing a novel binding mechanism that is pivotal for developing effective viral 

neutralization strategies. Our investigation employs optimized SPR assays to establish precise 

affinities and avidities, underscoring the importance of assay conditions in accurately 

analyzing interactions. We demonstrate that TRIM21 PRYSPRY domains (monomers) bind 

symmetrically to a single IgG Fc homodimer in a non-cooperative manner, adhering to a 2:1 

stoichiometry. This symmetry is consistent with crystallographic evidence of TRIM21 

PRYSPRY-IgG interactions. Significantly, we identify that Fc mutations, such as YTE and 

HH (T307H, N434H), reduce TRIM21 binding while enhancing interaction with FcRn in a 

pH-dependent manner. This dual effect underlines the complexity of antibody engineering, 

where mutations can differentially influence receptor interactions, which is crucial for 

optimizing antibody recycling and immune defense. The mutation Y436A within the Fc 

CH2-CH3 domain notably decreases the affinity to both FcRn and TRIM21, with the latter 

by 180-fold. This mutation also demonstrates a pronounced shift from micromolar affinity 

to nanomolar avidity and the critical role of bivalent engagement. Our structural analysis 

indicates that TRIM21 undergoes a dynamic rearrangement upon Fc binding, likely 

influencing its immune function. We propose a novel two-step binding mechanism whereby 

TRIM21's initial attachment to an Fc site facilitates a conformational change, enhancing its 

interaction with a second Fc site through increased PRYSPRY domain mobility. This process 

significantly boosts avidity, which is essential for effective antibody function. Using adeno-

associated virus (AAV) as a model, our findings suggest that antibody clustering on the virus 

is possible and could activate TRIM21's E3 ligase activity, demonstrated as a crucial step in 

virus neutralization. These insights are vital for advancing antibody engineering and 

understanding TRIM21’s role in immune responses, offering significant implications for 

therapeutic applications. 

 

Keywords: monoclonal antibodies, FcRn, TRIM21, affinity, avidity, antibody Fc engineering, 

therapeutic antibodies, immune signaling, viral neutralization 
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1 

Structure of the Thesis  

This introductory chapter outlines the structure of this cumulative thesis, providing a 

roadmap for readers to navigate through the subsequent chapters.  

This PhD thesis, structured as a cumulative compilation of scientific research, aims to 

contribute to the field of antibody Fc engineering and their applications in immunotherapy. 

The thesis specifically focuses on the interactions between Fc-engineered IgG antibodies and 

FcRn/TRIM21, two Fc receptors with overlapping binding sites, but counteracting 

functions. The structure of this thesis is carefully designed to guide the reader through a 

coherent journey from theoretical foundations to empirical findings and future perspectives.  

Chapter 2 lays the groundwork necessary for understanding the complexities of the 

interactions between the FcRn/TRIM21 and Immunoglobulin G. This chapter delves into 

the biochemical and molecular principles underpinning FcRn/TRIM21-IgG affinity and 

avidity, elucidating how these interactions influence antibody recycling and viral degradation 

as well as highlighting major technologies to study complex molecular interactions. It 

provides a comprehensive review of the existing literature, highlighting key studies that have 

shaped our current understanding of FcRn/TRIM21 related antibody dynamics. By 

establishing this theoretical basis, Chapter 2 sets the stage for the empirical research 

presented in Chapters 4 and 5, ensuring readers are well-equipped with the knowledge 

required to grasp the implications of the findings. The overall aims of this cumulative thesis 

are highlighted in Chapter 3.  

In Chapter 4, the first publication titled “Insight into the Avidity-Affinity Relationship of 

the bivalent, pH-dependent Interaction between IgG and FcRn” is presented 

(Supplementary Information Chapter 7.1). This study is a comprehensive investigation of 

the relationship between affinity and avidity in the binding of IgG to FcRn and its 

implications for the pharmacokinetics and functionality of therapeutic antibodies. Through 

experimental research, this chapter provides new insights into how modifications in the Fc 

region of antibodies can alter their interaction with FcRn, especially in the context of the 

avid binding mode and the pH dependent transition from affinity to avidity, revealing a “pH-

switch”, potentially responsible for enhanced therapeutic efficacy. The findings contribute 

to a deeper understanding of the molecular determinants of antibody Fc effector 

performance, offering valuable information for the characterization and design of next-

generation antibody therapeutics. 
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Chapter 5 introduces the second research article, titled “TRIM21 and Fc-Engineered 

Antibodies: Decoding its complex Antibody Binding Mode with Implications for Viral 

Neutralization” which is currently under submission (Supplementary Information Chapter 

7.2). This paper expands on the themes of antibody functionality by exploring how TRIM21, 

a receptor involved in the immune response to pathogens, interacts with Fc-modified 

antibodies. The study examines the impact of various Fc modifications on the binding mode 

and efficacy of TRIM21-mediated antibody functions. The research offers implications for 

the development of antibody-based therapies that leverage TRIM21 for enhanced clearance 

of pathogens, using rAAV as model system to show antibody mediated clustering. 

The final chapter, Chapter 6, sets the findings from the studies presented in Chapters 4 and 

5, within a broader scientific and therapeutic context. It discusses the implications of the 

research for understanding antibody interactions and their impact on therapeutic antibody 

design. Additionally, this chapter interprets the findings in light of their potential to influence 

future research directions, highlighting the role of avidity in antibody functions and its 

relevance to effective antibody-based therapies. Suggestions for future research focus are 

proposed, paving the way for ongoing exploration in the field of antibody engineering and 

immunotherapy. 
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2 

Introduction 

This chapter explores the molecular details that govern the interactions between antibodies 

and two key immune regulatory proteins, FcRn and TRIM21. The theoretical framework 

presented is rooted in a multidisciplinary approach, drawing from the fields of immunology, 

biochemistry, and biophysics to elucidate the complex dynamics at play. 

This introduction provides a comprehensive understanding of the mechanisms by which 

antibodies interact with FcRn and TRIM21, as elucidated by current research findings. It also 

examines how these interactions can be harnessed to enhance the design and function of 

therapeutic antibodies. The integration of theoretical knowledge with empirical data serves 

as the foundation for advancing our understanding of antibody-based therapies and their 

potential to transform the landscape of medical treatment.  

2.1 Antibodies 

Antibodies, also known as immunoglobulins (IgGs), are a cornerstone of the adaptive 

immune system, playing a critical role in the identification and neutralization of pathogens. 

Their unique ability to specifically recognize and bind a vast array of antigens makes them 

indispensable not only for immune defense but also as a basis for the development of 

targeted therapeutic agents. Target interaction is mediated by their distinct structure, which 

is highly conserved across different species and isotypes and yet allows for immense diversity 

in antigen recognition.  

The functional versatility of antibodies is further modulated by their Fc (Fragment 

crystallizable) region. This region constitutes a crucial element in the immune response, 

contributing significantly to the diverse effector functions of these molecules. It plays a 

pivotal role in mediating interactions with cellular receptors, such as FcRn and TRIM21, 

which can impact their stability, distribution, and efficacy within the organism. 
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2.1.1 Structure and Function 

Antibodies represent an integral component of the adaptive immune system, serving as 

specialized proteins that identify and neutralize pathogenic entities. Structurally, antibodies 

are categorized within the broader family of proteins known as immunoglobulins (Ig), which 

are further subclassified into five distinct isotypes: IgA, IgD, IgE, IgG, and IgM (1, 2). 

Among these, IgG is the predominant antibody isotype circulating in the bloodstream. IgG 

antibodies are synthesized and secreted by plasma cells, which are differentiated B-

lymphocytes. These plasma cells originate from B cells that have been activated by antigen 

exposure, typically within secondary lymphoid organs such as the spleen and lymph nodes 

(3, 4). Once produced, IgG antibodies are released into the bloodstream and lymphatic 

system, where they play a pivotal role in immune surveillance and pathogen neutralization. 

The diversity of antibody classes, or isotypes, further expands their functional roles within 

the immune system. IgG antibodies are divided into four subclasses: IgG1, IgG2, IgG3, and 

IgG4. These subclasses are characterized by subtle variations in their heavy chain constant 

regions, which influence their binding affinities for Fc receptors, as well as their serum half-

lives and interactions with other immune components, including complement proteins. Each 

subclass has unique functional characteristics that tailor the immune response to different 

types of pathogens and antigens (5-8).  

Most therapeutic antibodies are based on the IgG isotype, particularly IgG1, due to its well-

understood properties, long half-life in circulation, and ability to effectively recruit immune 

effector functions (4). Consequently, this work focuses on the characterization of IgG1. 

The structure of an IgG antibody is highly conserved and yet remarkably adaptable, allowing 

for the specific recognition of antigens. As depicted in Figure 1, the archetypal structure of 

an IgG1 antibody is tetrameric, comprising four polypeptide chains, characterized by a total 

molecular weight of approximately 150 kilodaltons (kDa). The basic unit consists of two 

heavy chains (HC) of 50 kDa each and two light chains (LC) of 25 kDa each. These chains 

are conjoined via a pair of disulfide linkages between both HC and a further pair between 

HC and LC, culminating in the formation of a Y-shaped molecule. The heavy chain is further 

delineated into three constant (C) domains (CH1, CH2, and CH3) and one variable (V) domain 

(VH). In contrast, the light chain is composed of a single constant (CL) and a single variable 

(VL) domain. This structural configuration, consisting of variable and constant regions, 

dictates both the bivalent antigen binding specificity and effector function (4, 9).  
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Figure 1. Structure of a Human IgG1 Antibody. This schematic illustrates the Y-shaped structure of a 

human Immunoglobulin G1 (IgG1) antibody, with a molecular weight of approximately 150 kDa. It is 

composed of two identical heavy chains (HC, each 50 kDa) and two identical light chains (LC, each 25 kDa), 

which are interconnected by two disulfide bonds in the hinge region. Additionally, each heavy and light chain 

pair is joined by a single disulfide bond. The heavy chain features three constant domains (CH1, CH2, and CH3) 

and one variable domain (VH), whereas the light chain contains one constant (CL) and one variable domain 

(VL). The variable domains of both chains include three complementarity-determining regions (CDRs) 

responsible for antigen binding, interspersed with four framework regions (FRs) that maintain structural 

integrity. Functionally, the antibody is divided into two regions: the antigen-binding fragment (Fab), which 

includes the variable and the first constant domains, and the crystallizable fragment (Fc), comprising the 

remaining constant domains. (Created with BioRender.com.)  

Antibodies are structurally differentiated into two principal regions: the Fab (fragment 

antigen-binding) and the Fc (fragment crystallizable) regions. The Fab region, responsible 

for antigen recognition, is tethered to the Fc region through a flexible hinge region. Within 

the Fab portion, each variable domain is comprised of an antigen-binding site formed by 

three hypervariable loops known as complementarity-determining regions (CDRs), flanked 

by four framework regions (FRs). Especially the CDRs exhibit a high degree of variability, 

conferring upon the antibody its specificity - the capacity to distinguish between distinct 

antigens - and affinity, which is the strength of the antibody's binding to its antigen (10-12). 

The Fc region, being constant, is capable of engaging with various effector molecules such 

as proteins of the complement system and Fc receptors (FcRs).  
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Antibodies mediate their effects through various mechanisms: 

 

Fab-Related Functions: 

o Antigen Binding: The Fab region is responsible for recognizing and binding to 

specific antigens. Each Fab region has a unique binding site that is complementary 

to a particular antigen's structure, allowing for specificity in the immune response (5). 

o Neutralization: The Fab region binds specifically to pathogens or their toxins, 

preventing their attachment to host cells or neutralizing their biological activity (13).  

o Immune complex formation: The antigen-binding sites within the Fab regions can 

engage multiple antigens, forming complexes that can be cleared from circulation, 

thereby preventing the spread of infection (14).  

 

Fc-Related Functions: 

o Opsonization: The Fc region of IgG is recognized by Fc receptors on phagocytes, 

such as macrophages and neutrophils, facilitating the destruction of the opsonized 

pathogen (15).  

o Antibody-Dependent Cellular Cytotoxicity (ADCC): A mechanism of the immune 

system whereby immune cells that possess Fc receptors/FcγRs (such as natural killer 

(NK) cells, macrophages, and neutrophils) recognize and kill target cells (such as 

virus-infected cells or tumor cells) that are coated with antibodies. The Fc region of 

the antibody binds to the Fc receptor on the immune cell, triggering the release of 

cytotoxic substances that lead to the destruction of the target cell (11, 16).  

o Antibody-Dependent Cellular Phagocytosis (ADCP)/Phagocytosis: ADCP is similar 

to ADCC but involves the engulfment and internalization of target cells or particles 

by phagocytic immune cells through Fc receptor recognition. In ADCP, the target 

cells or particles are opsonized with antibodies, which facilitate their recognition by 

Fc receptors on phagocytes, leading to phagocytosis and subsequent degradation of 

the targets within the phagocytes (17).  

o Complement Activation: The Fc region can activate the classical complement 

pathway, resulting in pathogen lysis or enhanced phagocytosis due to opsonization 

with complement proteins (10, 18).  

o Regulation of Antibody Half-life: Interaction with the neonatal Fc receptor (FcRn) 

in various cell types protects IgG from degradation, recirculating it into the 

bloodstream and prolonging its half-life (19). 

o Intracellular Neutralization: The Fc region can be involved in intracellular immunity 

through the interaction with the tripartite motif-containing protein 21 (TRIM21). 

When viruses or other pathogens enter the cytosol, TRIM21 can bind to the Fc 

region of antibody-coated pathogens, targeting them for proteasomal degradation 

(20).  
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These delineated functions demonstrate the dual role of the antibody's distinct regions: the 

Fab region is primarily responsible for antigen specificity and direct neutralization, while the 

Fc region mediates various effector functions that enhance the immune response. The roles 

of FcRn and TRIM21 are discussed in detail in subsequent chapters. 

2.1.2 Therapeutic Antibodies 

The therapeutic potential of antibodies has been harnessed to create monoclonal antibodies 

(mAbs), which are designed to target specific antigens with high precision. To date, mAbs 

represent a major class of biopharmaceuticals that have revolutionized the treatment of a 

myriad of diseases, including cancer, autoimmune disorders, and infectious diseases (21, 22). 

The evolution of therapeutic antibodies can be traced back to the development of hybridoma 

technology by Köhler and Milstein in 1975 (23), which enabled the production of monoclonal 

antibodies with predefined specificity. This groundbreaking innovation laid the foundation 

for the subsequent advancements in antibody engineering that have expanded the therapeutic 

potential of mAbs. 

IgG1 is the most abundant subclass in human serum and has been extensively engineered to 

develop mAbs (24). The specificity of mAbs is one of their most compelling attributes, as 

they can be designed to bind with high affinity to unique molecular targets, such as proteins 

expressed on the surface of cancer cells or inflammatory cytokines. This targeted approach 

allows for precise intervention in disease pathways while minimizing off-target effects, 

thereby offering a significant advantage over traditional small-molecule drugs (24).  

Applications of mAbs as therapeutic modality have grown extensively, with numerous 

antibodies now approved for clinical use. This trend is evidenced by the late-stage 

commercial clinical pipeline, which has grown by approximately 20% in 2022. Furthermore, 

as of mid-November 2022, regulatory agencies worldwide reviewed at least 24 investigational 

antibody therapeutics (25). These mAbs can function through various mechanisms, including 

direct inhibition of target molecules, recruitment of immune effector functions to eliminate 

diseased cells, and modulation of immune system activity. 

Advances in antibody engineering have further enhanced the efficacy, safety, and half-life of 

therapeutic mAbs. Techniques such as humanization, which involves grafting murine 

antibody CDRs onto human frameworks, have reduced immunogenicity and improved the 

clinical performance of these molecules. Additionally, the development of fully human 

antibodies through phage display and transgenic mouse technologies has circumvented the 

issues associated with human anti-mouse antibody responses (26, 27).  

Fab engineering alters an antibody's specificity and selectivity, while Fc engineering is crucial 

for adjusting the Fc region to regulate interactions with immune components like FcγRs, 

FcRn, and TRIM21. The rationale behind Fc engineering is to enhance therapeutic efficacy 

by increasing effector function e.g., improving antibody-dependent cellular cytotoxicity 

(ADCC) and phagocytosis (ADCP), extending or shortening serum half-life, and reducing 



 

8 

immunogenicity. Modifications to the Fc region can significantly impact an antibody's 

function. Changes that improve interactions with FcRn can extend the antibody's half-life in 

circulation, allowing for sustained therapeutic activity (28). Furthermore, adjusting the 

binding strength to TRIM21 can either improve antigen cross-presentation, or reduce the 

neutralization of viral vectors used in gene therapy, thereby preserving the delivery of 

therapeutic genes (29, 30).  

Moreover, antibody engineering can be applied to generate bispecific antibodies, which are 

capable of engaging two different antigens simultaneously, thereby facilitating novel 

therapeutic strategies such as redirecting immune cells to tumor sites or simultaneously 

blocking two pathogenic pathways (31, 32).  

In summary, therapeutic mAbs and their engineered counterparts represent a significant 

milestone in the field of molecular medicine. Through the precise targeting of disease-

associated antigens and the manipulation of antibody effector functions, these biologics offer 

a powerful and versatile platform for the development of next-generation therapeutics. The 

continued innovation in antibody engineering, particularly within the Fc domain, holds 

promise for the creation of more effective and safer treatments for a broad spectrum of 

diseases. 

2.2 FcRn and TRIM21: An Overview 

In the realm of IgG biology, both FcRn and TRIM21 exhibit a strong overlap for binding 

within the CH2-CH3 interdomain region of the antibody's Fc fragment. Despite sharing this 

binding site, the two receptors execute distinctly divergent functions. FcRn, a major 

histocompatibility complex class I-related (MHC-I) receptor, is instrumental in the recycling 

and transcytosis of IgG antibodies, thus regulating their serum half-life and ensuring a 

sustained immune surveillance. This is achieved through its role in the protection and 

transport of IgG across cellular barriers. Conversely, TRIM21, a member of the tripartite 

motif family, functions as an intracellular antibody receptor that mediates the ubiquitination 

and subsequent degradation of antibody-bound pathogens, playing a critical role in the 

immune defense against intracellular challenges. This dichotomy in function demonstrates 

the intricate nature of the immune system's utilization of conserved structural motifs to 

mediate a diverse array of protective mechanisms. 
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2.2.1 Origin, Structure and Expression of FcRn 

The neonatal Fc receptor was first identified and characterized in the context of neonatal 

immunity. Its discovery dates back to the 1960s when Dr. Brambell and colleagues proposed 

the existence of a receptor responsible for the transfer of maternal immunoglobulin G (IgG) 

across the placenta to the fetus and through the gut epithelium to the neonate (33, 34). Also 

known as Brambell receptor (FcRB), this receptor-mediated transport was hypothesized to 

provide passive immunity to the offspring by endowing them with a repertoire of maternal 

antibodies against pathogens (35). Subsequent research in the 1980s and 1990s led to the 

molecular identification and cloning of FcRn (36).  

Human FcRn is a heterodimeric protein composed of two distinct subunits: a MHC class I-

like alpha chain (α-FcRn, 42 kDa) and a smaller beta-2 microglobulin (β2m) light chain (12 

kDa) (36, 37). The membrane-bound alpha chain is structurally similar to MHC class I 

molecules and consists of three extracellular domains (α1, α2, and α3), a transmembrane 

region, and a short cytoplasmic tail, as depicted in Figure 2. The β2m is non-covalently 

associated with the alpha chain and is essential for the proper folding, stability, and function 

of the receptor (37, 38). The α1 and α2 domains of the alpha chain form a platform that 

resembles the peptide-binding groove of classical MHC class I molecules (39-42). However, 

in FcRn, this groove does not bind peptides but is involved in the high-affinity binding to 

the Fc portion of IgG antibodies (39, 40, 43, 44).  

 

Figure 2. Structure of FcRn. A) This schematic shows the membrane-bound FcRn heterodimer, detailing its 

extracellular domains (α1, α2, and α3), the cytoplasmatic domain, and the associated β2-microglobulin (β2m) 

light chain.. B) The ribbon diagram depicts the human FcRn-β2m complex, with subdomains labeled according 

to the Protein Data Bank (PDB) entry 1EXU. These figures have been adapted from (19). (Created using PyMol 

2.5.2 and BioRender.com.) 

In humans, FcRn has as a broad expression profile across various cell types and organs, 

including endothelial and epithelial cells (45). Endothelial cells lining the blood vessels are 

pivotal for the recycling and transcytosis of IgG antibodies. In the epithelial cells of the 
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placenta, FcRn facilitates the transfer of maternal antibodies to the developing fetus, 

providing passive immunity (46-48). Additionally, FcRn expression is observed in epithelial 

cells of the intestine, liver, lung, and kidney, as well as in professional antigen-presenting cells 

such as dendritic cells and macrophages (49-51). While FcRn shows a basal level of surface 

expression on plasma membranes (52, 53), its primary functional location is within the 

endosomal compartments of cells (54). There, it prevents IgG from being directed to 

lysosomal degradation. The widespread expression of FcRn across diverse tissues 

demonstrates its integral role in maintaining immune surveillance and regulating the systemic 

levels of IgG and albumin. 

2.2.2 Function and Role of FcRn in Immune Response 

FcRn is a multifaceted protein that plays several roles in critical, physiological functions such 

as the maintenance of immune system homeostasis and the regulation of physiological 

processes. One primary function of FcRn is its interaction with IgG antibodies and albumin, 

which facilitates their protection from lysosomal degradation. This interaction also regulates 

and maintains their serum levels (40, 55-61). Another vital role of FcRn is in the passive 

transfer of immunity from mother to offspring. During pregnancy, FcRn in the placental 

syncytiotrophoblast cells binds maternal IgG and mediates its transplacental transport. This 

process provides the fetus with a repertoire of maternal antibodies that confer protection 

against pathogens in the early stages of life (46-48).  

FcRn is also involved in the transport of IgG across mucosal barriers, such as those in the 

intestinal tract. This transport contributes to immune surveillance and the establishment of 

mucosal immunity (62-67).  

Additionally, FcRn is implicated in the regulation of antigen presentation, a process essential 

for T cell activation. Traditional antigen presentation involves MHC class II molecules 

presenting antigens to CD4+ T helper cells, which then provide help and regulatory 

functions. In contrast, antigen cross-presentation refers to the ability of certain antigen-

presenting cells (APCs), such as dendritic cells, to present extracellular antigens on MHC 

class I molecules, thereby activating CD8+ T cells. This activation is crucial for initiating 

cytotoxic responses against viral and tumor antigens (68-71). Through the involvement of 

FcRn in antigen (cross)- presentation, it plays a role in bridging innate and adaptive immunity. 

This contributes to the immune system's ability to combat intracellular pathogens and 

enhances the efficacy of antibody-based vaccines and immunotherapies. 

The major function of FcRn in regulating IgG homeostasis is outlined in further detail. The 

underlying mechanism is schematically shown in Figure 3.  
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Figure 3. FcRn-Mediated IgG Recycling Mechanism. This schematic illustrates the process by which IgGs 

are internalized and recycled by cells such as monocytes, macrophages, or endothelial cells. At physiological 

pH (7.4), IgGs are taken up through pinocytosis, as they do not bind to FcRn at this pH. The subsequent 

acidification of endosomes to a lower pH facilitates the binding of IgGs to FcRn, which is believed to interact 

with both heavy chains of the IgG. FcRn then recycles the bound IgG back into the bloodstream. In cases 

where FcRn is saturated and cannot bind additional IgG, the unbound antibodies are directed to the lysosome 

for degradation at an acidic pH (≤ 5.5). Schematic adapted from (19, 50). (Created with BioRender.com.) 

In humans, the subclasses IgG1, IgG2, and IgG4 exhibit a prolonged serum half-life of 

approximately 20-23 days, a characteristic predominantly attributed to the interaction of their 

Fc regions with FcRn (19). This recycling mechanism is critically dependent on pH 

variations, exhibiting negligible binding affinity at the neutral pH of 7.4, characteristic of the 

extracellular environment, and demonstrating robust binding at the acidic pH (pH ≤ 6.5), 

typical of endosomal compartments. Vascular endothelial cells, along with macrophages and 

monocytes, internalize IgGs and small IgG immune complexes (IgG-IC) through a non-

specific, bulk endocytic process known as fluid-phase pinocytosis. The internalized IgG-

containing vesicles then fuse with acidic endosome, where the lowered pH facilitates the 

binding of IgG to FcRn. The FcRn-IgG complex is then routed towards the cell surface, 

bypassing lysosomal degradation. Upon reaching the cell surface, the complex encounters 

the neutral pH of the bloodstream, prompting the release of IgG back into circulation (72, 

73). This recycling process not only extends the half-life of IgG antibodies but also ensures 

the maintenance of adequate immunoglobulin levels for effective immune surveillance and 

pathogen neutralization.  

The mechanistic basis for this pH-dependent binding lies in the structural design of the Fc 

region of IgG and FcRn itself. At an acidic pH, histidine residues within the Fc region 

become protonated, increasing their affinity for FcRn. This protonation induces 

conformational changes that enhance the interaction between IgG and FcRn, allowing the 



 

12 

complex to form. Conversely, at neutral pH, these histidine residues are deprotonated, 

leading to a conformational state that reduces affinity and promotes the dissociation of IgG 

from FcRn (43, 74, 75). The detailed mode of antibody binding to FcRn is described in 

Chapter 2.3.1 Mechanism of Antibody Binding to FcRn. 

2.2.3 Origin, Structure and Expression of TRIM21 

Tripartite motif-containing protein 21 (TRIM21), also known as Ro52 or Sjogren syndrome 

(SS)-A, is a member of the tripartite motif (TRIM) family of proteins, which are characterized 

by a conserved RING domain, one or two B-box domains, and a coiled-coil region (RBCC-

motif/family) (Figure 4A and B) (76, 77). TRIM21 was first identified as an autoantigen 

recognized by autoantibodies in patients with autoimmune diseases, particularly Sjögren's 

syndrome and systemic lupus erythematosus (SLE). The initial discovery of TRIM21 was 

closely linked to its role in autoimmunity, as the presence of anti-TRIM21 antibodies served 

as a diagnostic marker for these conditions (78-81). These autoantibodies can modulate 

TRIM21's function, potentially contributing to the dysregulation of immune responses 

observed in these conditions (82, 83). Subsequent characterization revealed that TRIM21 is 

ubiquitously expressed in various tissues and plays a prominent role in the immune system. 

This includes its relevance in other autoimmune diseases where autoantibodies against 

TRIM21 are present (84).  

Beyond its association with autoimmune diseases, TRIM21 has been recognized for its 

involvement in antiviral immunity (85). It acts as an intracellular Fc receptor capable of 

binding to the Fc region of antibodies that are attached to viruses and other pathogens that 

have entered the cytosol (20, 86, 87). Upon binding, TRIM21 targets these antibody-coated 

pathogens for proteasomal degradation, effectively contributing to the intracellular 

neutralization of viruses (20). The identification and understanding of TRIM21's role in both 

autoimmunity and viral defense have made it a subject of interest in immunological research. 

TRIM21 is a prominent member of the TRIM family and within the RING (Really 

Interesting New Gene) E3 ligase family. The TRIM family consists of approximately 100 

members in humans (85, 88-90). While these proteins are involved in a variety of cellular 

functions and biological processes, including intracellular signaling, protein degradation, and 

immune response regulation, the majority of them exhibit functions in the context of innate 

immunity (89, 91).  

The structural integrity and functional capacity of TRIM21 are attributed to its conserved 

domain arrangement (92). The N-terminal RING domain (Figure 4C), a zinc finger motif 

coordinating two zinc ions, is pivotal for its E3 ubiquitin ligase activity. This activity facilitates 

the ubiquitination of target proteins for subsequent proteasomal degradation (20, 93). 

Interactions between the RING domain and E2 conjugating enzymes, such as Ube2W and 

Ube2N/Ube2V2, are critical for initiating ubiquitin transfer (priming ubiquitin) and 
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synthesizing self-anchored K63-linked ubiquitin chains. This process is activated upon 

TRIM21's initial ubiquitination (94-96).  

A distinctive tri-ionic motif within TRIM21 enhances the engagement with the Ube2N~Ub 

complex, a specificity determinant for Ube2N over other E2 enzymes, revealing a general 

mechanism for E2 recruitment by RING E3 ligases (95). TRIM21's RING self-

ubiquitination leads to the lysosomal degradation of TRIM21 itself, the bound antibody, and 

the associated virus (20, 94). It is further described how a unique RING topology permits 

TRIM21 to ubiquitinate itself, with the RING domain acting simultaneously as enzyme and 

substrate (97). This process involves a RING dimer activating Ube2N~Ub for ligase activity, 

while a mono-ubiquitinated RING serves as the initial substrate. The formation of the first 

four ubiquitin molecules occurs in trans, followed by more rapid cis-elongation of the 

ubiquitin chain. This initial trans configuration is thought to be a regulatory feature that limits 

TRIM21 activity in the absence of its substrate, such as an antibody-coated pathogen. 

Following the RING domain is the B-box domain, another type of zinc-binding domain. 

While less is known about the specific functions of the B-box domains in general, compared 

to the RING domain, it is believed to contribute to the overall structure of multi-domain 

proteins. In TRIM21, which contains one B-box, it plays a role in protein-protein interactions 

and the regulation of E3 ligase activity (95, 97-99). In the inactive RING E3 ligase state, the 

B-box occupies E2 enzyme binding site, functioning as an auto-inhibitory domain, thereby 

competing with E2 and regulating the RING activity (Figure 4C). To date, the exact 

mechanism under physiological conditions is unknown. Regarding antibody-dependent 

antiviral TRIM21 activity, it is thought that target-induced clustering via multiple antibodies 

binding to the virus, or the oligomeric state of the target itself, triggers TRIM21 RING 

ubiquitination activity (99). By clustering multiple TRIM21 molecules in close proximity, 

intermolecular RING dimerization could displace the B-box from the E2 binding site, 

thereby facilitating E2-Ubiquitin interaction and building K63-linked ubiquitin chains (98-

100). 

The coiled-coil domain is a structural motif characterized by the intertwining of alpha-helices, 

which facilitates the formation of protein oligomers. In TRIM21, the coiled-coil domain 

defines the architecture of the molecule and mediates the antiparallel self-association of the 

protein (Figure 4E, which exemplarily shows the crystal structure of the coiled-coil domain 

of TRIM25). By naturally facilitating dimerization between two TRIM21 monomers, a 

homodimer is formed, positioned two RING domains at the opposite ends of one TRIM21 

dimer, separating them approximately 20 nm from each other (101-103). It has been 

established that RING domains are often activated by homo-dimerization (103-106). For 

TRIM21, it has been shown that two RING domains exhibit weak affinity for each other in 

the µM range (98). This steric arrangement is thought to be important for its function as an 

E3 ubiquitin ligase, as RING activation is unlikely to occur spontaneously.  
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The PRYSPRY domain (also known as B30.2) (Figure 4D), located at the C-terminus of 

TRIM21, is responsible for the specific target recognition and binding of the Fc region of 

IgG antibodies (86, 87). Recognized as a highly conserved domain, PRYSPRY interacts with 

immunoglobulins across species. This allows TRIM21 to distinguish between different 

antibody isotypes, binding to IgA and IgM with decreased affinity compared to IgG, and 

engaging with IgG-opsonized targets (92, 107). The dimeric nature of TRIM21 enables 

bivalent engagement with one IgG, allowing both PRYSPRY domains to interact 

simultaneously with both IgG heavy chains, resulting in a 1:1 stoichiometry between 

TRIM21 and IgG (detailed binding mode in Chapter 2.3.2 Mechanism of Antibody 

Binding to TRIM21 (20). The interaction between the PRYSPRY domain and the Fc region 

of antibodies is a key step in the intracellular immune defense mechanism, leading to the 

ubiquitination and degradation of antibody-bound pathogens or antigens (20).  

 

 

Figure 4. Structural Overview of TRIM21. A) Schematic of human TRIM21 illustrating its domains: RING, 

B-box, coiled coil, and PRYSPRY. Adapted from (108). B) Depiction of TRIM21 homodimerization, mediated 

by the coiled-coil domains. C) Crystal structure of the human TRIM21 RING and B-box domains, highlighting 

the autoinhibition of the RING domain, first described in (98) (PDB-ID: 5OLM). D) Crystal structure of 

human TRIM21 PRYSPRY domain, with PRY subdomain shown in “olive” and SPRY domain in “forest”, 

first described in (86) (PDB-ID: 2IWG). E) Crystal structure of the human TRIM25 coiled-coil domain for 

comparison. (PDB-ID: 4CFG). (Structures created using PyMol 2.5.2 and BioRender.com.) 
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Overall, the domains of TRIM21 work in concert to facilitate its role in immune surveillance, 

particularly in the context of intracellular pathogen recognition and targeting for degradation, 

thereby contributing to the host's antiviral defense mechanisms. 

TRIM21 is ubiquitously expressed across various tissues and cell types in the human body, 

reflecting its fundamental role in immune regulation and response to infection (86, 92). Its 

expression is observed in both immune cells - such as B cells, T cells, natural killer (NK) 

cells, dendritic cells, and macrophages - and non-immune cells, including fibroblasts and 

epithelial cells (109). TRIM21 expression is not restricted to a specific organ but is rather 

broadly distributed throughout the body, including in the spleen, liver, lungs, heart, kidneys, 

and muscles. The widespread expression of TRIM21 in a variety of cell types and organs 

demonstrates its importance in various physiological processes, including the immune 

response to pathogens and the regulation of cellular homeostasis. 

2.2.4 Function and Role of TRIM21 in Immune Response 

TRIM21 plays a crucial role in viral degradation and innate immune signaling, acting as both 

an effector and a sensor molecule. Upon engagement with antibodies bound to viruses, 

TRIM21 initiates responses that inhibit viral replication and promote an antiviral cellular 

state, thereby bridging the innate and adaptive immune systems (109). 

As a cytosolic antibody receptor, TRIM21 is pivotal in the intracellular neutralization of virus 

infections, a process demonstrated for non-enveloped viruses such as adenovirus type 5 

(AdV5), mouse adenovirus type 1 (MAV-1), human rhinovirus 14 (HRV-14) and rotavirus 

(20, 96, 110-114). This mechanism, termed antibody-dependent intracellular neutralization 

(ADIN), is critical for defending against viruses that have bypassed extracellular 

neutralization and enter the cell (Figure 5). The interaction with the antibody occurs through 

the PRYSPRY domain, which has a high affinity for the Fc region of antibodies (115). When 

TRIM21 binds to these immune complexes, it initiates the disassembly and degradation of 

viral capsids at the proteasome, effectively terminating the viral infection and neutralizing 

viruses that have entered the cell.  

The efficacy of TRIM21 in neutralizing viruses is not solely dependent on the affinity of the 

antibody for the virus, as even antibodies with reduced affinity can still lead to viral 

neutralization via TRIM21, demonstrating its ability to mediate neutralization under a range 

of conditions (20, 94). The efficacy of TRIM21 in neutralizing viruses is influenced by the 

affinity of the antibody for TRIM21. Even antibodies with reduced affinity can still lead to 

viral neutralization via TRIM21, demonstrating its ability to mediate neutralization under a 

range of conditions (29). In contrast to many other Fc receptors that have more restricted 

isotype specificity, TRIM21 exhibits broad isotype specificity, binding not only to IgG but 

also to IgM and IgA. This feature allows TRIM21 to neutralize a wide range of viruses coated 

with these antibody isotypes (107, 116).  
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Concurrently with virus neutralization, TRIM21 acts as a sensor upon binding to the 

antibody-virus complex. TRIM21 triggers signaling cascades that activate the transcription 

factor NF-κB, leading to the production of proinflammatory cytokines and the induction of 

an antiviral state in the cell. This signaling function of TRIM21 is critical in initiating a 

broader immune response against the virus (109, 113).  

 

Figure 5. TRIM21 Sensor and Effector Functions in AdV5 Degradation. This schematic outlines the 

degradation pathway of antibody-coated adenovirus serotype 5 (AdV5) mediated by TRIM21. Upon 

internalization of the AdV5-antibody complex via receptor-mediated endocytosis, the complex escapes the 

endosome into the cytoplasm. TRIM21 then binds to the antibody heavy chains and catalyzes 

monoubiquitination using the E2 enzyme Ube2W. This action initiates K63-linked ubiquitin (Ub) chain 

extension with the help of Ube2N/Ube2v2. The ubiquitinated complex is directed to the proteasome for 

degradation, facilitated by valosin-containing protein (VCP), while the deubiquitinase Poh1 removes the 

anchored K63 Ub chains. The released K63 Ub chains, along with viral DNA, activate TRIM21's sensor 

function, triggering innate immune signaling pathways such as NF-κB, AP-1, and IRF 3/5/7. This activation 

leads to the production of pro-inflammatory cytokines and establishes an antiviral state within the cell. Adapted 

from (109, 117). (Created with BioRender.com.) 

The dual functions of TRIM21, as an effector and sensor, are triggered by a stepwise 

ubiquitination mechanism, orchestrated by its E3 ligase RING domain. TRIM21 is first 

tagged with monoubiquitin by the E2 enzyme Ube2W. This monoubiquitin then serves as a 

substrate for the heterodimeric E2 enzyme Ube2N/Ube2V2, resulting in TRIM21 being 

anchored with K63-linked ubiquitin chains. This ubiquitination process is essential and 

signals for both the activation of NF-κB, as major regulator of innate immune signaling 

pathways, and virus neutralization. Disruption of this process impairs both functions, 

highlighting the importance of the ubiquitination pathway in TRIM21’s antiviral activity (94, 

95, 97, 98). TRIM21 auto-ubiquitination further triggers the formation of free K63 ubiquitin 

chains, which activate several innate immune signal pathways (NF-κB, AP-1 and IRF 3/5/7), 
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and these interact with and modulate the JAK-STAT pathway in various ways (96). The 19S 

proteasome component Poh1 plays a crucial role in deubiquitinating TRIM21, generating 

unanchored K63-linked ubiquitin chains, which are implicated in signaling for cytokine 

induction (94). 

The ATPase p97/valosin-containing protein (VCP) is also a key player in the TRIM21-

mediated neutralization process (118). VCP is involved in the extraction and subsequent 

degradation of viral capsids by the proteasome (118). The exposure of viral genomes, induced 

by TRIM21, enhances the immune system's ability to detect both DNA and RNA viruses. 

This is achieved through the activation of cGAS for the detection of DNA viruses and RIG-

I for RNA viruses (114, 119). TRIM21 initiates an early and robust cytokine response, crucial 

for effective viral clearance. These findings highlight the involvement of other cellular factors 

in this antiviral mechanism. 

Research has demonstrated that TRIM21 plays a role in immune complex processing. After 

cell entry of immune complexes (antibody bound pathogen), taken up by antigen presenting 

cells (APCs), downstream inflammatory signaling is initiated, targeting the immune 

complexes for proteasomal degradation. This enhances cross-priming and antigen-cross 

presentation, stimulating CD8+ T cell responses that are crucial for effective immunity 

against pathogens (30, 120). Increasing the affinity between immune complexes and TRIM21 

can markedly improve CD8+ T cell responses (30). 

TRIM21 has also been implicated in various cellular processes beyond immune defense. It 

may be utilized therapeutically to prevent tau aggregation in neurodegenerative disorders 

(121) and has been identified as a factor that can interfere with adenovirus-based gene 

therapy. However, it could be leveraged in other therapeutic applications, like preventing the 

accumulation of misfolded proteins (109, 122, 123). The role of TRIM21 in cancer cell 

proliferation and suppression is emerging, with evidence suggesting that TRIM21 may either 

enhance cancer proliferation or alternatively increase the ubiquitination of many cancer-

triggering proteins, leading to their proteasomal degradation, depending on the type of cancer 

and the specific oncogenic drivers involved (124, 125).  

Furthermore, TRIM21 mediates intracellular neutralization of antibody-coated bacteria like 

Salmonella enterica (126). It is recruited to intracellular pathogens in epithelial cells early in 

infection and mediates bacterial restriction, which is dependent on the opsonization state of 

the bacteria (126). TRIM proteins, such as TRIM21 act as specialized receptors for targeted 

autophagy (also known as precision autophagy) of key components of the inflammasome 

and type I interferon response systems (127).  

These diverse roles highlight the significance of TRIM21 beyond its established functions in 

viral degradation and immune signaling. Its involvement in the pathogenesis of autoimmune 

diseases, the potential for therapeutic intervention in neurodegenerative disorders, its role in 

the intracellular neutralization of bacterial infections, its impact on cancer progression, and 
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its modulation of autophagic processes underline its importance across various biological 

contexts. 

2.3 Interaction of FcRn and TRIM21 with 

Antibodies 

FcRn and TRIM21 are both critical in the immune system's regulation and response, standing 

out due to their unique interactions with antibodies. The interactions of these Fc receptors 

extends the functionality of antibodies beyond the extracellular space into the intracellular 

milieu. This chapter aims to delve into the complex interplay between FcRn and TRIM21 

with antibodies, elucidating their pivotal modes of binding, which are responsible for their 

roles in antibody and albumin homeostasis, immune regulation, and pathogen neutralization. 

It provides the structural basis underlying these interactions and their implications in 

physiological and pathological contexts. The modes of binding of FcRn and TRIM21 to 

antibodies, though distinct in their mechanisms, share overlapping binding sites within the 

IgG. This highlights the complexity and versatility of the immune system in safeguarding the 

body against a multitude of threats. Understanding these interactions at a molecular level 

offers insights into potential therapeutic strategies for enhancing immune responses, treating 

autoimmune diseases, and designing antibodies with tailored effector functions. 

2.3.1 Mechanism of Antibody Binding to FcRn 

The structural basis of the FcRn-IgG interaction is crucial for understanding the regulation 

of IgG and albumin half-life in serum. A key aspect of FcRn's ability to rescue IgG and 

albumin from lysosomal degradation is its pH-dependent binding. FcRn binds to IgG with 

nanomolar affinity at pH ≤ 6.5, but shows no detectable binding at pH 7.4 (128). With its α2 

and β2m domains, FcRn binds to the IgG CH2-CH3 interface, orienting the Fab arms towards 

the membrane (Figure 6A) (43, 44, 129, 130). Key residues involved in this interaction are 

amino acids I253, T254, H310, H433 and H435 within the CH2 and CH3 domains, which 

interact with E115, E116, D130 and E133 on human FcRn, forming hydrogen bonds and 

salt bridges (50, 75, 129, 131).  

Responsible for the strict pH-dependent binding and the sharp pH transition, are the 

histidine residues at IgG position 310, 433 and 435 (75, 129). The imidazole side chain of the 

histidine residues become protonated at acid pH (pH 5-6), enabling the FcRn-IgG 

interaction to occur, while deprotonation in a neutral environment releases the IgG from 

FcRn (75, 131-135). This process accounts for the significant presence of IgG in human 

circulation and its extended half-life in serum.  
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Figure 6. FcRn IgG CH2-CH3 Binding Interface. A) This schematic illustrates the T-shaped conformation 

of an IgG antibody interacting with two FcRn molecules, with each FcRn engaging one of the Fc heavy chains. 

This bivalent interaction is proposed to occur predominantly within the endosomal environment (136). Schema 

adapted from (19) B) The crystal structure of the FcRn-IgG CH2-CH3 complex is shown in a ribbon diagram. 

FcRn-β2m is colored blue (α-FcRn) and cyan (β2m), while the IgG CH2-CH3 domains are in grey (PDB ID: 

4N0U). The binding interface is highlighted with red, dashed lines, with a detailed view provided in panel C. 

Schema adapted from (19, 75) C) A close-up of the hot spot region within the FcRn-IgG CH2-CH3 complex, 

displaying key residues involved in the interaction. Residues E115, E116, D130, and E133 from FcRn are 

shown in orange, while T254, H310, H433, and H435 from the IgG are in purple. (Created with BioRender.com 

and PyMol 2.5.2.) 

The binding interfaces of TRIM21 and FcRn do overlap (86). It has been described that 

classical FcγRs bind at a different region of IgG (the upper CH2 domain) than FcRn (137, 

138). Consequently, an IgG molecule could potentially interact concurrently with both FcRn 

and FcγR. Engineering of antibody Fc regions to increase, decrease or block interactions 

with FcRn has been a focus of research to modulate the pharmacokinetics and therapeutic 

efficacy of monoclonal antibodies (28, 53, 139-144).  

These studies demonstrate the intricate balance required in engineering antibody Fc regions 

to optimize interactions with FcRn, which impacts the therapeutic efficacy and 

pharmacokinetics of monoclonal antibodies. A prominent variant for increasing affinity at 

acid pH is the YTE variant (M252Y/S254T/T256E; YTE), which thereby enhances the 

serum half-life of IgG (145). 

The homodimeric Fc part can interact with two FcRn molecules (146, 147). While the 

physiological relevance of this finding is still debated, it is thought that two FcRn molecules 

engage one IgG simultaneously in a 2:1 stoichiometry (148, 149). This binding modality 

transcends mere affinity interaction, where a single ligand associates with one target 

molecule, by incorporating the principle of avidity. This occurs when two FcRn molecules 

in close proximity robustly and stably interact with both heavy chains of IgG. Findings 

suggest that both affinity and avidity in the FcRn/IgG interaction influence the serum half-

life of IgG. For example, heterodimeric IgG with only one FcRn binding site exhibited a 
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tremendously decreased serum half-life, supporting the notion of a 2:1 stoichiometry in vivo 

(148)  

The FcRn-IgG interaction becomes more complex, as 2:1 complexes were observed with 

IgG Fab arms adopting a T-shaped or a mixed Y/T-shaped conformation relative to FcRn 

(136). The influence of Fab arm involvement on FcRn binding is corroborated by multiple 

investigations (71, 150-154). These studies demonstrate that a diverse array of antibodies, 

including constructs with identical Fc regions but different Fab arms, display varying 

affinities towards FcRn, leading to different serum half-lives. 

The discovery of FcRn has expanded beyond its initial association with neonatal immunity. 

It is now recognized as a pivotal regulator of IgG homeostasis and has become a focal point 

in the design of therapeutic antibodies. Strategies for Fc engineering aimed at modulating 

interactions with FcRn are being developed to enhance the longevity and efficacy of 

antibodies. The ongoing research into the role of FcRn in immunity and its therapeutic 

potential continues to be a significant area of focus within immunology and biomedicine. 

2.3.2 Mechanism of Antibody Binding to TRIM21 

TRIM21 binds to the Fc CH2-CH3 domain of antibodies through its PRYSPRY domain. The 

molecule is capable of binding to all IgG subclasses and further mediates the neutralization 

of viruses decorated with IgM and IgA (92, 107, 155). Although the IgG binding interfaces 

for TRIM21 and FcRn overlap (75, 128), TRIM21 interaction is largely pH-independent (pH 

5-8), and is instead dependent on salt concentrations (86). A 10-fold reduction in salt 

concentration from 200 to 20 mM results in a 5-fold increase in affinity, as evidenced by a 

decreased off-rate (86). The crystal structure of the complexed PRYSPRY domain and IgG1 

Fc region by James et al. (2007) (86) demonstrates that the PRYSPRY domain forms a single 

globular fold comprising a distorted β-sandwich of two antiparallel β-sheets. The binding 

interface is formed by six extended loops (variable loops, VLs) that are analogous to the six 

CDR loops in antibodies (86). The crystal structure reveals that these six VLs create two 

distinct binding pockets, located within the ”PRY” and “SPRY” subunits (86). The PRY 

subunit's binding pocket interacts with the IgG CH2 domain, while the SPRY subunit's 

pocket binds to CH3 (86). Key residues in the Fc part include I253-CH2 and the HNHY-

motif within CH3 from amino acid position 428 to 436, with H433-CH3, N434-CH3 and 

H435-CH3 forming the hot spot region (86). Within the TRIM21 binding site, residue W299-

T21 in the PRY subunit allows hydrophobic interaction with I253-CH2. The larger pocket of 

the SPRY subunit includes residues Y328-T21, D355-T21, W381-T21, W383-T21, D452-

T21, F450-T21, where CH3 loop from positions 428 to 436 reaches into the SPRY binding 

pocket (86). The hot spot residues D355-T21, W381T21 and W383T2 and F450, clustered 

at the center of the interface, are crucial for Fc binding and make contact with the three Fc 

hot spot residues H433-CH3, N434-CH3 and H435-CH3 (86). The structural arrangement is 

based on hydrophobic interactions, hydrogen bonds, and aromatic stacking interactions. 
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Figure 7. TRIM21 IgG CH2-CH3 Binding Interface. A) Schematic representation of the IgG CH2-CH3 

region binding to a TRIM21 homodimer, forming a complex with a 1:1 stoichiometry. B) Ribbon diagram of 

the crystal structure showing the TRIM21 PRYSPRY domains in complex with the IgG CH2-CH3 region (PDB 

ID: 2IWG). The PRYSPRY domain is depicted in green (SPRY subdomain) and olive (PRY subdomain), while 

the IgG CH2-CH3 is in grey. C) Detailed view of the binding interface between the PRYSPRY and CH2-CH3 

regions, highlighting the hot spot area with key interacting residues. Hydrogen bonds are indicated by dashed 

lines. The key residues involved in the interaction are D355, W381, W383, and F450 from the PRYSPRY 

domain (orange) and H433, N434, and H435 from the IgG heavy chain CH3 (grey). Panels B) and C) are adapted 

from (86). (Structures created using PyMol 2.5.2 and BioRender.com.) 

The affinity of asingle PRYSPRY domain for an IgG1 antibody is described within a range 

of 37-200 nM, depending on the applied technology, while two individual PRYSPRY 

domains can interact with one IgG in 2:1 ratio, similar to FcRn (86, 116). The interactions 

of TRIM21 with IgA and IgM are much lower in binding strength, as they exhibit different 

residues at the HNHY-motif equivalent, with affinities of 17 µM and 50 µM, respectively 

(20, 107). As full-length TRIM21 naturally forms a homodimer, it has been shown that both 

PRYSPRY domains of a single dimer can simultaneously engage both IgG1 heavy chains in 

a 1:1 stoichiometry (20). The bivalent engagement (avidity) results in a dissociation constant 

(KD) of 0.6 nM for IgG1, making it the Fc receptor with the highest known binding strength 

reported in humans (20). Mutations within the Fc interface alter TRIM21 binding in various 

ways; for example, the point mutation H433A abolishes TRIM21 binding but does not affect 

affinity for FcRn (29, 30, 86, 92, 156).  

TRIM21 and its interaction with IgG represent a highly conserved binding mechanism that 

is structurally and functionally distinct from the binding observed with classical FcγRs (92). 

Specific mutations in IgG, such as P329A and L235A, can inhibit FcγR/C1q binding without 

compromising TRIM21 binding, yet TRIM21 competes for the same Fc binding site as 

proteins A and G (29, 86, 156, 157). In contrast to the conserved nature of TRIM21-IgG 

binding, the association of IgG with traditional FcγRs exhibits considerable interspecies 

variability (86, 92). This variability is partly attributed to species-specific glycosylation 
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patterns of IgG, highlighting a fundamental difference in the interaction dynamics between 

these two types of Fc receptors (155, 158, 159). 

2.4 Adeno-Associated Virus (AAV): An Overview 

This chapter provides insights into the role of Adeno-Associated Virus (AAV) in gene 

therapy. It offers a succinct introduction to AAV and its application in gene therapy, 

highlighting its unique attributes, such as low immunogenicity and stable expression, which 

make AAV an attractive vector for delivering therapeutic genes. The chapter discusses why 

gene therapy, and AAV-mediated approaches in particular, are increasingly being recognized 

for their potential to provide long-term solutions for diseases, in contrast to traditional 

treatments that typically manage symptoms. Gene therapy involves the delivery of genetic 

material into cells with the aim of treating or preventing disease, offering a potential cure by 

targeting the underlying genetic causes. This approach can involve various strategies, 

including replacing defective genes, inactivating or silencing problematic genes, or 

introducing new genes to help combat diseases such as cystic fibrosis, hemophilia, and 

muscular dystrophy. 

2.4.1 Genomic Organization, Structure and Life Cycle of AAV 

The discovery and structural elucidation of AAV, particularly the AAV2 serotype, represent 

significant milestones in virology and gene therapy (160). This introduction aims to provide 

insight into the origin and structure of AAV.  

AAV was first identified in the 1960s as a contaminant in adenovirus preparations (161). Its 

dependency on co-infection with a helper virus, such as adenovirus, for productive 

replication marked it as unique, leading to its classification as depend-parvovirus in the 

Parvoviridae family (160, 162, 163). AAV is considered non-pathogenic and exhibits a wide 

host range, factors that have spurred interest in its biology and potential therapeutic 

applications (164).  

The AAV2 serotype is one of the most studied AAV vectors and serves as a model for 

understanding AAV structure (160). AAV is a small, non-enveloped virus with an icosahedral 

capsid approximately 22-26 nm in diameter. Its capsid encloses a single-stranded DNA 

genome of about 4.7 kilobases (165, 166). The AAV capsid is composed of three viral 

proteins (VP1, VP2, and VP3) in a 1:1:10 ratio, which assemble to form the icosahedral 

symmetry (167-169).  

The genome organization of AAV includes two open reading frames (ORFs) encoding the 

rep and cap genes, which are essential for the virus's life cycle (170). The genome is flanked 

by inverted terminal repeats (ITRs) that have a T-shaped hairpin structure (171, 172). The 

ITRs contain cis-acting elements required for AAV replication and serve as a packaging signal; 
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they are also responsible for the integration and rescue of the virus (173). The first ORF 

encodes four overlapping non-structural rep genes: Rep78, Rep68, Rep52 and Rep40. Rep78 

and Rep68 are necessary for viral DNA replication, while Rep52 and Rep40 act as DNA 

helicases, which facilitate the accumulation of single-stranded progeny virus (174). The 

second ORF encodes three structural proteins - VP1, VP2, VP3 - and the assembly-activating 

protein (AAP) via alternative splicing; these proteins assemble to form the AAV virion (175-

178). These proteins determine the tissue tropism of the virus and influence the efficiency 

of gene transfer in different tissues.  

To date, 13 serotypes with various tropisms have been identified, and although extensively 

studied, the infectious life cycle of wild-type AAV has not been fully understood (179). The 

life cycle of AAV2 is shown in Figure 8. AAV2 primarily binds to heparan sulfate 

proteoglycans (HSPG) as its primary receptor on the cell surface (180). The broad expression 

of HSPG may explain the broad tropism of AAV2. Additional co-receptors, such as the 

universal AAV receptor (AVVR), have been identified as playing a role (181, 182). This 

binding initiates clathrin-mediated endocytosis, allowing AAV2 to be internalized into the 

cell, although clathrin-independent pathways have also been reported (183). The N-terminal 

regions of the AAV capsid proteins are crucial for endosomal escape and nuclear trafficking, 

though the exact mechanisms remain to be fully elucidated (184). 

After endocytosis, AAV2 traffics in vesicles through the endosomal pathway. The transition 

from early to late endosomal compartments is crucial for AAV2's infection efficiency, and 

transport to the trans-Golgi network is necessary for AAV2 transduction, suggesting a 

conserved feature of AAV trafficking (185). Endosomal escape into the cytosol is triggered 

by endosomal acidification and mediated by the phospholipase A2 (PLA2) domain located 

at the N-terminus of VP1 (186, 187). PLA2 becomes exposed due to conformational changes 

in the capsid (VP1/VP2 region) caused by acidification during endosomal trafficking and 

potential involvement of cellular proteases, which are essential for infectivity (168, 188). 

Following endosomal escape, AAV undergoes transport to the perinuclear region via the 

cytoskeletal network (189, 190).  
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Figure 8. AAV Life Cycle. This schematic illustrates the life cycle of adeno-associated virus serotype 2 

(AAV2). AAV2 initially binds to its primary receptor, HSPG, which facilitates clathrin-mediated endocytosis. 

The virus is then trafficked through the intracellular space, guided by the cytoskeletal network. Acidification 

within the endosome induces a conformational change in the viral proteins VP1/VP2, leading to the escape of 

AAV into the cytoplasm and subsequent nuclear entry. Inside the nucleus, the viral ssDNA is uncoated and 

converted into dsDNA, serving as the template for transcription. In the presence of a helper virus, such as 

adenovirus type 5 (AdV5), AAV can replicate, producing new virions that are released from the cell. In the 

absence of a helper virus, AAV establishes latency by integrating its DNA into the host genome at the AAVS1 

site on chromosome 19. (Created with BioRender.com and PyMol 2.5.2.) 

AAV enters the nucleus as intact particles, a process that is believed to occur via nuclear pore 

complexes (188, 191, 192). To facilitate capsid uncoating and the release of the single-

stranded DNA genome, AAV2 is transported from the nucleolus to the nucleoplasm (191). 

The single-stranded DNA genome of AAV2 must be converted to a double-stranded form 

to enable gene expression, a process that is necessary for transcription and represents the 

rate-limiting step in infection (193, 194). AAV2 preferentially integrates into the host genome 

at the AAVS1 site on chromosome 19, although the details of this process have not been 

fully elucidated (195-198). In the presence of helper viruses, AAV2 enters a productive 

replication cycle, which involves the replication of the AAV genome and the assembly of 

new virions. The capsid structure and interactions with host cell factors are critical during 

this phase (199). Newly assembled AAV2 virions are released from the cell, a process that 

may involve cell lysis mediated by the helper virus. The exact mechanisms of AAV2 release 
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and its interactions with host cell pathways during this phase are subjects of ongoing research 

(200-202).  

2.4.2 AAV as a Vector for Gene Therapy 

The transition from wildtype AAV to recombinant AAV (rAAV) vector particles involves 

several key steps, primarily centered around the modification of the AAV genome and the 

encapsidation process, which are crucial for the use of AAV in gene therapy applications. 

The production of rAAV requires the expression of viral structural genes and viral ITRs in 

cis. A desired promotor and transgene, containing the gene of interest, can be inserted 

between the two ITRs, with the genetic payload optimally designed to be between 4.1 and 

4.9 kb in size (203). In addition, the supply of rep/cap genes (from a second plasmid) and a 

third plasmid containing adenoviral helper genes required for AAV replication, such as E2A, 

E4 and VA RNA, is crucial (203-208). To produce rAAV vector particle, the three plasmids 

are triple-transfected into HEK293 cells, resulting in the production of rAAVs carrying the 

desired transgene. After administration, the purified vector particles deliver the transgene to 

target cells for expression, but unlike wildtype AAV, the transgene does not integrate into 

the AAVS1 locus due to the absence of rep genes (209). It has been demonstrated that the 

genome of rAAV preferentially persists as an episome, contributing to stable expression 

(210) although the possibility of random integration of rAAV DNA into the host genome is 

not completely eliminated (211, 212). 

Gene therapy represents a revolutionary approach in modern medicine, offering potential 

treatments for a wide range of genetic and acquired diseases. Rather than merely treating 

symptoms, gene therapy aims to rectify diseases at their genetic roots by delivering 

therapeutic genes into patient cells, addressing the underlying genetic causes of disease. This 

method has the potential to provide long-lasting, and possibly curative, treatments. 

Among the various vectors used in gene therapy, Adeno-Associated Viruses (AAVs) have 

emerged as one of the most promising tools (213, 214). Their non-pathogenic nature, ability 

to target a wide range of tissues, and capacity for long-term gene expression with minimal 

immune response make AAVs an ideal choice for delivering therapeutic genes (215). The 

production process of rAAV vectors, which ensures the absence of other viral genetic 

material that could lead to replication-competent viruses, significantly augments the safety 

profile of these therapeutic agents.  

Recombinant AAVs can efficiently transport genetic material into both dividing and non-

dividing cells, a feature that broadens their applicability across various types of tissues and 

diseases. The core advantage of AAV vectors in gene therapy is their high safety profile. 

Unlike other viral vectors, AAVs integrate their genetic material into the host genome with 

low frequency, which significantly reduces the risk of insertional mutagenesis - a concern 

where the insertion of foreign DNA can disrupt or activate host genes, potentially leading to 

conditions like cancer. Instead, AAV vectors primarily exist as episomes - genetic elements 
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that remain separate from the chromosomes - within the nucleus, leading to sustained gene 

expression with minimal risk to the host's genomic integrity (216). Another significant feature 

of AAV-based therapy is its broad tropism - the ability to infect a wide range of cell types. 

This is due to the availability of multiple AAV serotypes, each with its own receptor binding 

preferences, allowing for targeted delivery to specific tissues or cell types, including neurons, 

liver cells, and muscle cells (217). For instance, AAV serotype 9 is known for its ability to 

cross the blood-brain barrier, making it particularly valuable for treating neurological 

disorders (218).  

Several AAV-based therapies have made significant impacts on the market by treating genetic 

disorders such as inherited blindness, spinal muscular atrophy and hemophilia (219, 220). 

The AAV vector carries a functional copy of a gene to compensate for a defective or missing 

gene in patient cells, displaying the potential of gene therapy. Noteworthy examples include 

the approval of Luxturna (voretigene neparvovec), the first AAV2-mediated gene therapy 

approved by the FDA for treating an inherited retinal dystrophy caused by mutations in the 

RPE65 gene. The approval of Luxturna, which addresses the underlying cause of blindness, 

marked a significant milestone in the field of gene therapy. Another example is Zolgensma 

(onasemnogene abeparvovec), based on AAV9 and approved for the treatment of spinal 

muscular atrophy (SMA). Zolgensma has demonstrated remarkable results in improving 

muscle function and prolonging survival in infants with this often fatal genetic disease. AAV-

mediated gene therapies for Hemophilia A and B are in advanced clinical trials and have 

shown promising results in reducing bleeding episodes by introducing functional copies of 

the Factor VIII or IX genes (221-223).  

Gene therapy, particularly when mediated by AAV, is considered superior to traditional 

treatments for several reasons. Firstly, it provides a targeted approach to treatment, 

potentially offering a one-time therapy with lasting effects, in contrast to many conventional 

treatments that require ongoing administration and primarily manage symptoms rather than 

providing a cure. Additionally, AAV-based therapies can be tailored to address specific 

genetic mutations, offering personalized treatment options. Finally, gene therapy has the 

potential to treat some conditions there are no effective traditional treatments, filling a 

significant gap in current medical care. 

Despite these advantages, challenges remain such as immune responses to the viral capsid, 

the limited packaging capacity of AAV for genetic material, and the need for improved target 

specificity and selectivity, despite the broad tropism of AAV vectors. Ongoing research is 

focused on engineering AAV vectors to enhance their efficiency, reduce immunogenicity, 

and expand their capacity for genetic cargo (224, 225). These efforts aim to broaden the 

potential of AAV-based gene therapies to address a wider array of genetic disorders. 
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2.4.3 Challenges and Implications for AAV- Mediated Gene 
Delivery 

Recombinant AAV vectors are increasingly used for gene delivery due to their safety profile, 

high transduction efficiency and clinical efficacy. However, one of the significant challenges 

in utilizing rAAV for gene therapy is overcoming immunological barriers, particularly 

neutralizing antibodies (NAbs). Additionally, there is a need to improve rAAV target tissue 

selectivity and specificity to prevent clearance by the host immune system (226-228). Due to 

their natural tropism, most of the applied rAAV serotypes accumulate in the liver when 

administrated systemically, which poses a challenge in targeting specific tissues, cell types, 

and receptors (229, 230). 

The challenge of NAbs is compounded by the high prevalence of pre-existing neutralizing 

antibodies in the human population against various AAV serotypes. Epidemiological studies 

indicate that the seroprevalence of antibodies against AAV ranges from 40% to 80% (231). 

This immune recognition can lead to a reduction or complete loss of efficacy of gene therapy, 

raising concerns over the possibility of re-administration and potential immunological 

sequelae, including local tissue damage (216, 226, 232). The humoral immune response thus 

presents a significant obstacle to AAV-mediated gene delivery. Neutralizing properties of 

antibodies can occur through mechanisms such as the disruption of receptor binding (233, 

234), inhibition of uncoating, inhibition of conformational alterations in the viral capsid (235) 

and aggregation (236). Regarding AAV2, several neutralizing antibodies have been described 

and studied extensively, including mAbs A20, C24-B, C37-B, and D3 (non-neutralizing). 

However, the exact neutralization mode for A20 remains unknown, although it neutralizes 

AAV infection at a later stage following receptor attachment (188, 236-240). Despite the 

presence of neutralizing antibodies, there are also reports of binding antibodies (Babs) that 

recognize the AAV capsid but lack neutralizing properties (236, 241, 242). To date, any 

relationship between AAV and TRIM21 mediated by binding antibodies, which could lead 

to AAV degradation, remains unexplored. Figure 9 illustrates the endosomal escape of 

AAV-antibody complexes, the potential binding of TRIM21, and the rerouting of the 

complex to the endosomal degradation machinery, a process that has been similarly shown 

for AdV5 (20). 
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Figure 9. Potential TRIM21-Mediated Degradation Pathway of Antibody-Bound AAV. This schematic 

depicts a hypothesized pathway for the degradation of AAV when complexed with antibodies. Following 

receptor- and clathrin-mediated endocytosis, the encapsulated AAV is released from the endosome into the 

cytoplasm due to acidification-induced capsid conformational changes. The presence of an antibody attached 

to the viral capsid results in the formation of an AAV-antibody complex within the endosome. In the context 

of gene therapy, this complex may be directed away from transgene expression and towards proteasomal 

degradation. Whether TRIM21 facilitates this redirection by initiating ADIN and subsequent degradation of 

the immune complex remains to be elucidated. (Created with BioRender.com.) 

Several strategies are being explored to overcome immunological barriers in gene therapy. 

One approach involves the development of novel AAV capsids with reduced 

immunogenicity or engineered to evade pre-existing Nabs. For instance, rAAV12, discovered 

through screening of natural isolates, is a unique serotype with reduced recognition by NAbs, 

making it a promising candidate for gene transfer applications (243). Another strategy 

includes the use of pharmacological immunosuppression or immunomodulation to minimize 

the host's immune response against the rAAV vectors (244). A prominent method is capsid 

engineering, which involves mutating the AAV capsid through rational design or directed 

evolution to eliminate epitopes responsible for Nab binding (245). Rational design entails 

identifying capsid regions that interact with host immunity and modifying them through 

amino acid point mutations, peptide domain insertions, and chemical biology approaches 

(238, 240). This also includes genetic modification strategies that modify the cap gene by 

introducing elements such as encoding sequences for peptides (246), nanobodies (247-249) 

and (bispecific) designed ankyrin repeat proteins (DARPINs) (250-252). Directed evolution 

is a method in which random genetic mutations are introduced into the AAV capsid genes, 

followed by a selection process to isolate variants with desirable properties (253). This 

iterative process selects for capsid variants that best meet specific therapeutic goals, 

effectively 'evolving' the AAV capsids towards optimal functionality for gene therapy 

applications (254, 255).  
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Capsid engineering aims to improve the vector's ability to target specific tissues, evade the 

immune system, and enhance gene delivery efficiency, thereby advancing the development 

of more effective gene therapy vectors. 

2.5 Technologies for Studying Molecular 

Interactions  

The theoretical basis of this thesis also encompasses the technologies employed to study 

these molecular interactions. Techniques such as Surface Plasmon Resonance (SPR), 

switchSENSE, and Mass Photometry (MP) are highlighted for their ability to provide real-

time, label-free analysis of the binding kinetics, affinities and avidities, as well as 

determinations of molecular masses and stoichiometric ratios between antibodies and their 

interacting partners. These technologies are indispensable for the characterization of 

therapeutic antibodies, offering insights that drive the development of next-generation 

immunotherapeutics. 

2.5.1 Surface Plasmon Resonance 

Surface Plasmon Resonance (SPR) is a sophisticated analytical tool that has revolutionized 

the study and quantification of biomolecular interactions. SPR technology is a mainstay in 

the field of interaction analysis, particularly for examining the complex interactions between 

biomolecules such as antibodies and antigens.  

SPR is an advanced technique used for analyzing molecular interactions without the need for 

labels. It operates on the principle of surface plasmons, which are collective electron 

oscillations that occur at the interface between a conductive metal like gold and a dielectric 

material such as air or water (256).  

The process begins with the projection of plane-polarized light at the angle of total internal 

reflection (TIR) onto the gold surface of a sensor chip. This specific angle is critical because 

it generates an evanescent wave - a non-propagating electromagnetic wave that oscillates at 

the interface (256). For surface plasmons to be excited, the energy and momentum of the 

evanescent wave must match those of the surface plasmons (257). When this alignment 

occurs, it leads to the absorption of light by surface electrons, resulting in the creation of 

surface plasmons. This is visible as a reduction in the intensity of the reflected light at certain 

wavelengths (256, 257). This phenomenon, termed 'resonance', is manifested as a dip in the 

reflected light spectrum (256).  

When molecules such as proteins bind to the surface of the chip, they alter the local refractive 

index at the interface. This change is directly proportional to the mass of the molecules 

accumulating at the sensor surface, leading to a shift in the resonance condition of the surface 
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plasmons (257). This shift, detected as a change in the intensity or angle of the reflected light, 

is indicative of the biomolecular interactions taking place on the sensor chip (257). 

The change in the SPR angle (TIR angle), which signifies an increase or decrease in mass at 

the chip surface, is continuously monitored and recorded (257). This allows for real-time 

observation of the dynamics of these molecular interactions. SPR's ability to detect changes 

in mass through shifts in the SPR angle makes it invaluable for studying molecular binding 

events (257). Furthermore, its label-free nature enhances its utility and directness in 

measuring these interactions.  

In SPR-based biosensor assays, the sensor chip is the central element, intricately connected 

to a detection system on one side and a fluidic system on the other, as illustrated in Figure 

10. This chip consists of a glass substrate covered with a thin gold film, which is then coated 

with an interaction layer that makes direct contact with the fluidic system. The interaction 

layer commonly utilized is a carboxylmethyl-dextran (CM) matrix. This layer is divided into 

four distinct and independently operable sections, known as flow cells (Fc1-4). The fluidic 

system facilitates the controlled delivery of various solutions across the interaction layer of 

the sensor chip at a specific flow rate. This setup allows the immobilization of a biomolecule, 

referred to as the ligand, onto the sensor chip. Following this, a second biomolecule, the 

analyte, is introduced to the flow cells for interaction analysis. 

The strength of SPR lies in its ability to provide detailed quantitative kinetic data across a 

wide range of binding strengths. The data measured by SPR is presented in a sensorgram, as 

illustrated in Figure 10. This sensorgram graphically represents the temporal progression of 

the interaction, with time plotted on the x-axis and the change in signal on the y-axis. The 

changes in refractive index detected by the SPR instrument are converted into response units 

(RUs). These RUs are directly proportional to the mass change at the sensor surface, allowing 

for the quantification of the binding event. An upward trend in RU values signifies an 

increase in mass, indicative of molecular binding to the sensor surface, while a downward 

trajectory in RU values corresponds to a loss of mass. The kinetics of the measured 

interaction can be characterized by calculating the association and dissociation rate constants 

(kON and kOFF), as well as determining the equilibrium dissociation constant (KD) for the 

interaction between two or more molecules. The KD value represents the strength of the 

affinity of an interaction, where a lower KD indicates a higher affinity between the interacting 

entities. 
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Figure 10. SPR-Based Biosensor and Sensorgram Overview. A) This schematic depicts an SPR-based 

biosensor within a flow channel, where analytes interact with ligands immobilized on a gold film sensor surface. 

Illumination of the sensor at a specific angle excites surface plasmons - coherent electron oscillations at the 

gold-dielectric (water/buffer) interface. This plasmon resonance is sensitive to refractive index changes near 

the surface, which occur when molecules bind to the receptor layer. Such binding events cause a measurable 

change in the SPR signal, correlating directly with the mass of the bound molecules. Adapted from (257) B) A 

typical sensorgram illustrates the signal variation resulting from analyte-ligand interactions. The association 

phase corresponds to analyte binding, while the dissociation phase reflects analyte release. Sensorgram analysis 

provides kinetic rate parameters essential for characterizing molecular interactions. (Created with 

BioRender.com.) 

These parameters are crucial for understanding the strength and specificity of the interaction, 

which are key determinants of an antibody's functional efficacy. They are also essential for 

understanding the binding dynamics of biological molecules, such as the interaction between 

antibodies and antigens, receptors and ligands, or enzymes and substrates. SPR can be used 

to investigate the effects of antibody engineering on binding characteristics, including 

changes in the Fc region that may affect interactions with Fc receptors or other components 

of the immune system. In the context of antibody research, SPR has become an indispensable 

tool for characterizing the binding properties of therapeutic antibodies to their targets, 

allowing researchers to determine the affinity, avidity, and specificity of antibodies - key 

parameters for therapeutic efficacy. 

SPR's versatility extends to its compatibility with various sample types, including crude 

serum, cell lysates, and purified proteins. This flexibility is essential for studying antibodies 

in different stages of development, from initial discovery through to clinical-grade material.  

Although SPR technology is fundamental for the characterization of biomolecular 

interactions, there are challenges associated with SPR analysis. SPR is more sensitive to larger 

molecules, which typically induce a more significant change in the refractive index near the 

sensor surface. Consequently, it can be less effective for detecting small molecules or ions 

that might not cause a substantial change in the refractive index.  

However, factors such as temperature fluctuations, buffer composition changes, or non-

specific binding can affect the results. The sensor surface, often a biochip containing a 

dextran matrix, is critical and can lead to non-specific binding, surface degradation, or 
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improper ligand immobilization, which can result in poor data quality or misinterpretation 

of results. The data obtained from SPR experiments can be complex and often require 

sophisticated models for interpretation, particularly for complex interactions or when 

working with multi-component systems that are not covered by standard analysis software. 

2.5.2 switchSENSE Technology 

SwitchSENSE technology is an advanced method used for the characterization of antibodies 

and the analysis of their kinetic properties. It is particularly effective in determining affinity 

and avidity, essential aspects in the study of antibody interactions.  

SwitchSENSE utilizes a microfluidic channel with an engineered DNA-based ligand surface, 

operating on the principle of using electro-switchable DNA nanolevers attached to a gold 

(Au) surface (258, 259). These nanolevers are labeled with a reporter dye and oscillate in 

response to alternating electric fields, which allow for the detection of molecular interactions 

and dynamics (260).  

The biochip, connected to a fluid system, is equipped with several gold microelectrodes, 

where thiol modified single stranded DNA molecules (approx. 106 DNA strands) are 

covalently bound via a gold-sulfur bond, forming a self-assembled DNA monolayer (SAM) 

(258, 261). For optical detection (Figure 11A) a fluorescent dye is attached to the distal end. 

Introducing a complementary DNA strand, bioconjugated to a target of interest (ligand), 

both strands hybridize and form a double stranded DNA (dsDNA), thus the chip surface is 

functionalized (Figure 11B). The subsequent injection of a binding partner (analyte) during 

the association phase with the final buffer injection for the dissociation phase results in a 

recorded sensorgram (259). In the dynamics mode, alternating voltage (square wave 

potentials in the high-frequency range of 10 kHz) is applied to a microelectrode (258). This 

process induces a dynamic interaction between the negatively charged DNA backbone and 

the charged gold surface, causing the DNA to oscillate between attraction and repulsion, a 

phenomenon called "DNA-Switching," as illustrated Figure 11B. Upon exciting the 

fluorescent dye at a specific wavelength, the subsequent emission is detected by a time 

correlated single photon counter. A key observation of this technique occurs, when the 

dsDNA is attracted closer to the Au surface under the influence of positive potentials. This 

proximity results in the quenching of the dye's emission, attributable to resonant coupling 

between the dye's electromagnetic near field and the metal (262). This long-ranged energy 

transfer functions over extended distances, enabling the real-time and contactless 

measurement of the extension and orientation of the oligonucleotide relative to surfaces, as 

it results in maximal and minimal fluorescent intensity (standing/lying state of the dsDNA) 

(263, 264). The upward motion of a dsDNA-ligand/ligand-analyte complex in solution is 

decreased due to increased hydrodynamic friction compared to bare dsDNA; thus, the 

motion's speed correlates with the hydrodynamic drag of the analyzed complex (Figure 11B). 

The fluorescence trace of DNA that has bound an analyte shifts to the right, and the 
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transition region is broadened. The integral below the upward switching curves is called the 

Dynamic Response (DR) and when plotted over time, it yields sensorgrams that can be 

analyzed to measure the kinetic rate parameters of an interaction (259, 265, 266). 

In the static mode, a constant negative voltage (direct current) is applied, resulting in the 

stabilization of the DNA in an upright orientation (Figure 11C). The detection principle in 

this mode primarily hinges on the alterations occurring within the chemical milieu 

surrounding the fluorophore (267, 268). 

 

 

Figure 11. SwitchSENSE Biosensor Setup and Measurement Modes. A) The electro-optical detection 

setup enables real-time tracking of DNA dynamics. DNA strands, activated by an alternating voltage from a 

frequency generator, emit photons captured by an event timer for precise monitoring. The fluorescent labels 

on the DNA strands facilitate this detection. Schema adapted from (258). B) In dynamic measurement mode, 

an alternating voltage causes the DNA-ligand-analyte complex to exhibit specific behaviors: positive potential 

suppresses fluorescence near the gold (Au) surface, while negative potential increases fluorescence as the 

complex moves away from the surface. Analyte binding to the ligand increases hydrodynamic friction (HF), 

slowing the DNA's motion. This slowdown manifests in the fluorescence trace as a rightward shift and 

broadening during the transition, indicating increased HF due to the presence of the ligand (cyan) or ligand-

analyte (blue) compared to the baseline (black). The Dynamic Response (DR) is quantified by calculating the 

area under the upward switching curves. C) In static mode, a sustained negative voltage keeps the DNA strand 

extended away from the surface, allowing for the detection of fluorescence changes that result from chemical 

environment alterations due to ligand-analyte interactions. Panels B) and C) are adapted from (268). (Created 

with BioRender.com.) 

switchSENSE facilitates a multi-parameter characterization of binding kinetics, affinity and 

avidity (269, 270), enzymatic activity (271), and conformational changes (272). By providing 

a surface with two different dyes whose emission do not overlap, the surface can be 

functionalized with two independent target molecules. This allows for the simultaneous 

analysis of the affinity and avidity of bispecific antibodies, mimicking the biological 

configuration of two surface receptors (273). The conjugation of ligand molecules to DNA 

strands does not occur on the chip but in a separate in vitro reaction with subsequent 

purification. This process can be more labor-intensive compared to SPR (260). As 
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switchSENSE is a multi-parameter instrument, its handling and data analysis can be 

challenging and demand a certain level of expertise for effective use. 

2.5.3 Mass Photometry  

Mass photometry (MP), at its core, is a technique that allows for the accurate measurement 

of the mass of individual biomolecules in their native state, without the need for labels or 

complex sample preparation. Biomolecules are exposed to a light beam, where part of the 

light is reflected by the measurement surface and part scatters upon contacting the molecules 

(274). The technique measures the interference between the scattered light from the 

molecules and the reflected light from the surface (275). This measured interference, known 

as mass photometry contrast or interferometric contrast, directly correlates with the 

molecular mass (Figure 12) (275, 276).  

The theoretical basis of mass photometry is anchored in two pivotal optical techniques: 

interference reflection microscopy (IRM) (277) and interferometric scattering microscopy 

(iSCAT) (278). IRM, a technique developed in the 20th century, forms the foundational 

principle of mass photometry. It exploits the interference of light reflected from a surface 

and the light reflected from the underside of a cell or particle close to that surface (277). This 

interference pattern is sensitive to the distance between the cell and the surface, enabling 

precise measurements of cell adhesion, morphology, dynamics, and offers high-contrast 

images through light wave interference (277, 279). ISCAT, on the other hand, is a more 

recent development that has extended the principles of IRM. The technique leverages the 

interference between the scattered light from a nanoparticle and the incident light beam, 

enhancing the contrast of nanoparticles against a background (278). This enhancement is 

crucial for detecting and analyzing particles, including biomolecules, that are otherwise too 

small to be observed with conventional optical microscopy. This method's ability to maintain 

high imaging contrast independent of exposure time or scattering cross-section allows for 

unique applications such as single-particle tracking and label-free imaging of biomolecular 

dynamics (274-276, 278). 
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Figure 12. Schematic Mass Photometry Setup and Analysis. This schematic illustrates the setup for mass 

photometry, a technique that captures the light scattering patterns of individual molecules immobilized near a 

refractive index interface. Due to size-dependent variations in light scattering, molecules produce unique 

interferometric scattering (iSCAT) images. These images are then analyzed to generate scatter plots that reflect 

the mass distribution of the analyzed molecules. The resulting data are typically presented in a histogram format, 

allowing for the identification and quantification of molecular species and their binding events. Adapted from 

(275). (Created with BioRender.com.) 

By integrating these principles, mass photometry allows for the detection and measurement 

of the mass of biomolecules as they freely diffuse across a biocompatible surface. When a 

molecule interacts with the surface, it induces a localized change in the interference pattern, 

which can be detected and quantified (280). This quantification is based on the relationship 

between the scattering intensity and the mass of the molecule, enabling the direct 

measurement of individual molecules' mass, even in complex mixtures (275, 276, 280). 

The applications of MP are vast and impactful. It allows mass determination in the range of 

30 kDa to 5 MDa (276). In drug discovery and development, mass photometry offers a 

powerful tool for screening proteins, biomolecular interactions, and stoichiometry (281, 282). 

It has been successfully applied to study IgG-FcRn and FcRn self-interaction (283), as well 

as to the analysis of oligomerization (284) and heterogeneity (285, 286) of samples as quality 

attribute. Its ability to analyze biomolecules in their native state without the need for labels 

or extensive sample preparation makes it an invaluable tool for studying dynamic biological 

processes in real time. However, it shows limitations when it comes to the interaction of 

biomolecules exhibiting weak affinity or a fast dissociation rate, as the complex may 

dissociate before it can be accurately analyzed. 
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3 

Objectives and Scope of the Study 

This thesis explores the intricate interactions between the neonatal Fc receptor (FcRn) and 

tripartite motif-containing protein 21 (TRIM21) within the immune system's handling of 

antibodies, with a particular focus on Fc-engineered antibodies. FcRn and TRIM21, though 

both pivotal in the immune response, operate in distinct contexts and were identified at 

different times. The overarching aim is to dissect these interactions and their unique binding 

modes with Fc-engineered antibodies that exhibit altered effector functions. Additionally, 

this work seeks to unravel the complexities of distinguishing affinity from avidity in these 

interactions. Such insights are crucial for advancing our understanding of how to target 

challenging molecules and will guide future research in identifying Fc mutants with desirable 

properties. 

The FcRn protein plays a crucial role in the functioning of the immune system by protecting 

IgG antibodies and albumin from degradation, thereby prolonging their presence in the 

bloodstream. Despite being recognized and extensively studied since the late 20th century, 

many aspects of FcRn's interactions with engineered antibodies remain unclear, particularly 

regarding the strength of these interactions. Research often focuses on comparing single 

affinity values at extreme pH conditions (pH 5.8–6.0 and 7.4) but overlooks the significance 

of avidity, which involves two FcRn molecules binding to one antibody. This aspect is 

presumed to be crucial in acidified endosomes but is rarely studied due to the complexity of 

assay configuration and data analysis. In first part (Chapter 4) of this study, we explore a new 

method using the switchSENSE technology, which mimics the physiologically relevant assay 

configuration with FcRn as a membranous target, and distinguishes between affinity and 

avidity across a wide pH range. This research aims to lay the groundwork for future studies 

on engineered antibodies, offering a clearer understanding of their interactions with FcRn. 

TRIM21, a more recently discovered Fc receptor, is essential for neutralizing pathogens 

bound to antibodies within cells and directing them for destruction. It binds to the Fc region 

of antibodies with strong avidity, thanks to its ability to engage two binding sites 

simultaneously. The discovery of TRIM21 has broadened our understanding of the immune 

system's ability to combat intracellular pathogens, an area previously underexplored. The 

effects of mutations on TRIM21's avid binding mode and its precise mechanism, especially 

with multiple antibody Fc mutations, remain less understood. In the second part (Chapter 5) 

of the thesis, we use biosensor assays (SPR), mass photometry, and electron microscopy to 
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analyze TRIM21's dimeric state and binding behavior, to reveal how it interacts with antibody 

Fc mutants and the impact on its binding strength (affinity and avidity). Our findings 

demonstrate the intricate dynamics of TRIM21-antibody interactions on viral particles, 

underlining the combined avidity effects that could enhance neutralization. As a model 

system, rAAV vector particles have been explored, which to date are not connected to 

TRIM21-mediated neutralization. This research demonstrates the importance of balancing 

affinity and avidity in designing antiviral antibodies, which can drastically affect immune 

response and signaling. It positions TRIM21 as a pivotal target for creating therapeutic 

antibodies with optimized functions. 
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Abstract 

Monoclonal antibodies (mAbs) as therapeutics necessitate favorable pharmacokinetic 

properties, including extended serum half-life, achieved through pH-dependent binding to 

the neonatal Fc receptor (FcRn). While prior research has mainly investigated IgG-FcRn 

binding kinetics with a focus on single affinity values, it has been shown that each IgG 

molecule can engage two FcRn molecules throughout an endosomal pH gradient. As such, 

we present here a more comprehensive analysis of these interactions with an emphasis on 

both affinity and avidity by taking advantage of switchSENSE technology, a surface-based 

biosensor where recombinant FcRn was immobilized via short DNA nanolevers, mimicking 

the membranous orientation of the receptor. The results revealed insight into the avidity-to-

affinity relationship, where assessing binding through a pH gradient ranging from pH 5.8 to 

7.4 showed that the half-life extended IgG1-YTE has an affinity inflection point at pH 7.2, 

reflecting its engineering for improved FcRn binding compared with the wildtype 

counterpart. Furthermore, IgG1-YTE displayed a pH switch for the avidity enhancement 

factor at pH 6.2, reflecting strong receptor binding to both sides of the YTE-containing Fc, 

while avidity was abolished at pH 7.4. When compared with classical surface plasmon 

resonance (SPR) technology and complementary methods, the use of switchSENSE 

demonstrated superior capabilities in differentiating affinity from avidity within a single 

measurement. Thus, the methodology provides reliable kinetic rate parameters for both 

binding modes and their direct relationship as a function of pH. Also, it deciphers the 

potential effect of the variable Fab arms on FcRn binding, in which SPR has limitations. Our 

study offers guidance for how FcRn binding properties can be studied for IgG engineering 

strategies. 

 

Keywords: FcRn, Therapeutic IgG, Binding Kinetics, Affinity, Avidity, switchSense, 

Biosensor, pH Dependency 
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Abbreviations 

4PL Fit Four Parameter Logistic Fit 

Fc  Fragment crystallizable 

HERA human endothelial cell-based recycling assay 

hIgG1 human Immunoglobulin G isotype 1  

hsc-FcRn human single-chain neonatal Fc receptor  

hβ2M human beta 2 microglobulin 

KD equilibrium dissociation constant 

kOFF dissociation rate constant 

kOFF
app. apparent dissociation rate constant 

kON association rate constant 

kON
app. apparent association rate constant 

kON
obs observable association rate constant 

mAb monoclonal antibody 

MTL mass transport limitation 

PK Pharmacokinetics 

pKa value negative log base ten of the acid dissociation constant 

(Ka) 

scFv single-chain variable fragment 

sec  seconds 

SPR surface plasmon resonance 

tauOFF time constant of dissociation 

WT wildtype 
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Introduction 

The use of monoclonal antibodies (mAbs) to treat diseases such as cancer and inflammatory 

diseases is rapidly expanding.1,2 These bivalent, homodimeric and Y shaped molecules are 

composed of two antigen-binding fragments (Fabs), responsible for specific binding to an 

antigen (target) and a constant crystallizable fragment (Fc) that mediates Fc receptor 

functionality. Regarding monospecific therapeutic mAbs, current research activities focus on 

their target specificity, binding strength, and developability.3-5 For instance, a key challenge 

is to achieve optimal selectivity for the recognition of (heterogeneous) antigens on tumor or 

immune cells or for soluble antigens while avoiding detrimental off-target binding to healthy 

cells.  

While the constant Fc can engage Fc receptors to mediate effector functions, it is also 

responsible for a long serum half-life, which for natural IgG antibodies is approximately 3 

weeks at average.6 As such, IgG is the dominant antibody class in blood, and acts as a key 

component of humoral immunity. In this regard, the long serum half-life of natural IgG and 

IgG-based therapies results from engagement of the neonatal Fc receptor (FcRn).7 

FcRn is a ubiquitously expressed cellular receptor across mammalian cells, encompassing 

both hematopoietic and non-hematopoietic cells.8 In contrast to classical Fcγ receptors, 

which are primarily displayed on the surface of immune cells, FcRn is predominantly 

localized within acidified endosomes. The intricacies of FcRn's expression density within the 

endosome remain incompletely understood. However, D’Hooghe et al.9 have proposed a 

dynamic model of FcRn activity that suggests an interplay between the plasma membrane 

and endosomal FcRn levels. According to this model, a minimal expression of FcRn is 

present on the plasma membrane, with the majority residing in the endosomal system. This 

distribution is facilitated by the fluidity of the membrane, which allows for high local 

concentrations of FcRn within endosomes, enabling the receptor to engage with IgGs in a 

unique manner. Pzyik et al.10 describe a scenario in which two FcRn molecules simultaneously 

bind to a single IgG, a process termed avidity. Avidity is known as the cumulative binding 

strength that results from multiple non-covalent interactions where simultaneous binding 

increases the overall stability of the interaction beyond the strength of individual affinities.11,12 

In addition, the expression level of FcRn can vary depending on the cell type and tissue, as 

well as species.13 For instance, data support that FcRn is highly expressed in immune cells 

and epithelial cells of tissues such as the placenta, liver, intestine, and endothelial cells of 

blood vessels.14,15 In disease such as cancer, different FcRn expression profiles have been 

observed, and the effect on tumour growth is debated.16,17 

The long half-life of IgG is regulated by FcRn-mediated recycling of monomeric IgG 

molecules in a range of cell types, which happens in a strictly pH-dependent manner, with 

strong binding at acidic pH and no or weak binding at neutral pH. Mechanistically, cellular 

uptake occurs via fluid-phase pinocytosis of IgG followed by engagement of FcRn in 

acidified endosomes (pH < 6.0), which results in recycling and exocytosis of the FcRn-IgG 
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complex that, upon exposure to the physiological condition (pH 7.4) of the extracellular 

space, triggers release of IgG from the receptor due to negligible binding affinity.10,18-20 As 

such, FcRn rescues IgG from intracellular lysosomal degradation, while other serum proteins 

are designated for degradation. The principle is the same for FcRn-mediated transcytosis of 

both monomeric IgG and IgG-immune complexes that occurs bidirectionally across 

polarized epithelial cells.21-23 These transport pathways explain the high abundance of IgG in 

blood and its long serum half-life. In addition, FcRn has been shown to enhance processing 

of IgG-containing immune complexes in concert with the classical Fcɣ receptors expressed 

by antigen-presenting cells, such as dendritic cells, which leads to antigen presentation and 

activation of T cells.24-26  

Structurally, FcRn is related to class I major histocompatibility complex (MHC) molecules, 

consisting of a unique membrane-bound alpha chain (alpha-FcRn) that is non-covalently 

associated with the common soluble beta-2-microglobulin.27-30 The extracellular part of FcRn 

binds to the Fc’s CH2-CH3 interface via residue Ile253 and inter- and intra-molecular 

interactions mediated by His310 and His 435.28,31 These histidine residues change charge as 

a function of pH by becoming protonated at pH 6.0, which is required for strong binding to 

FcRn at acidic pH and negligible binding at pH 7.4.32 Replacement of these or neighbouring 

amino acid residues could either reduce, abolish or enhance FcRn binding. For instance, 

mutating the three key residues to alanines (I253A, H310A, H435A; AAA) completely 

abolishes binding while combination of mutations has shown to improve pH-dependent 

binding beyond that of wildtype (WT) IgG. For the latter, examples are LS (M428L/N434S), 

KF (H433K/N434F) and YTE (M252Y/S254T/T256E) that all show extended serum half-

life in animal models and humans.33-38 Specifically, a YTE-containing human IgG1 that 

demonstrated 10-fold stronger in vitro binding to human FcRn at acidic pH while still 

showing weak binding at neutral pH exhibited an extended half-life of up to 100 days in 

humans compared to the WT counterpart.33,35,39 

While the principle for pH-dependent binding between FcRn and IgG is well established, 

there is still a matter of debate regarding how FcRn embedded in a cell membrane engages 

the homodimeric IgG molecule regarding stoichiometry, orientation and binding kinetics 

throughout the pH gradient. Abdiche and co-workers40 demonstrated that two FcRn molecules 

can bind independently to a homodimeric IgG1 Fc at two opposing sites with equal affinity, 

a finding supported by the symmetrical FcRn-Fc complex structure reported by Burmeister et 

al.28 Furthermore, Abdiche et al.40 found that heterodimeric IgG1 with only one available FcRn 

binding site had a significantly reduced plasma half-life compared to the WT counterpart, 

highlighting the need for bivalent engagement (avidity) of both IgG heavy chains for 

extended serum persistence. Conversely, Gurbaxani and Morrison41 proposed a more intricate 

model with multiple binding modes, which could not account for all observed data. Avidity 

plays a crucial role not only in FcRn biology but is also essential across antibody biology 
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including antibody-antigen interactions42 and effector functions such as complement 

activation43,44. 

In addition, a growing body of evidence also supports that the biophysical features of Fab 

arms may modulate the interaction with FcRn, and as such the half-life.45,46 Thus, it is 

attractive to develop interaction assays that take this complex biology into consideration.  

The interaction between FcRn and IgG, typically measured using surface plasmon resonance 

(SPR)40,47 and other technologies48, is often assessed at extreme pH values, such as acidic pH 

around 5.8 and neutral pH at 7.4. However, these conditions may not accurately reflect the 

bivalent Fc binding that occurs across a pH gradient, where two FcRn molecules can 

simultaneously interact with one IgG in a 2:1 stoichiometry.  

To gain insights into the complexity of the FcRn-IgG interactions with the aim to determine 

both affinity (1:1) and avidity (2:1) as a function of pH, we explored the use of the 

switchSENSE technology. In contrast to direct amine coupling of a ligand to a biosensor 

surface or via capture molecules done by SPR49, this technology relies on a planar gold 

electrode where the ligand is attached to the distal end of DNA nanolevers that are covalently 

attached to the surface, whereas the analyte is injected with a constant flow.50 This setup has 

shown to allow measurement of complex interactions that can directly correlate affinity and 

avidity parameters.51-54 

By immobilizing a recombinant human single chain FcRn (hsc-FcRn), which engages IgG 

monovalently, followed by injection of IgG, which engages bivalently, we demonstrate that 

the switchSENSE technology results in monovalent (affinity) and bivalent (avidity) receptor 

interactions simultaneously at a certain ligand density and pH. We performed a 

comprehensive analysis of the FcRn-IgG interactions revealing insights into the direct 

relationship between both binding modes, which could more adequately decipher affinity 

from avidity compared with that of comparable SPR experiments, and that complemented 

studies using analytical FcRn affinity chromatography and a human endothelial cell-based 

recycling assay (HERA). 

Assay configurations differ significantly, and the resulting dissociation constants (KDs) for 

IgG-FcRn interactions can vary widely, ranging from 10 to 100 nM with immobilized FcRn, 

to 0.2 to 2.3 µM with immobilized IgG.33,46,55-58 These variations in affinity measurements 

preclude a straightforward extrapolation of a standardized, meaningful method for 

comparing IgG affinities. The switchSENSE protocol presented herein promises to be a 

valuable tool for guiding research on the interaction dynamics between FcRn and various 

IgG formats, including Fc-engineered variants and other receptor-targeting modalities. This 

method offers a refined approach to dissecting the nuances of pH-dependent binding and 

provides a robust framework for differentiating between affinity and avidity, thereby 

enriching our understanding of FcRn-IgG interactions in a comprehensive manner. 
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Results 

 

Assay Design Considerations 

To investigate an interaction between an analyte and a ligand using a surface biosensor, two 

assay orientations are possible. Which one that is preferred will depend on the biology in 

question, resulting in immobilization of a bivalent or monovalent binding partner, as shown 

in Figure 1. If the bivalent binding partner, such as IgG, is immobilized (Figure 1 A), the 

monovalent partner in solution, FcRn, would be able to bind IgG in a monovalent fashion. 

This binding mode will occur independently from the ligand surface density, and bivalency 

of the immobilized partner is not relevant in orientation A as it merely affects the number of 

available binding sites on the surface. Hence, orientation A exclusively probes the affinity-

binding mode. When measuring the interaction between FcRn and IgG in setup A, the pH-

dependent self-interaction of the receptor should be taken into consideration, which may 

occur concurrently with the FcRn-IgG interaction under acidic pH conditions and pose a 

challenge in distinguishing between the two effects.59 To circumvent problems with ligand 

density control and measurement artifacts on conventional sensors, it has been suggested as 

good practice to choose assay orientation A to avoid the occurrence of avidity altogether. 

This assay orientation may be beneficial for undisturbed affinity values and has also been 

demonstrated to resolve affinity values for FcRn40, however the IgG-FcRn interaction 

reflects a more complex mechanism.  

In the opposite orientation (Figure 1 B), the monovalent binding partner (FcRn) is 

immobilized and the bivalent partner is in solution (IgG). In this case, IgG may engage the 

immobilized receptor with either one or two Fc binding sites, which may result in 

measurement of both binding modes - affinity and avidity - simultaneously. At medium 

immobilized densities, one fraction of the receptor may become interlinked by IgG (2:1 

binding) while another fraction not interlinked (1:1 binding), cf. Figure 1 B and Table 1.  

Irrespective of the technology used, our approach does not rely on immobilizing an absolute 

number of FcRn ligand molecules, acknowledging the dynamic expression of FcRn on the 

membrane. We focus on achieving a ligand density that allows for the clear detection and 

discrimination of both affinity and avidity interactions with FcRn. By employing 

switchSENSE technology, we aim to simultaneously measure these binding modes of similar 

magnitude, ensuring accurate analysis of the FcRn-IgG interactions without the influence of 

artifacts. 

To test this, a commercially available switchSENSE biochip was used, with medium FcRn 

density. Specifically, the DNA nanolevers, 32 nm in length, are covalently attached to the 

surface with approximately 50 nm in distance. The complementary strand is functionalized 

with soluble recombinant FcRn via a short linker, both (DNA + linker) allow flexibility and 

rotation. As such, the receptor is disengaged from the surface within the flow channel, which 

reduces surface related effects like steric hindrance. 
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Utilizing fitting models to evaluate SPR or switchSENSE-derived sensorgrams exhibiting 

biphasic binding behaviour typically leads to the expression of two overlapping dissociation 

phases. One dissociation phase results from the affine binding (fast dissociation) and the 

second one from the avid binding mode.  

To address avidity effects, we chose orientation B. Model mAbs (WT vs YTE), mAb1 and 

mAb2, both human IgG1 (hIgG1) antibodies were characterized. Mab1 and mab2 WT as 

well as mab1 and mAb2 YTE variant, share the same Fc part for each set, but show different 

target binding (Fab patches). For immobilization, we took advantage of a recombinant 

human single chain FcRn (hsc-FcRn) in which the truncated alpha chain is fused to beta-2-

microglobulin via a 4G4S linker to ensure a stable folded complex, as described.60  

Here, we established a universal assay using the switchSENSE platform, without the 

necessity for surface density adjustment and revealed all relevant kinetic parameters, 

including both, affinity and, critically the avidity binding mode of FcRn. The association and 

dissociation kinetics of FcRn - IgG antibodies were measured by fluorescence proximity 

sensing (FPS) in real-time. Kinetic rates for affinity and avidity were modelled accordingly.  

 

Comparative Interaction Analysis of Antibody Fc Variants with 

FcRn at pH 6.0 across different Technology Platforms 

In a first set of experiments, we show that our chosen assay setup works robustly having hsc-

FcRn immobilized and the model hIgG1 in solution (Figure 1 B). Here, we compare a mAb1 

and mAb 2 (Fc WT vs. Fc YTE) at pH 6.0 with SPR and FcRn affinity chromatography. 

Immobilizing FcRn emulates the physiological context of cell surface interactions, 

representing an optimal experimental design for assay implementations across technologies. 

Consequently, we opted to utilize an FcRn density exhibiting complex binding kinetics. Our 

system is anticipated to measure both the affine (1:1) and avid (2:1) binding mode 

simultaneously. In accordance with these expectations, we analyzed the acquired 

sensorgrams by implementing a bivalent binding model that accurately represents the kinetic 

data (materials and methods). As shown in Figure 2 bivalent binding is mainly prominent 

during the dissociation phase, having two species on the biosensor surface that can be 

resolved, while the association phase is monophasic. 

The bivalent binding model we chose, revealed similar observations for both mAb1 Fc WT 

and YTE variant. The monophasic association phase (kON) is followed by a biphasic 

dissociation phase showing a fast dissociation rate (kOFF,AFFINITY) and slow dissociation rate 

(kOFF,AVIDITY) reflecting affinity and avidity binding mode (Table 2). The avidity effect is 

mainly visible via the dissociation rate kOFF. To account for subtle alterations in kON we 

focused on assessing the dissociation constant (KD) in the comparative evaluation of the two 

antibody variants and all further experiments. At pH 6.0 we find an KD,AFFINITY,WT of 45.4 nM 

for mAb1 Fc WT compared to Fc YTE showing a KD,AFFINITY,YTE of 3.09 nM. The second 

kinetic species displays a much slower dissociation rate constant (KD,AVIDITY), reflecting the 
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FcRn avidity binding mode. For Fc WT and Fc YTE, KD,AVIDITY,mAb1-WT was 6.24 nM and 

KD,AVIDITY,mAb1-YTE was 0.29 nM. To confirm the switchSENSE affinity from the applied 

bivalent model, we generated a low FcRn density. The binding kinetic of mAb1 Fc WT and 

FcRn at pH 6.0 could be exclusively described by a monovalent fit model (Figure S 1 A and 

B). This reflects the affinity-binding mode where one IgG interacts with one FcRn. The weak 

interaction resulted in similar kinetic parameters in accordance with the medium ligand 

density showing affinity and avidity (KD,AFFINITY,medium 45.4 nM vs KD,AFFINITY,low 57.0 nM, 

Table S 1).  

The second antibody set, mAb2 WT / YTE, share the same Fc regions corresponding with 

mAb1 variants, but bind a different target, thereby displaying different variable regions 

(VH/VL). As mAb2 shows a different Fab patch, it differs from mAb1 in affinity and avidity 

(different kinetic profile, Figure S 2, Table S 2). At pH 6.0 mAb2 WT is 21x more affine, 

while YTE is 5-fold stronger in affinity, compared to the mAb1 variants. For a direct 

comparison with Biacore SPR technology, we captured low (12 RU) and medium FcRn (140 

RU) levels on a C1 chip, allowing affinity (low) and affinity and avidity (medium) to occur 

simultaneously. To ensure the validity of our kinetic analyses, we meticulously assessed the 

goodness of fit for each sensorgram. This assessment was based on the examination of 

residuals and the analysis of the kinetic rate parameters obtained. SPR was not capable of 

resolving reliable binding kinetics for mAb1 WT and mAb2 WT on both densities (Figure 

S 3 A-C and Table S 3). Furthermore, SPR could not distinguish between affinities and 

avidities and the resulting Fab influence of both YTE variants (Figure S 3 D-E and Table 

S 3) as switchSENSE did. In contrast to SPR, FcRn affinity column clearly resolved the 

varying FcRn interactions in the same ranking as switchSENSE (from weak to strong 

binding): mAb1 WT < mAb2 WT < mAb1 YTE < mAb1 YTE (Figure S 4). A human 

endothelial cell-based recycling assay (HERA assay, Figure S 5) is also in agreement with 

our findings (method described previously61). Here, the mAb1 YTE variant demonstrated 

improved uptake and recycling, leading to enhanced trafficking properties, in contrast to the 

WT, which lacked efficient trafficking. 

We demonstrated the feasibility of resolving the FcRn - IgG interaction applying 

switchSENSE, and its superiority in differentiating between affinity and avidity within one 

measurement resolving all relevant kinetic rates. We confirmed that the two events 

correspond to interlinked (slow dissociation, avidity binding mode) and non-interlinked (fast 

dissociation, affinity binding mode) species. Our results indicate that there is no discernible 

benefit in performing additional measurements at lower or higher ligand densities that could 

potentially modify the affinity-avidity relationship or give rise to measurement artifacts. 

SwitchSENSE could also differentiate between mAb1 and mAb2, displaying a potential Fab 

contribution.  

Considering the weak interaction of mAb1 WT - FcRn at pH 6.0 (kOFF,AFFINITY = 0.35 s- 1, 

pH 6.0), and its insignificance for antibodies with improved pharmacokinetics, an in-depth 
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analysis performing a pH screening is not conducive to the goal. Therefore, we decided to 

conduct subsequent measurements using mAb1 Fc YTE, which exhibits enhanced binding 

strength for FcRn, and directly compare switchSENSE with SPR in more detail.  

 

Transition from Affinity to Avidity: A Systematic Analysis of the pH-

Dependent FcRn - mAb1 (YTE) Interaction 

The cell surface dynamics of FcRn are highly complex, with membrane-bound FcRn and 

FcRn associated with intracellular endosomal compartments (> 90%) showing significant 

variation.9 It has been proposed that 50% is rapidly endocytosed and mixes with 96% of 

cellular FcRn in an internal pool.9 This leads to drastically increased FcRn concentration at 

the acidified endosomal membrane, where avidity presumably occurs. FcRn-associated 

vesicular trafficking is a dynamic process with speeds up to 3 µm/s, indicating rapid IgG 

uptake and intracellular movement where affinity and avidity are assumed to be important.62 

Understanding FcRn-IgG interactions requires analyses of pH modulation from acidic to 

neutral throughout the endosomal acidification process, rather than just at extreme pH 

values, to assess affinity and avidity effectively. 

 

Binding Kinetics of FcRn – mAb1 YTE applying switchSENSE and SPR 

To characterize how the affinity and avidity of mAb1 YTE and hFcRn change over a pH 

range from 5.8 to 7.4, we inject mAb1 YTE over immobilized hFcRn while incrementally 

increasing the pH by 0.2. The obtained sensorgrams are shown in Figure 3 with the derived 

kinetic rate parameters in Table 3. mAb1 YTE was injected at 5 different concentrations in 

a two-fold dilution series for each pH value in an overall concentration range from 3.75 nM 

to 800 nM. MAb1 YTE mutant shows binding over a broad range. This enables us to 

understand how the change in pH influences the kinetic rate parameters (kON and kOFF) up 

to a pH of 7.4. All kinetic binding experiments were conducted with careful consideration of 

ligand density and the potential for measurement artifacts. Even in the case of monovalent 

interaction, which solely permits affinity, measurement artifacts may arise due to excessively 

high ligand densities and insufficiently low flow rates. 

For this reason, the implementation of an assay setup that allows simultaneous analysis of 

affinity and avidity is explained in detail. In all kinetic measurements, especially in the assay 

setup presented here, control over the ligand density is critical. Ligand molecules on a 

biosensor surface exhibit a random distribution, rendering the interlinking of ligands by a 

bivalent analyte a statistically driven process. Regulation of the spatial arrangement of ligands 

is a crucial parameter, as it influences the extent of interlinking. There are two (hypothetical) 

extreme assay setups having very low density or very high densities. Analyzing 100% avidity 

or 100% affinity is challenging to achieve and both extremes do not reflect the real 

experimental situation. 
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For low densities, a non-negligible probability exists that two ligands are close enough to 

become interlinked. Due to a lower limit of detection for technologies, it might not be 

resolvable. For high densities, the successive adsorption of analytes to the surface results in 

the creation of monovalent ligand sites. Some ligands that potentially cannot engage in a 

bivalent interaction will always be left. 

The association phase of IgG to FcRn is characterized by a monoexponential fit, while the 

dissociation phase displays a biphasic pattern, with relative amplitudes of (50 ± 20)%, 

representing equal contributions from affinity (1:1) and avidity (2:1) binding interactions. 

This indicates that the applied ligand density successfully captures both binding events 

(Figure S 6). Notably, the amplitudes Afast and Aslow of each exponential term in the 

dissociation show a dependency of the analyte (IgG) concentration used (Figure S 7). With 

increasing concentrations of hIgG1 Fc YTE, the contribution to the fast, affinity-based 

species to the overall dissociation curve increases while the slow avidity driven species 

decreases. This phenomenon was also previously described elsewhere.54 

The analysis of the biphasic dissociation phase using a double exponential fit model is readily 

achieved through non-linear least square fitting algorithms, which is a computational method 

employed to minimize the sum of the squares of the differences between observed and 

predicted values in a data set (Materials and Methods). However, the following 

preconditions have to be met. First, for a robust fit analysis, the amplitude of each 

component needs to be significant, i.e., larger than 10%. The amplitude reflects the respective 

contributions of the different dissociating species to the overall dissociation curve. Second, 

the measurement time selected has to long enough that the slow time constant can be 

analyzed (one-time the observable time constant tauOFF = 1/kOFF as reference value). 

Resolving a dissociation rate of 0.01 s-1 requires measurement of the dissociation for 100 sec 

or an kOFF of 0.001 s-1 for 1000 sec. A 5% rule is cited in literature63, but here we exceeded 

this for all kinetic data sets. Next, the selected sampling rate must be high enough to generate 

data points (here 10 Hz) sufficient for the analysis of fast time constants. For the 

mathematical deconvolution of the two species, it is imperative that the two time constants 

exhibit a significant disparity, with a minimum factor of two distinguishing them, to ensure 

accurate differentiation. Ultimately, a flow rate of 1000 µL/min was implemented to 

effectively surmount any potential mass transport limitations that may arise during the 

experiment. 

To strengthen the primary objective of our study to simultaneously differentiate between 

affinity and avidity in the context of the FcRn - IgG interaction and to elucidate the pH 

dependency of this interaction in detail, showing that switchSENSE is a viable and effective 

platform for its characterization, we performed a comparison with Biacore SPR.  

We captured hsc-FcRn (via Neutravidin) at 3 different densities, low (12 RU), medium (140 

RU) and high (1100 RU) on a C1 chip and injected mab1 YTE at different concentrations 

for 5 different pH values (5.8, 6.0, 6.4, 6.8, 7.4). Low FcRn densities could be modelled 
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applying a 1:1 fit (BiaEvaluation Software), displayed by the small and randomly distributed 

residuals, demonstrating the affinity binding mode (Figure S 8, Table S 4). At pH 7.4 SPR 

reached its limitation in reliability measuring kinetic rates (kON). SwitchSENSE and SPR 

dissociation rates (kOFF,AFFINITY) are within the same range (max. 2-fold difference), but on 

rates (kON) determined with switchSENSE are >10-fold faster (Table 3 vs. Table S 4). For 

medium and high density, more complex models (bivalent analyte and heterogeneous ligand 

model) were applied (Figure S 9), to account for simultaneous occurrence of both affinity 

and avidity interactions, which was the intentional aspect of our experimental design. Both 

models could not resolve high FcRn density data (Figure S 9 B+D), shown by the systematic 

pattern of residuals, indicating a poor fit.  

To further investigate the potential of SPR to decipher affinity and avidity within one 

experiment, medium FcRn density was evaluated, applying the heterogeneous ligand model 

(Figure S 9 C). Notably, the model clearly showed systematic deviations (compared to 

switchSENSE, Figure 3 J), suggest it is lacking critical factors and the underlying 

assumptions are not applicable to the data set in question. However, we applied it to all FcRn 

medium density sensorgrams (Figure S 10 and Table S 5), as it is the model with the highest 

degree of freedom available within Biacore’s SPR Evaluation Software. Results were 

compared with switchSENSE data. The “fast” component of the model, which is intended 

to represent the affinity interaction, aligns approximately with the 1:1 binding model results 

for low FcRn density. However, the “slow” component, which is hypothesized to reflect the 

avidity interaction, did not yield reliable kinetic rates. The rates were similar across different 

pH levels, contradicting the expected trend of decreased binding with increasing pH. 

Additionally, the maximum response levels (Rmax) were too low to confidently determine 

valid kinetic rates. Further increasing the density results in even poorer fitting as for medium 

density (residuals) thus was not applicable. 

Here, we demonstrated the feasibility of switchSENSE in measuring, differentiating and 

analyzing affinity and avidity of the FcRn - mAb1 YTE interaction by using an assay setup 

designed to facilitate the simultaneous occurrence of both binding events. While SPR is a 

reliable technology in determining affinities, it was not capable of capturing the complexity 

of the FcRn-antibody interactions, particularly in the context of avidity.  

 

Developing an Affinity-to-Avidity Binding Model 

The elucidation of FcRn - mAb1 YTE’s complex interactions provides substantial insights 

for the establishment of a representative model system, facilitating the characterization of 

the fundamental mechanisms governing this molecular interplay. Typically, the interaction 

dynamics of biomolecules are governed by transient, non-covalent binding occurrences. The 

simplest form of binding, the monovalent interaction of two molecules with exactly one 

binding site for each other, can be characterized by three biophysical parameters: the kinetic 

rate constants of association and dissociation (kON and kOFF), and the dissociation constant 
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(KD = kOFF/kON). When two or more binding sites are involved in a molecular interaction 

simultaneously, the interpretation of binding needs to be expanded by the concept of avidity, 

which denotes the enhancement of the overall binding strength of a molecular complex due 

to the formation of multiple bonds. The avidity enhancement may result from an increased 

formation propensity of the molecular complex (a faster kON), or a higher complex stability 

(a slower kOFF), but frequently arises from a combination of both effects. To comprehend 

the mechanism of action and regulation of such systems, it is necessary to understand avidity 

effects in detail. However, even if the affinities of the individual binding sites are known, 

currently it is impossible to predict the avidity enhancement quantitatively. 

Figure 4 depicts an illustration of the free state and the two types of bound states for a 

bivalent analyte interacting with ligands on a surface. In the simplified picture, the avidity 

adjusts according to the absolute and relative contributions of the individual on- and off-

rates of the transitions 0 ↔ 1 and 1 ↔ 2.  

In particular, the dynamic dissociation and re-association of one to two binding sites, namely 

transitions of the kind 2 to 1 to 2 (kON
app..and kOFF

app.), is crucially important for the effective 

off-rate (kOFF,AVIDITY) and hence for the avidity enhancement. It is noteworthy in this context 

that, in the majority of experiments, distinguishing between singly bound and doubly bound 

states within the measurement signal is not feasible. Consequently, only ‘observable’ on- and 

off-rates (kON
obs. and kOFF

obs.) between the free and any kind of bound state are being 

measured, as indicated in the lower part of Figure 4. The transition of 2 ↔ 1 ↔ 2 is not 

visible in the measurement signal. Utilizing the switchSENSE technology, we discern the 

transition from 1 to 0 (kON1 and kOFF1) in the fluorescence signal predominantly through a 

rapid dissociation rate, which mirrors the affinity binding mode. It is equivalent to the 

measured kinetic rate parameters kON and kOFF,AFFINITY. The affinity can be distinguished from 

the transition of 2 to 0, reflecting the avid binding mode (kOFF,AVIDITY). Avidity is only 

observed when both binding sites (Fc heavy chains) are concurrently disengaged from FcRn 

at a given point in time. In this scenario, a second association rate (0 to 2) is not discernible 

as a change in the fluorescence signal transpires through its initial contact. 

 

Affinity-Avidity Analysis of FcRn with mAb1 Fc YTE 

To comprehend how the affinity and avidity of mAb1 Fc YTE and FcRn alter over a pH 

range from acidic to neutral, we graphed the kinetic rates from Table 3 in a rate scale plot 

(Figure 5). The mAb1 YTE variant demonstrates binding to FcRn across a wide range, 

making it an ideal candidate for such a comprehensive analysis and for examination of the 

kinetic rate parameters in relation to pH. All kinetic rate parameters, indicative of affinity and 

avidity, were computed and ascertained by applying a biphasic fit model for the dissociation 

phase, while the association phase was observed to be monophasic (Materials and 

Methods). The rate scale plot facilitates a systematic analysis of kinetic rate parameters from 

multiple conducted experiments, enabling an understanding of their correlation at a single 
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glance. As depicted in Figure 5, the upper y-axis represents the association rate constant 

(kON), while the lower y-axis signifies the dissociation rate constant (kOFF) for affinity 

(kOFF,AFFINITY) and avidity (kOFF,AVIDITY) respectively. Both axes are on a logarithmic scale. An 

inference about the binding strength can be directly derived from the rate scale plot. Both 

binding rates (kON and kOFF), each represented by a data point, with increasing pH from left 

to right, are linked by a vertical line. The distance between the data points, or alternatively, 

the length of the connecting line, mirrors the binding strength, i.e., weaker interactions result 

in closer points. 

For the mAb1 YTE and FcRn, the association rate (kON) exhibits only a minor alteration in 

response to pH variation. Up to and inclusive of pH 6.6, it remains within the range of 

6.14x106 M-1s-1 to 9.23x106 M-1s-1 (kON,pH5.8 = 7.58x106 M-1s-1). Commencing at a pH value of 

6.8, it slightly decreases by a factor of three up to pH 7.4 (kON,pH7.4 = 2.41x106 M-1s-1). The 

corresponding affinity off-rates are kOFF,AFFINITY,pH5.8 = 2.15x10-2 s-1 and kOFF,AFFINITY,pH7.4 = 

119x10-2 s-1. The affinity dissociation rate (kOFF,AFFINITY) increases by a factor of 54 whereas 

the overall change in KD,AFFINITY is approx. 170-fold (KD,AFFINITY,pH5.8 = 2.84 nM vs. 

KD,AFFINITY,pH7.4 = 494 nM). By using a four-parameter regression model (Equation (6)) on 

the sigmoidal, increasing affinity dissociation rates across the entire pH spectrum, an 

inflection point is identified at pH 7.2 (Figure 5, Figure S 11). 

The avidity binding mode exhibits a low dissociation constant (KD,AVIDITY) of KD,AVIDITY,pH5.8 

= 0.23 nM, which increases to KD,AVIDITY,pH7.2 = 46.2 nM at pH 7.2 and becomes unobservable 

at pH 7.4. This results in a 200-fold change in KD,AVIDITY. To thoroughly characterize the 

relationship between avidity and affinity, it is crucial to examine the pH dependency across 

the entire range.  

 

Avidity Switch of FcRn - hIgG1 Fc YTE variant 

To address the question how avidity and affinity for the FcRn - hIgG1 Fc YTE interaction 

correlate, we focused on comparing the dissociation constants KD,AFFINITY and KD,AVIDITY and 

performed a KD analysis (data from Table 3)  

In the affinity or, correspondingly, avidity case, the antibody binds through one or both Fc 

heavy chains to one or two FcRn molecules. The overall binding strength is a combination 

of both components, affinity and avidity, which are influenced by pH. As depicted in Figure 

6, dividing KD,AFFINITY by KD,AVIDITY yields an avidity enhancement factor for each pH. Plotting 

the avidity enhancement factors against the corresponding KD,AFFINITY values generates a 

graph illustrating the relationship between avidity and affinity. It directly assesses the 

correlation between affinity and avidity as a function of pH change. 

As affinity decreases (lower binding strength) from acidic to neutral pH, the avidity 

enhancement diminishes due to the reduced stability of the affinity binding mode. The avidity 

effect is primarily driven by the dissociation rate. The faster the affinity dissociation rates of 

FcRn to IgG Fc YTE, the less significant its contribution to the overall avidity. Conversely, 
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the strong affinity of FcRn and IgG at acidic pH leads to an increased contribution to the 

overall avidity. The IgG YTE heavy chains are stabilized in the acidic environment via FcRn 

and its avid binding mode. 

Specific to the characterized FcRn - IgG Fc YTE interaction is the avidity enhancement 

factor around pH 6.2, which displays a pH-switch from strong to weak avidity enhancement, 

as indicated by the dashed lines. This primarily results from the interplay of the absolute and 

relative contributions of the individual on- and off-rates of the transitions from 2 to 1 to 2 

(Figure 6). At a pH value of 7.4, the affinity dissociation rate is so rapid that there is no 

observable contribution to an avidity effect at all. Only the affinity binding mode was 

resolved and the avidity to affinity switch is off. 

 

Discussion 

The importance of avidity in both in vitro and in vivo studies is emphasized by the significant 

contrast in FcRn density between the cell membrane and the endosomal compartment, with 

the latter exhibiting much higher densities. This is particularly relevant given the ongoing 

endocytotic trafficking of FcRn at the cell surface, where avidity is favoured in the acidic 

environment of recycling endosomes.9,10 Abdiche et al.40 highlighted the critical role of avidity 

in FcRn-IgG interactions for enhancing antibody serum half-life. Conversely, Tesar et al.64 

suggested that while bivalent engagement is not imperative for transcytosis or recycling at 

elevated antibody levels, avidity may still influence FcRn-mediated IgG transport. Prior 

studies that focused on single equilibrium dissociation constants for IgG Fc variants fail to 

fully capture the intricate nature of their in vivo behaviour.47 These findings collectively imply 

a complex interplay of affinity, avidity, antibody concentration, and FcRn expression in 

modulating antibody serum half-life.  

Our study presents an assay using switchSENSE technology to simultaneously measure 

FcRn affinity and avidity in a single experiment, capturing all relevant kinetic parameters. 

This was achieved by examining the interaction between hsc-FcRn and human IgG1 

(WT/YTE) variants across a pH range of 5.8 to 7.4. The study thoroughly explored the 

relationship between FcRn and IgG binding modes and compared the results with SPR, the 

established standard technique. The research yielded five key insights that enhance the 

understanding of pH-dependent FcRn-IgG binding, contribute to the broader knowledge of 

FcRn-IgG biology, and demonstrate how Fc engineering affects not only FcRn affinity, but 

also significantly increases avidity due to bivalent binding. A critical discovery was that 

conventional SPR assays are insufficient to capture the complexity of this interaction. 

First, we highlighted the importance of assay design, ligand density regulation, and 

meticulous artifact evaluation in studying complex binding interactions to discern affinity 

and avidity accurately. By immobilizing FcRn and allowing bivalent IgG to interact with it, 

our assay uniquely differentiates between affinity and avidity. Considering the dynamic 
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expression of FcRn in vivo, we focus on the robust differentiation these two binding modes 

(Figure S 6) rather than a fixed FcRn ligand count on the biosensor.  

Second, the process of forming bivalent or monovalent FcRn-IgG complexes is 

concentration-dependent during the association phase (Figure S 7). High concentrations of 

analyte favour the formation of monovalent complexes with a 1:1 stoichiometry, leading to 

higher contribution to affinity interactions. In contrast, at lower concentrations, bivalent 

complexes with a 2:1 stoichiometry are more likely, indicative of avid binding. The 

prevalence of monovalent binding at high analyte concentrations can be explained by the 

saturation of surface FcRn, thereby preventing bivalent complex formation. This concept 

aligns with observations from the kinetic analysis of emicizumab using switchSENSE 

technology54 and suggests that high antibody concentrations could play a role in 

outcompeting avid binding as shown by Tesar et al.64, noteworthy measured on an FcRn 

overexpressing cell line at pH 6.0. 

Third, Biacore SPR successfully measured FcRn affinities at low ligand densities, but had 

limitations with medium densities, struggling to differentiate between affinity and avidity. 

The data's reliability was questionable due to potential biases in technique and modelling. 

The heterogeneous ligand model used by Biacore SPR, while flexible with two sets of rate 

constants, did not precisely describe the binding data. Although it is the best option available 

within the Biacore software, it still lacks the capability to distinguish between affinity and 

avidity compared to the switchSENSE model. Our switchSENSE data indicate a 

monophasic association phase, suggesting that a second binding event to FcRn, which would 

contribute to avidity, occurs almost instantaneously due to the proximity-induced high local 

concentration of FcRn. These findings demonstrates the need for further analytical models 

and technologies, such as switchSENSE, that can more accurately reflect the biophysical 

nature of these interactions. SwitchSENSE demonstrated superiority as reliable technology 

for studying the nuances of FcRn-antibody affinity to avidity relationship. 

Fourth, we compare the affinities of IgG Fc YTE with IgG Fc WT. In our study, the 

association phase appeared to be monophasic as a signal change occurs through its initial 

contact. Comparing our observations with published literature revealed that changes in FcRn 

- IgG affinity were primarily driven by a decreasing dissociation rate (kOFF), corroborating 

our (SPR and switchSENSE) and earlier findings.36,65 Notably, Biacore SPR revealed > 10-

fold decreased KDAFFINITY than switchSENSE. This distinction is primarily driven by a 

significantly faster association rate as measured by switchSENSE, exceeding the values 

obtained via SPR. Dissociation rates are consistent for both technologies. SwitchSENSE 

utilizes a different methodological approach in presenting the ligand onto the planar sensor 

surface, compared to other biophysical techniques. Under physiological conditions, the 

attachment of FcRn to a DNA nanolever via a short linker allows target flexibility and 

rotation. This configuration positions FcRn at the distal end of the nanolevers, thought to 

effectively eliminate potential matrix-related surface effects, ensuring optimal target 
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accessibility within the flow channel. A previous switchSENSE study53 revealed similar 

findings (both assay orientations), while the determined dissociation constant KD for affinity 

matched Kinexa data.53,66,67  

The affinity dissociation rates for the mAb1 YTE variant, spanning from pH 5.8 to 7.4, 

exhibit an inflection point at pH 7.2, which could not be uniquely determined by SPR. The 

structural basis of the pH-dependent antibody binding to FcRn involves residue Ile253 and 

several histidine residues within FcRn at positions 310, 433, and 435,28,31,32 which are 

implicated in the pH dependency by becoming protonated at pH 6.0 (pKaHistidine = 6.0).68 At 

lower pH, FcRn is more thermodynamically stable and the dissociation is significantly slower 

than at neutral/basic pH.57,68 In a model compound the pKa for a histidine residue is 6.6, but 

in an actual protein the pKa depends on the chemical surrounding of the involved histidines 

and the solvent, with an observed pKa of histidine residues in proteins ranging from 5 to 

8.69,70 The discovery of a pKa value of 7.2 for an Fc YTE variant indicates that the histidine 

molecules are deprotonated relatively late in a nearly neutral environment. This results in a 

strong affinity of Fc-engineered YTE antibody for FcRn (KD,YTE,6.0 = 3.09 nM) compared to 

an mAb1 WT antibody (KD,WT,6.0 =45.4 nM), which is approximately 15 times more affine. 

The investigated mab2 (WT/YTE), display higher affinities then mAb1, whereas both 

antibodies only differ in their Fab fragment (Fab patches). They vary in hydrophobic and 

electrostatic patches, which are known to influence FcRn binding by Fab contributions, as 

previously described.45,46,48,71,72 Here, SPR data appears to be inconsistent, as it could not 

resolve the difference in binding of mAb1 YTE mab2 YTE nor measure the affinity for 

mAb1 WT, and differs with FcRn affinity chromatography data, which was in agreement 

with the altered interaction found via switchSENSE, as well as HERA assay showing 

superior recycling of YTE vs. WT.  

The robust affinity of the YTE variant at pH 6.0, coupled with its late transition at pH 7.2, 

correlates with a weak, yet quantifiable affinity at pH 7.4. In direct comparison, we measure 

a KD for FcRn - mAb1 Fc YTE at pH 5.8 of 2.84 nM and for pH 7.4 the KD is 494 nM, 

suggesting a 170-fold difference in affinity (KD,7.4/KD,5.8). This extensive range of binding, 

due to its late deprotonation, further substantiates the superior pharmacokinetic properties 

of YTE compared to WT. These characteristics contribute to a prolonged half-life and 

decelerated clearance in transgenic mice, in comparison to the Fc wild type.  

Finally, we characterized the relationship between avidity and affinity of FcRn and mAb1 Fc 

YTE, demonstrating that one IgG engages two FcRn via both heavy chains, resulting in a 

proposition for a simplified model describing the correlation. A review of the literature 

reveals diverse assay setups40,73, binding modes45,46 and complex fit models41 primarily 

comparing single affinity values for both extremes74 (pH 6.0 vs 7.4). In our work, we 

systematically analyzed the FcRn - Fc YTE interaction within a pH range from 5.8 to 7.4. 

This detailed examination of the FcRn avidity to affinity relationship for hIgG1 Fc YTE 

allowed us to observe a pH-switch with a transition point around pH 6.2, which SPR did not 
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resolve. Strong affinities from pH 5.8 to 6.2 show increased avidity contribution (13x for pH 

5.8), while weak affinities from pH 6.4 to 7.2 only show minor contribution to the avidity 

effect (5x for pH 6.8). Notably, there is no measurable avidity contribution at pH 7.4, and 

exclusively affinity was analyzed. Particularly, the transitions of 2 to 1 to 2 (Figure 4) occur 

more frequently at a pH value less than 6.2, leading to a strong, observable avidity 

enhancement, while it is less pronounced above pH 6.2. Comparing the avidity enhancement 

factor of mAb1 YTE (KD,AFFINITY,YTE/KD,AVIDITY,YTE = 11) and WT (KD,AFFINITY,WT/KD,AVIDITY,WT 

= 7) at pH 6.0 shows that Fc YTE not only exhibits a higher affinity than Fc WT, but also a 

stronger contribution to the avidity effect. Furthermore, the YTE variant shows a 22-fold 

stronger avidity compared to Fc WT at pH 6.0 (KD,AVIDITY,WT/KD,AVIDITY,YTE).  

Interpreting this finding in a physiological context implies that during endosomal 

acidification, the YTE mutant binds to FcRn much earlier than Fc WT due to its higher 

affinity and avidity-driven FcRn complex stability. In the extracellular space (pH 7.4), avidity 

is switched off, and a rapid antibody release occurs. These properties are desirable for an 

antibody Fc engineering with a superior recycling mechanism and an extended serum half-

life. 

The outcome of our study confirms previous research48,61,75 where YTE displays a more 

pronounced pH-dependent binding and exhibits a decelerated elution profile within a pH 

gradient during FcRn affinity chromatography. This method allows functional 

characterization of antibodies, where the packaging density of the FcRn column defines the 

degree of predominantly avidly bound antibodies, and their retention time indicating 

pharmacokinetic properties, but does not reveal kinetic rates.  

In conclusion, our research demonstrates the importance of understanding the pH-

dependent FcRn-IgG recycling mechanism and its implications for antibody engineering. We 

highlighted the advanced capabilities of switchSENSE technology for a detailed analysis of 

FcRn-IgG interactions, offering quantitative insights into both affinity and avidity. The 

technology has proven to be particularly adept at differentiating these interactions across a 

spectrum of FcRn densities and pH levels, where SPR encounters limitations. Our approach 

aligns with complementary methods, including the HERA assay, reinforcing the robustness 

of our findings. SwitchSENSE is a technology that bridges SPR, which provides affinities, 

and FcRn chromatography to cellular assays like HERA, deciphering complex kinetic 

interactions.  

In future work, we intend to use our assay configuration and binding model to elucidate the 

molecular interactions of various antibody mutants and formats. Our objective is to employ 

switchSENSE technology to dissect the kinetic interactions, particularly in terms of avidity, 

for novel antibody entities with intricate designs, such as heterodimeric Fc modifications. 

This will inform strategies for optimizing FcRn-mediated recycling of these antibodies. The 

translational potential of our work lays the groundwork for future in vivo investigations. Such 
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studies are crucial for bridging the gap between our in vitro findings and potential clinical 

applications. 

 

Materials and Methods 

 

FcRn protein 

The recombinant human FcRn protein was generated and purified in-house (Roche) by 

transient transfection of HEK Expi293F cells (Thermo Fisher Scientific). One plasmid was 

used for the transfection reaction, which encoded for the extracellular domain of human 

FcRn and human beta-2-microglobluin (hβ2M) as single-chain protein. The sequence of 

hβ2M is encoded N terminally fused to the hFcRn extracellular domain by a 4G4S linker. 

The accession number and aminoacid sequence are NP_001129491 (24–297) for hFcRn and 

NP_004039 (20–119) for human hβ2M.  

 

Antibodies 

The recombinant human IgG1 antibodies were generated and purified in-house (Roche) by 

transient transfection of HEK Expi293F cells (Thermo Fisher Scientific). The formats were 

produced by the expression of plasmids encoding for the light and the heavy chain. Human 

IgG1 Fc WT and Fc YTE (M252Y, S254T, T256E) are tool antibodies that bind a target that 

is non-relevant in vivo. 

 

switchSENSE Biosensor Experiments 

Real-time binding kinetic experiments were performed with a switchSENSE DRX2 

instrument (Dynamic Biosensors, Germany) on a switchSENSE chip (MPC-96-2-G1R1-S, 

Dynamic Biosensors, Germany) using the fluorescence proximity sensing (FPS) mode.53 The 

measurements were performed at 25°C, applying a flowrate of 1000 µL/min and using a 

running buffer of 10 mM Na2HPO4 / NaH2PO4, 140mM NaCl supplemented with 50 µM 

EDTA, 50 µM EGTA and 0.05%(v/v) Tween 20 (PE140 Buffer pH 5.8 to 7.4, Dynamic 

Biosensors, Germany).  

 

Binding Kinetics - switchSENSE Technology / switchSENSE Biochip 

On a switchSENSE chip, ligand molecules are tethered to gold microelectrodes via short 

DNA duplexes (96 bp, 32 nm), termed nanolevers. In this work, a low, constant negative 

voltage of -100 mV was applied to repel the nanolevers from the microelectrodes. This way, 

the nanolevers extend away from the surface, presenting the ligands to the flow of solution 

in the microfluidic channel, and facilitate optimal accessibility by solute analyte (the electric 

potential decays to sub-mV after several nm from the surface due to ionic screening and thus 

hardly affects the molecules at the nanolever top). The measurement mode is called 
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fluorescence proximity sensing (FPS) or Static Mode at constant voltage where Vattrative = 

Vrepulsive = -0.1V.  

One strand of the DNA nanolever duplex is covalently connected to the surface via a gold-

sulfur bond, while the other strand is exchangeable and binds to the fixed strand through 

DNA base pairing. For the detection of analyte and ligand molecules, a dye molecule on a 

flexible linker protrudes from the top end of the fixed strand. Acting as a probe on a leash, 

the dye rapidly diffuses atop the nanolevers and changes is fluorescence emission intensity 

when collisional or static quenching occurs with ligand or analyte molecules that are present 

in its proximity (FPS). 

The single-photon counting unit of the DRX² analyzer measures the fluorescence emission 

from a 0.01 mm² spot, containing app. 107 nanolevers (depending on the adjusted density) 

at a sampling rate of 1 Hz (frequency setting adjusted to 10 Hz for FcRn – IgG 

measurements). For the preparation of low ligand densities, the switchControl software 

(Dynamic Biosensors) was used by applying a negative voltage (Vrepulsive = -0.6V) until an 

absolute fluorescence value of 30 kcps was reached. The method is previously described.76 

In a single molecule picture, the association and dissociation of analyte and ligand molecules 

occur quasi-instantaneously: at any given point in time, an individual nanolever either has 

bound an analyte molecule, or not; accordingly, the fluorescence emission of an individual 

nanolever either is 𝑓𝑏𝑜𝑢𝑛𝑑 (quenched) or is 𝑓𝑢𝑛𝑏𝑜𝑢𝑛𝑑 (unquenched). Considering the 

ensemble of all nanolevers on a detection spot, the measured fluorescence intensity is 

𝐹𝑚𝑒𝑎𝑠(𝑡) = 𝑛𝑏𝑜𝑢𝑛𝑑(𝑡) ∙ 𝑓𝑏𝑜𝑢𝑛𝑑 + 𝑛𝑢𝑛𝑏𝑜𝑢𝑛𝑑(𝑡) ∙ 𝑓𝑢𝑛𝑏𝑜𝑢𝑛𝑑, with 𝑛(𝑡) being the numbers of 

bound or unbound ligands at time 𝑡. Hence, the sensor response 𝐹𝑚𝑒𝑎𝑠(𝑡) is directly 

proportional to the number of bound molecules, i.e., the Fraction Bound. Typical 

fluorescence count rates are of the order of 1 million counts per second, but for 

straightforward comparison of different measurement series, fluorescence count rates are 

normalized with respect to baselines that were recorded before the injection of analyte 

molecules, 𝐹𝑛𝑜𝑟𝑚(𝑡) =
𝐹(𝑡)

𝐹𝑏𝑎𝑠𝑒
. Further, reference data from blank runs without analyte 

molecules are subtracted to compensate for potential signal drifts, e.g., caused by 

fluorescence bleaching. Hence, signals are depicted as relative fluorescence changes 

(𝑅𝑒𝑙. 𝐹𝑙𝑢𝑜𝑟. 𝐶ℎ𝑎𝑛𝑔𝑒 = 𝐹𝑛𝑜𝑟𝑚
𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐹𝑛𝑜𝑟𝑚

𝑟𝑒𝑓
) and start at zero; for example, a signal change 

of -0.15 denotes a quenching by 15% in the presence of analyte molecules.  

When multivalent analytes are measured, there is a subtle, yet noteworthy difference in the 

signal response of the FPS mode used here versus conventional refractive index biosensors 

like SPR or biolayer interferometry: the fluorescence signal changes for every bond that is 

formed on the surface, while an SPR signal change is caused by the mere presence of analyte 

at the sensor surface, no matter if the analyte is engaged via one or more binding sites. In 

FPS mode, a bivalent binder counts twice, i.e., its FPS signal is 2 times the signal generated 

when a single bond is formed. This needs to be taken into account when analyzing relative 



 

62 

signal amplitudes (Equation (3) and (4). For instance, if the signal amplitudes of a biphasic 

dissociation fit describing affinity and avidity binding modes are equal in magnitude, it means 

that 2/3 of the analytes are linked monovalently and 1/3 are linked bivalently. 

 

switchSENSE Surface Functionalization 

Human FcRn molecules were immobilized on the surface of a switchSENSE multi-purpose 

chip (MPC-96-2-G1R1-S, Dynamic Biosensors). FcRn was covalently conjugated in-vitro to 

the 5’ ends of the exchangeable strand of the DNA nanolever before the biosensing 

experiments, using an amine-reactive protein-DNA conjugation kit (CK-NH2-1-B96, 

Dynamic Biosensors). Conjugates were purified and a 1:1 conjugation stoichiometry was 

verified using a protein-DNA conjugate purifier (proFIRE®, Dynamic Biosensors). 200 µg 

of FcRn were used for the reaction, which produced enough FcRn-DNA conjugate to 

functionalize the sensor 100 times. FcRn-DNA conjugate was aliquoted in amounts required 

for 10 sensor regenerations each and stored at -80°C until use. This way, experiments on 

different days were all performed with the same batch of samples from one coupling reaction, 

and differing numbers of freeze-thaw cycles between experiments were avoided. 

During the automated functionalization procedure, 200 nM conjugate solution was pumped 

across the chip surface for 6 min. Hybridization kinetics were monitored in real time until 

saturation was achieved to ensure complete functionalization of the sensor surface.77 

Modifying the chip surface by “zipping” protein-DNA conjugates onto it is convenient 

because the sensor can be regenerated quickly and repeatedly using the same standardized 

hybridization/denaturation protocols. To wash off used protein, the surface is exposed to 

basic NaOH solution (pH 13) for five seconds during the automated wash procedure 

performed by the DRX2 instrument. Double-stranded DNA denatures immediately into two 

separate single strands: the conjugate between FcRn and the exchangeable DNA strand is 

removed by the flow, while the fixed strand remains on the sensor unharmed and can be 

hybridized again with fresh conjugate for subsequent use. 

switchSENSE Kinetic Data Analysis 

We observed biphasic dissociation kinetics and thus used a biexponential dissociation model 

to account for the two binding modes, assuming a 2:1 stoichiometry, unless otherwise stated. 

Processing the data (normalization, referencing, fitting) was done with switchAnalysis 

(Dynamic Biosensors, Germany) and Origin Pro 2015 (OriginLab Corp., Northhampton, 

USA) 

 

Biphasic 

Dissociation  

𝑆𝑖𝑔𝑛𝑎𝑙(𝑡) = 𝐴𝑓𝑎𝑠𝑡 ∙ 𝑒𝑥𝑝{−𝑘𝑂𝐹𝐹,𝐴𝐹𝐹𝐼𝑁𝐼𝑇𝑌 ∙ 𝑡}  + 𝐴𝑠𝑙𝑜𝑤

∙ 𝑒𝑥𝑝{−𝑘𝑂𝐹𝐹,𝐴𝑉𝐼𝐷𝐼𝑇𝑌 ∙ 𝑡} 

(1) 

Monophasic 

Dissociation 

𝑆𝑖𝑔𝑛𝑎𝑙(𝑡) = 𝐴 ∙ 𝑒𝑥𝑝{−𝑘𝑂𝐹𝐹 ∙ 𝑡} (2) 
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𝑘𝑂𝐹𝐹,𝐴𝐹𝐹𝐼𝑁𝐼𝑇𝑌 and 𝑘𝑂𝐹𝐹,𝐴𝑉𝐼𝐷𝐼𝑇𝑌 are the dissociation rate constants of the fast affinity and 

slow avidity binding modes, respectively, and 𝐴𝑓𝑎𝑠𝑡 and 𝐴𝑠𝑙𝑜𝑤 are their amplitudes following. 

The relative amplitudes (%) for a bivalent binder discriminating monovalent and bivalent 

binding are given by Equation 3 and 4 for single (𝐴𝑓𝑎𝑠𝑡) and double (𝐴𝑠𝑙𝑜𝑤) bound state 

respectively. 

 

𝐴𝑓𝑎𝑠𝑡(%) = (
𝐴𝑓𝑎𝑠𝑡

𝐴𝑓𝑎𝑠𝑡 +
𝐴𝑠𝑙𝑜𝑤

2

) ∗ 100 (3) 

𝐴𝑠𝑙𝑜𝑤 (%) = (

𝐴𝑠𝑙𝑜𝑤

2

𝐴𝑓𝑎𝑠𝑡 +
𝐴𝑠𝑙𝑜𝑤

2

) ∗ 100 (4) 

 

Association phases were observed to be monophasic and fitted with mono-exponential 

model 

Association  𝑆𝑖𝑔𝑛𝑎𝑙(𝑡) = 𝐴𝑂𝑁(1 − 𝑒𝑥𝑝{−(𝑐 ∙ 𝑘𝑂𝑁 + 𝑘𝑂𝐹𝐹) ∙ 𝑡}) (5) 

Here, 𝑘𝑂𝑁 is the association rate constant and 𝑐 is the injected analyte concentration. The 

fitting procedure was as follows: First, a bi-exponential least-squares fit was performed for 

all measured dissociation curves, optimizing for common 𝑘𝑂𝐹𝐹,𝐴𝐹𝐹𝐼𝑁𝐼𝑇𝑌 and 𝑘𝑂𝐹𝐹,𝐴𝑉𝐼𝐷𝐼𝑇𝑌 

values that best fit all datasets simultaneously (global fit). The dissociation kinetics neither 

depend on the analyte concentration used during the association phase, nor do they depend 

on the achieved saturation level (fraction bound). Second, mono-exponential fits were 

performed for all association curves measured at different analyte concentrations, using the 

known 𝑐 and 𝑘𝑂𝐹𝐹 value, and 𝑘𝑂𝑁 values were determined that best fit the global dataset.  

 The calculation of the transition point within the affinity dissociation rates (kOFF,AFFINITY) 

measured from pH 5.8 to 7.4 was performed applying a Four Parameter Logistic (4PL) 

Regression. Here, 𝑎 is the minimum value that can be obtained 𝑑, the maximum value that 

can be obtained, 𝑐 the point of inflection, in our case the pH value and 𝑏 is the Hill’s slope 

of the curve.  

 

 

 

 

 

Sigmoidal 4PL 

Fit Model  
𝑦 = 𝑑 + 

𝑎 − 𝑑

1 + (
𝑥
𝑐)

𝑏 
(6) 
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SPR Experiments 

SPR measurements were performed on a Biacore T200 instrument (GE Healthcare) at 25°C. 

The sensor chip used was a C1 chip. The running buffer was phosphate-buffered saline with 

polysorbate 20 (PBS-P) at different pH levels (5.8, 6.0, 6.4, 6.8, 7.4). 

Neutravidin (20 µg/mL) was amine-coupled to flow cells 1-4 of the C1 chip using standard 

amine coupling protocol at pH 4.5 for 200 seconds at a flow rate of 10 µL/min. 

Subsequently, biotinylated single-chain human FcRn was captured on the NeutrAvidin-

coated surface in HBS-N buffer at pH 7.4. The captured levels of FcRn were 10-12 RU on 

flow cell 2, 140 RU on flow cell 3, and 110 RU on flow cell 4. 

Five different concentrations of antibodies were prepared in the running buffer. Each 

concentration was injected over the FcRn-coated surface at a flow rate of 50 µL/min. The 

association phase was monitored for 180 seconds, and the dissociation phase was monitored 

for a time period independent of pH. 

After each cycle, the surface was regenerated by injecting PBS at pH 8.0 for 45 seconds at a 

flow rate of 20 µL/min, twice. This ensured the complete removal of bound antibodies from 

the previous cycle and the restoration of the original binding capacity of the FcRn-coated 

surface. 

The binding kinetics were analyzed using the Biacore T200 evaluation software. The data 

were fitted to a 1:1 binding model to determine the association and dissociation rate 

constants (kON and kOFF) and the equilibrium dissociation constant (KD). More complex 

models were also applied (Bivalent Analyte and Heterogeneous Ligand Model) 

 

Analytical hFcRn affinity chromatography 

Affinity chromatography was conducted to assess the interaction between human FcRn and 

antibody variants. The chromatographic analysis was performed on an ÄKTA Avant 25 

chromatography system (GE Healthcare). The procedure was based on established protocols 

as detailed in previous studies.48,72 

Antibody variants were prepared at a concentration of 1 mg/mL. A volume of 50 μL of each 

antibody variant was loaded onto the chromatography column. The elution of bound 

antibodies was achieved by establishing a linear pH gradient. This gradient ranged from pH 

6.0 to pH 8.8 over a period of 110 minutes. The low pH buffer consisted of 20 mM MES 

sodium salt and 140 mM NaCl, adjusted to pH 5.5. Conversely, the high pH buffer was 

composed of 20 mM Tris/HCl and 140 mM NaCl, with the pH adjusted to 8.8. The buffers 

facilitated the dissociation of antibody variants from the hFcRn ligand, allowing for the 

analysis of their relative affinities based on their elution profiles. 

Data acquisition and analysis were performed using the system's software and GraphPad 

Prism (Version 8.4.2), and the resulting chromatograms were used to evaluate the binding 

characteristics of the antibody variants to hFcRn. 
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Figures 

Figure 1. Assay orientations to investigate the interaction between a monovalent and 

bivalent binding partner. (A) The monovalent partner as solute analyte = FcRn. (B) The 

bivalent partner as solute analyte = IgG. Illustrations are created with BioRender.com. 

 

Figure 2. Kinetic analysis of immobilized human FcRn and a human IgG1 (mAb1) in 

solution at pH 6.0 utilizing a medium FcRn density on a switchSENSE biosensor chip. (A) 

shows the schematic assay configuration allowing affinity and avidity to occur 

simultaneously. mAb1 was injected in five different concentrations as two-fold dilution series 

with a highest concentration of 300 nM for hIgG1 Fc WT (B) and 60 nM for hIgG1 Fc YTE 

(C). Each plot (B,C) shows the measured raw data (grey) and the global fit analysis as solid 

lines (blue fading). The sensorgram display a monophasic association phase and biphasic 

dissociation phase reflecting affinity and avidity binding mode. The determined kinetic 

parameters are described in Table 2. Illustration A is created with BioRender.com. 

 

Figure 3. Kinetic analysis of human FcRn immobilized and a human IgG1 (mAb1) Fc YTE 

mutant in solution at nine different pH values on switchSENSE biosensor chip. mAb1 Fc 

YTE was injected in five different concentration as two-fold dilution series with a highest 

concentration of (A) 60 nM at pH 5.8, (B) 60 nM at pH 6.0, (C) 100 nM at pH 6.2, (D) 150 

nM at pH 6.4, (E) 200 nM at pH 6.6, (F) 300 nM at pH 6.8, (G) 400 nM at pH 7.0, (H) 800 

nM at pH 7.2 and (I) 800 nM at pH 7.4. Note that the x axis for each sensorgram (A - I) has 

a different time scale. Each plot (A - I) shows the measured raw data (grey) and the global 

fit analysis as solid lines (blue fading). For (A – H) the dissociation phase is biphasic 

characterized by two different dissociation rate constants reflecting the affinity (1:1) and the 

avidity (2:1) binding mode. The interaction displays a biphasic dissociation curve reflecting 

affinity and avidity binding where one or two hFcRn are engaged with one mAb1 Fc YTE. 

The dissociation of mAb1 Fc YTE and hFcRn at pH 7.4 (I) is described by a monophasic 

fit model reflecting the affinity binding mode (1:1) where one hFcRn is engaged with one 

mAb1 Fc YTE. Panel (J) shows the applied, exemplary biphasic fit model for FcRn with 

mAb1 Fc YTE mutant injecting 300 nM at pH 6.0. The adequacy of the fit model is 

confirmed by the minimal residuals, indicating no significant deviation. The association 

phase occurred to be monophasic while the dissociation phase is biphasic. The overall 

dissociation curve is superposition of two exponential time-courses, namely the affinity 

binding mode (fast dissociation) and the avidity binding mode (slow dissociation). The 
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measured data is shown in blue and the fit in black solid lines, whereas the two deconvoluted 

exponential time-courses are shown in grey as dashed lines. The contribution of fast and 

slow dissociation to the overall signal change is shown as Amplitude Afast or Aslow. The 

determined kinetic parameters are described in Table 3.  

 

Figure 4. Schematic depiction of a bivalent analyte (IgG) interacting with a monovalent 

ligand (FcRn). State 0 shows the free state of monovalent FcRn (immobilized) and bivalent 

IgG (in solution). The transition from State 0 to State 1 illustrates that the bivalent analyte 

associates with one binding site on FcRn (kON1 and kOFF1). In its subsequent transition to 

State 2 the IgG concurrently binds via its second binding site to another FcRn, which is in 

close proximity to the first one, thereby forming a bivalent complex. The avidity occurs 

accordingly to the absolute and relative contributions of the individual on- and off-rates of 

the transitions 0 ↔ 1 and 1 ↔ 2. The dynamic dissociation and re-association of one to two 

binding sites, the transition 2 ↔ 1 ↔ 2 (kON
app. and kOFF

app.), is crucially important for the 

effective off-rate and hence for the avidity. Typically, it is impossible to differentiate between 

singly bound and doubly bound states within the measurement signal. As a result, only the 

'observable' kinetic rates (kON
obs. and kOFF

obs.) between the free and any type of bound state 

are measured. The illustration is created with BioRender.com. 

 

Figure 5. Rate scale plot of FcRn (ligand) and mAb1 YTE variant (solute) at a pH from 5.8 

to 7.4. The plot allows the comprehensive comparison of multiple kinetic rate parameters 

obtained from several kinetic experiments/sensorgrams at one glance. The upper plot shows 

the association rate (kON) while the lower plot shows the dissociation rate (kOFF) as logarithmic 

scale. Each kinetic rate parameter pair is connected via a vertical line where its length or else 

the distance of the two data points gives insights about the binding strength of the measured 

interaction. The proximity of the data points corresponds to a weaker interaction, or in other 

words, an increase in the dissociation constant KD. The data points are shown as mean ± 

SD* (*smaller than the data points, thus not visible). To obtain an inflection point the affinity 

dissociation rates (kOFF,AFFINITY) are fitted by a Four Parameter Logistic (4PL) fit shown in 

grey (Equation (6)) resulting in a transition at pH 7.2 (Figure S 11). 

 

Figure 6. Avidity-to-affinity relationship of FcRn and mAb1 YTE variant from pH 5.8 to 

7.2. The ratio of the KD values (KD,AFFINITY/KD,AVIDITY), referred to as avidity enhancement 

factor increases from neutral to acidic pH. The higher the binding strength (affinity) the more 

its contribution to the overall avidity enhancement. Weak affinities occurring at pH 6.4 to 

7.4 only show a minor contribution to the avidity effect while strong affinities from pH 5.8 

to 6.2 show higher contribution. A transition point is pH 6.2, indicated by the dashed lines. 

The data points are shown as mean ± SD* (*smaller than the data points, thus not visible).  
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Tables 

Table 1. The relationship between assay orientation, ligand density, and resulting binding 

modes. IgG = bivalent binder, FcRn = monovalent binder. 

 

Table 2. Summary of the affinity and avidity measurements of immobilized human FcRn 

and an mAb1 Fc variants in solution using a switchSENSE biosensor chip having a medium 

ligand density. The kinetic rate parameters are determined from analyzing the sensorgrams 

shown in Figure 2. The kON, kOFF and KD values are results from a global fit analysis ± fitting 

error. 

 

Table 3. Summary of the affinity and avidity measurements of immobilized human FcRn 

and mAb1 Fc YTE mutant as solute using a switchSENSE biosensor chip having a medium 

ligand density. The kinetic rate parameters are determined from analyzing the sensorgrams 

shown in Figure 3. The kON, kOFF and KD values are results from a global fit analysis ± fitting 

error.  
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4.3 Figures  
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Figure 3 
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Figure 4 
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Figure 6 

 

4.4 Tables 

Table 1 

Assay orientation A B 

Ligand is 

immobilized 
IgG (bivalent)  

FcRn 

(monovalent) 

Analyte in solution  
FcRn 

(monovalent) 
IgG (bivalent) 

Ligand density Binding mode(s) 

Low Affinity Affinity 

Medium1 Affinity Affinity/Avidity 

High2 Affinity Avidity 

1 Contributions of affinity and avidity modes should be of 

similar magnitude for good fit quality. 

2 Measurement artifacts (rebinding, mass transport 

limitations) are likely to occur at high ligand densities, 

which is why measurements have to be interpreted with 

care. 

 

 

Table 2 

Sample  Affinity Avidity 

 kON 

(x106 M-1s-1) 

kOFF,AFFINITY 

(x10-2 s-1) 

KD,AFFINITY 

(nM) 

kOFF,AVIDITY 

(x10-2 s-1) 

KD,AVIDITY 

(nM) 

hIgG1 Fc WT 7.53 ± 0.38 34.2 ± 1.50 45.4 ± 3.0 4.70 ± 0.30 6.24 ± 0.51 

hIgG1 Fc 

YTE 

8.42 ± 0.15 2.60 ± 0.06 3.09 ± 0.09 0.25 ± 0.01 0.29 ± 0.01 
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Table 3 

hIgG1 Fc 

YTE 
 Affinity Avidity 

pH kON 

(x106 M-1s-1) 

kOFF,AFFINITY 

(x10-2 s-1) 

KD,AFFINITY 

(nM) 

kOFF,AVIDITY 

(x10-2 s-1) 

KD,AVIDITY 

(nM) 

5.8 7.58 ± 0.11 2.15 ± 0.03 2.84 ± 0.06 0.17 ± 0.01 0.23 + 0.01 

6.0 8.42 ± 0.15 2.60 ± 0.06 3.09 ± 0.09 0.25 ± 0.01 0.29 ± 0.01 

6.2 6.42 ± 0.17 3.39 ± 0.07 5.28 ± 0.18 0.45 ± 0.01 0.70 ± 0.03 

6.4 6.14 ± 0.14 6.57 ± 0.12 10.7 ± 0.31 0.94 ± 0.01 1.53 ± 0.04 

6.6 9.23 ± 0.42 12.8 ± 0.46 13.9 ± 0.80 2.05 ± 0.12 2.22 ± 0.17 

6.8 6.20 ± 0.31 26.3± 1.62 42.4 ± 3.38 4.83 ± 0.35 7.79 ± 0.69 

7.0 4.69 ± 0.21 44.1 ± 1.92 94.0 ± 5.86 7.51 ± 0.37 16.0 ± 1.06 

7.2 3.81 ± 0.18 90.0 ± 0.54 236 ± 18.0 17.6 ± 0.71 46.2 ± 2.87 

7.4 2.41 ± 0.45 119 ±6.00 494 ± 95.5 NA NA 
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5.1 Author Contributions 
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Johannes Reusch performed the experimental work, which spanned from the in silico 
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Abbreviations 

AAV Adeno-Associated Virus, 

ADIN antibody-dependent intracellular neutralization 

AP-1 Activator Protein 1 

EM Electron Microscopy 

Fc  Fragment crystallizable 

FcRn neonatal Fc receptor  

HBV Hepatitis B virus 

hIgG1 human Immunoglobulin G isotype 1  

HSPG heparan sulfate proteoglycan 

IFN Interferon 

IRF 3/5/7 Interferon Regulatory Factor 3, 5, and 7 

ITC Isothermal titration calorimetry 

JAK-STAT Janus Kinase-Signal Transducer and Activator of Transcription 

JEV Japanese encephalitis virus 

KD equilibrium dissociation constant 

KiH Knob-into-hole 

kOFF dissociation rate constant 

kON association rate constant 

mAb monoclonal Antibody 

MP Mass Photometry 

MTL mass transport limitation 

NFkB Nuclear Factor kappa-light-chain-enhancer of activated B cells 

PK Pharmacokinetics 

PRRS Porcine reproductive and respiratory syndrome virus  

rAAVv recombinant Adeno-associated virus vector particles 

RING  really interesting new gene 

SAXS Small-angle X-ray scattering 

SPR surface plasmon resonance 

Trim tripartite motif 

TRIM21-CC tripartite motif-containing 21 coiled-coil 

UPS ubiquitin-proteasome system 

VCP valosin-containing protein 

WT wildtype 
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Abstract 

TRIM21 is a pivotal effector in the immune system, orchestrating antibody-mediated 

responses and modulating immune signaling. In this comprehensive study, we focus on the 

interaction of TRIM21 with Fc engineered antibodies and subsequent implications for viral 

neutralization. Through a series of analytical techniques, including biosensor assays, mass 

photometry, and electron microscopy, along with structure predictions, we unravel the 

intricate mechanisms governing the interplay between TRIM21 and antibodies. Our 

investigations reveal that the TRIM21 capacity to recognize, bind, and facilitate the 

proteasomal degradation of antibody-coated viruses is critically dependent on the affinity 

and avidity interplay of its interactions with antibody Fc regions. We suggest a novel binding 

mechanism, where TRIM21 binding to one Fc site results in the detachment of PRYSPRY 

from the coiled-coil domain, enhancing mobility due to its flexible linker, thereby facilitating 

the engagement of the second site, resulting in avidity due to bivalent engagement. These 

findings shed light on the dual role of TRIM21 in antiviral immunity, both in recognizing 

and directing viruses for intracellular degradation, and demonstrate its potential for 

therapeutic exploitation. The study advances our understanding of intracellular immune 

responses and opens new avenues for the development of antiviral strategies and innovation 

in tailored effector functions designed to leverage TRIM21s unique binding mode.  

 

Introduction 

The tripartite motif-containing 21 (TRIM21) protein also known as Ro52 or RNF81, has 

emerged as a pivotal player in the dynamic interface between the adaptive and innate arms 

of the immune system (1). With its unique functions as effector and sensor occurring 

simultaneously, it triggers the antibody mediated degradation of viral capsids by the 

proteasome and activates innate immune signaling pathways (2-5). This unique intracellular 

receptor exhibits an ancient origin, and its importance in immune regulation and host defense 

has garnered significant attention and demands further exploration (6).  

In healthy cells, a functional antibody is not capable of entering the cytosol since it neither 

has a mechanism to penetrate the cell membrane, nor can it exit the endosome during 

endocytosis (7, 8). However, it was reported that antibodies bound to incoming pathogens 

remain attached to viral capsids, even after endosomal escape, and are thus delivered into the 

cytosol (9). Here, TRIM21, an E3 ubiquitin ligase ubiquitously expressed in human cells, 

recognizes the Fc part of antibodies (associated to viruses) and directs the complex to the 

ubiquitin-proteasome system (UPS) for its degradation (10). This process is called antibody-

dependent intracellular neutralization (ADIN). TRIM21 expression is drastically upregulated 

by interferon (IFN) stimulation thereby amplifying its neutralization activities (3). As an 

intracellular antibody Fc receptor, TRIM21 complements the traditional extracellular 

functions of antibodies by allowing them to function as immune regulators within cells and 
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activate immune signaling pathways like the transcription factor NF-κB, AP-1 and IRF 3/5/7 

(5, 11). 

The Trim family of protein is characterized by a remarkably conserved N-terminal RBCC 

region(12). This region is composed of a really interesting new gene (RING) domain, one or 

two B-box domains, and a coiled-coil domain which represents the triumvirate giving the 

family its name (12-14). Trim proteins exhibit variations in their C-terminal regions, which 

are responsible for their specific functional attributes (15). For TRIM21, a C terminal 

PRYSPRY domain is responsible for target binding.  

The RING domain functions as an E3 ubiquitin ligase, essential for recognizing and tagging 

proteins for degradation by attaching ubiquitin chains, signaling their breakdown by the 

proteasome (11, 16-18). The B-Box domain, specific to TRIM proteins, regulates TRIM21 

by preventing auto-ubiquitination, thus regulating immune response activation (19-21). The 

coiled-coil domain (B-Box C-terminal; BBC) promotes dimerization of TRIM21 monomers 

(RBCC-PRYSPRY), positioning RING domains at either end of an elongated antiparallel 

coiled coil domain, which is inactivated while the PRY-SPRY domain (B30.2) binds to IgG 

Fc, indicating its role in immune function (15).  

In mammals, the TRIM21-IgG interaction is highly conserved, allowing TRIM21 PRYSPRY 

domain to recognize IgGs from one species to various other species (22). Although TRIM21 

has a lower affinity for the Fc region of IgA and IgM compared to IgG, targeting IgA still 

enables neutralization (23). As a homodimeric molecule, TRIM21 symmetrically binds to an 

IgG, engaging both Fc heavy chains simultaneously. This results in a 1:1 stoichiometry with 

the heterodimeric IgG (9). To date, only a single known apparent affinity/avidity dissociation 

constant (KD,AVIDITY) for dimeric TRIM21 binding to the IgG1 Fc wild type has been 

reported. This value is 600 pM, as measured by fluorescence anisotropy, while the kinetic 

rate parameters (kON and kOFF) remain undetermined. This interaction displays the strongest 

affinity observed in human IgG-Fc receptor interactions (9). 

The binding affinity (KD,AFFINITY) between human IgG1 Fc WT and the recombinant human 

PRYSPRY domain has been measured to be in the range of 40 nM by isothermal titration 

calorimetry (ITC) to 200 nM applying surface plasmon resonance (SPR) technology, 

depending on technology and assay setup (9, 10, 24). The PRYSPRY domain (antibody Fc 

binding domain) interacts with both CH2 and CH3 domains, although the most substantial 

interaction is with the CH3 domain (24, 25). Like FcRn, the neonatal Fc receptor, TRIM21 

interacts with the HNYH-motif where amino acids 429 – 436, especially H433, N434, H435, 

and Y436 of the CH3 Fc loop as well as I253 of CH2 are inserted into the PRYSPRY binding 

pocket (24, 26-30). FcRn prolongs the half-life of IgG by protecting it from lysosomal 

degradation and mediating its recycling back into the bloodstream. Unlike FcRn, TRIM21 – 

IgG interaction is reported to be largely pH-independent (from pH 5- 8) but sensitive to salt. 

A 10-fold reduction in salt concentration from 200 to 20 mM results in a 5-fold increase in 

affinity, manifested in a decreased off-rate (22, 24). 
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For the FcRn – IgG interaction there are reported mutations within the hotspot region, like 

YTE (M252Y/S254T/T256E), HH (T307H, N434H), which demonstrate increased FcRn 

binding, while mutating key residues into alanines (H310A, H433A and Y436A; AAA) 

completely abolishes it (31-39). In addition, there is a reported influence of the antibody 

variable domain (Fabs) on FcRn binding and pharmacokinetics, which has not been studied 

for TRIM21 (40, 41).  

Recent findings highlight that TRIM21's signaling requires higher activation than 

neutralization, which means that it is able to neutralize without initiating immune responses 

(2, 19). Engineered IgG1 variants with reduced TRIM21 binding still neutralize effectively 

but trigger less NF-κB signaling (10, 30). Mutations can significantly alter TRIM21 binding, 

with single mutations like H433A reducing activity, while others increase IgG1 Fc affinity up 

to 100-fold (10, 30). Slower dissociation rates from TRIM21 affect signaling more than 

neutralization, indicating possible low-level activity without an anti-viral state (10, 30, 42, 43). 

The distinction between effector and sensor activation thresholds allows for the effective 

clearance of minor viral threats without an extensive immune response.  

Antiviral activity of TRIM21 has been demonstrated against a wide range of non-enveloped 

viruses, including adenovirus, Porcine reproductive and respiratory syndrome virus (PRRS), 

Japanese encephalitis virus (JEV), Hepatitis B virus (HBV) and rotavirus as well as certain 

bacteria (5, 9, 11, 44-49) . It can interfere with infection by direct interaction with the viral 

proteins, as well as by regulating immune responses and by recognition of antibody decorated 

viral complexes (50). Upon the cytosolic entry of virus complexes opsonized by antibodies, 

the Fc portion of the antibodies is rapidly recognized by the catalytically inactive TRIM21 

dimer. A proposed mechanism for the activation of viral degradation involves target-induced 

clustering (51). It is postulated that the intermolecular dimerization of the TRIM21 RING 

(between two or more TRIM21 dimers) domains triggers ubiquitination activity (52). This 

process potentially alleviates B-box inhibition of the RING domain, facilitates E2-Ubiquitin 

interaction, and constructs K63-linked ubiquitin chains on TRIM21 (19). In contrast with 

earlier findings, which reported that ADIN only requires 1.6 antibodies per virus, effective 

neutralization, initiated by catalytically active RING dimers, necessitates the recruitment of 

multiple TRIM21 molecules (43, 51). Therefore, the nature of the target (oligomer) or the 

presence of multiple antibodies bound to the target could induce TRIM21 activation by 

promoting the clustering of multiple TRIM21 molecules in close proximity (51). TRIM21-

antibody opsonization levels need to be above a certain threshold to enable RING 

dimerization, thus activating the innate neutralization pathway against the bound pathogen.  

We sought to elucidate the detailed mechanism of action of the TRIM21-IgG interaction. 

To achieve this we generated several antibody Fc mutants, modifying TRIM21 binding. The 

used antibody variants express symmetrical, similar Fc heavy chains, or asymmetrical, varying 

heavy chains. We utilize a suite of complementary technologies to decipher TRIM21 binding. 

While it is established that single point mutations can modify PRYSPRY binding and that 
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one TRIM21 homodimer interacts with one Fc heterodimer in a 1:1 stoichiometry with 

strong avidity, TRIM21 detailed mode of action remains unclear. This includes the precise 

nature of the natural dimer state, mutations that influence avidity, and determining how a 

synergistic interplay of TRIM21 mediated antibody variants bound to viruses leads to 

amplified avidity thereby influencing its mode of action. 

In this study, we explore the mechanism by which the engagement of both heavy chains 

mediated via TRIM21 dimers takes place and examine the impact of Fc variants of antibodies 

on the balance between affinity and avidity, offering detailed insights into the mechanism of 

antibody binding. We demonstrate the occurrence of TRIM21 - anti-AAV antibody 

clustering on a biosensor, unveiling intricate binding dynamics. Gaining an in-depth 

knowledge of TRIM21 and its interactions with antibodies paves the way for innovative 

therapeutic approaches targeting infectious diseases, autoimmune conditions, and immune 

signaling pathways. 

 

Results 

 

Design of TRIM21 Antibody Biosensor Assay Configuration for 

Dissecting its Binding Mode 

To study the TRIM21 interactions in detail, there are two assay configurations possible on a 

(SPR) biosensor. Depending on the scientific question that should be addressed, either the 

antibody or TRIM21 is captured on the chip-surface (Figure 1). Furthermore, it is to be 

considered, that the bivalent antibody displays an Fc part with two binding moieties for 

TRIM21 and TRIM21 naturally forms a homodimer, which might cumulate in a more 

complex binding mode than a simple 1:1 interaction. 

If the antibody (ligand) is captured on the surface under physiological conditions and the 

PRYSPRY domain (antibody Fc binding domain) (analyte) is in solution as shown in Figure 

1A, the monovalent PRYSPRY domain binds to the Fc part exclusively in a monovalent 

fashion. Here, the mode of binding is independent from the ligand surface density. For the 

interacting pair of PRYSPRY and an antibody, this assay configuration exclusively probes 

the affinity mode, as the bivalent nature of the antibody Fc part is in this set-up irrelevant. 

Notably, this assay orientation allows the affinity characterization of various antibody Fc 

variants modulating the affinity towards the PRYSPRY domain. It also enables to investigate 

the stoichiometry for PRYSPRY and the dimeric Fc part, which we address with symmetrical 

and asymmetrical Fc variants. The latter abolishes TRIM21 binding for one Fc heavy chain. 

The alternative orientation with PRYSPRY domain on the surface and the antibody in 

solution (Figure 1B) allows to investigate further attributes that describe the TRIM21-IgG 

interaction in more detail. As an example is the potential Fab contribution to TRIM21 

binding efficiency as observed for FcRn binding (40, 41, 53-55). The ligand density in this 

assay setup is crucial. The antibody may interact with one or two PRYSPRY domains (ligand) 
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depending on ligand density, by interlinking two domains that are close enough for 

simultaneous engagement (affinity and avidity). To exclude avidity binding modes we 

measured at low ligand density. 

To investigate the natural TRIM21-IgG binding mode, where one TRIM21 homodimer 

interacts with one IgG engaging both heavy chains simultaneously in a 1:1 stoichiometry, we 

produced a minimal dimer construct including the PRYSPRY and coiled-coil domain 

(Sequence in Materials and Methods), TRIM21-CC, which is reported to have no effect 

on bivalent antibody Fc binding (9). To measure the TRIM21-CC - antibody interactions, 

the antibody is captured on the sensor surface while TRIM21-CC is injected (Figure 1C). 

The bivalent binding of TRIM21-CC should result in an avidity effect, where an additional 

SPR based biosensor experiment would provide not only a dissociation constant (KD,AVIDITY), 

but also the to date unknown kinetic rate parameters (kON and kOFF), which describe the 

interaction in further detail. This assay setup also allows determining how Fc variants 

influence the avidity-binding mode and dissecting avidity from affinity. For all assay setups, 

we worked with low ligand density.  

 

Antibody Fc engineerings to Dissect Affinity towards the PRYSPRY 

Domain 

To resolve the influence of Fc engineerings on the affinity for the TRIM21 PRYSPRY 

domain we used the assay setup shown in Figure 1A. To determine the kinetic rate 

parameters of the PRYSPRY - antibody interaction and its stoichiometry, a human IgG1 Fc 

WT (mAb1 WT) was compared with an asymmetrical variant mAb1 WT-AAA (H310A, 

H433A, Y436A). SPR binding kinetic of both constructs (Figure 2A-B) result in the same 

kinetic rate parameters. To confirm loss of binding in our AAA mutant, a double AAA 

mutant (mAb1 AAA) was used as control (Figure 2C). MAb1 WT and WT-AAA 

demonstrate an affinity dissociation constant (KD,AFFINITY) of 43 nM and 40 nM, respectively 

(Figure 2D, detailed parameters in SI Table S 1). 

The Rmax,Ratio represents the ratio of experimental and theoretical maximal feasible SPR signal 

between a ligand - analyte couple, and provides information about the stoichiometry of an 

interaction. The interaction between mAb1 WT and mAb1 WT-AAA - PRYSPRY, with 

assumed binding sites of two and one, respectively, approaches 100% efficiency, leading to 

stoichiometries of 2:1 and 1:1, as shown in Figure 2D. This confirms that the IgG Fc binds 

two PRYSPRY domains, one at each of the CH2-CH3 interfaces. Additionally, the data 

shows that there is no effect of the first PRYSPRY binding event on the binding efficiency 

of the second monomer. 

To confirm the findings from the SPR analysis we applied mass photometry (MP) for mAb1 

WT/WT-AAA/AAA as a complementary method (Figure 2E-F). Considering the fast kON 

and kOFF (Figure 2D) for the mAb1-PRYSPRY interaction, 200 nM mAb1 Fc variant were 

pre-incubated with 4000 nM PRYSPRY domain, and analyzed at a 1:250 dilution.  



 

92 

The non-binder variant mAb1 AAA with PRYSPRY (138 kDa) and without PRYSPRY 

domain (143 kDa), are in good agreement with each other and with the theoretical molecular 

weight (Figure 2F), demonstrating that PRYYPRY binding is abolished. An individual 

PRYSPRY domain appears at molecular weight of 32 kDa (Controls: Figure S 1). MAb1 

WT + PRYSPRY gave a molecular weight of 193 kDa for the complex, which is in agreement 

with two PRYSPRY bound to one antibody (Gaussian Distribution Model), while mAb1 

WT-AAA + PRYSPRY shows only the single bound state represented by 172 kDa.  

To further examine how PRYSPRY binding can be altered by antibody constructs and Fc 

engineerings, we characterized additional variants, applying the assay setup shown in Figure 

1A. All measured antibody formats share an identical IgG1 Fc framework, with or without 

specific mutations within TRIM21 binding interface. mAb1 WT and mAb2 WT exhibit 

different electrostatic and hydrophobic Fab patches. Two additionally investigated 

constructs are Briakinumab and Ustekinumab. Briakinumab shows a large positively charged 

Fab region, which is absent in Ustekinumab, and has been shown to have different FcRn 

affinities (40, 56). A cytokine-Fc Fusion and a Fc-only (CH2-CH3) WT were also included 

along with the mAb2 WT knob-into-hole (KiH) variant, which has specific mutations in the 

CH2-CH3 region (details in materials and methods). To compare the determined affinities, 

the kinetic rate parameters are displayed in a kinetic rate scale plot (Figure 3A). Detailed 

sensorgrams and kinetic parameters are shown in SI Info Figure S 2.  

In this assay orientation, the affinities of most antibody constructs for PRYSPRY are similar. 

Exempt are the Fc variants YTE (M252Y, S254T, T256E), HH (T307H, N434H) and 

Y436A, which contain Fc mutations at key residues in the binding interface for PRYSPRY. 

These variants have lower affinities for the PRYSPRY domain than WT, showing a sequence 

from highest to lowest strength of binding as follows: WT has the strongest affinity, followed 

by YTE, then HH, and Y436A has the weakest. 

For YTE the effect is only off rate driven (1.6x faster compared to WT), while for HH and 

Y436A it is a combination of both on and off rates. In contrast to WT, HH shows a 5x faster 

off rate, while the on rate is 2x faster, compensating for a significantly weaker affinity 

(KD,AFFINITY) compared to the YTE variant. For the Y436A variant both rates are strongly 

decreased (8x on rate and 23x off rate compared to WT). Overlaying the normalized 

dissociation phases (Figure 3B) shows the significant effect of Fc engineering (t1/2 : 7.0 s for 

WT vs 0.3 s for Y436A).  

Here, we showed that our assay setup (Figure 1A) is suitable to determine the pure, 

undisturbed affinity of the PRYSPRY-IgG interaction. We found a 180-fold reduced affinity 

for Y436A compared to WT. The SPR and MP results reveal a PRYSPRY-IgG stoichiometry 

of 2:1 without any binding cooperativity. The chosen assay setup does not reveal an 

additional contribution of Fab binding, as such we apply the reversed assay orientation to 

address this topic in the following section. 
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Impact of Antibody Variable Domain on TRIM21 PRYSPRY Binding 

Affinity 

FcRn and TRIM21 share an overlapping CH2-CH3 binding interface. Antibodies with an 

identical Fc part but different Fab domains bind differently to FcRn, showing different 

affinities and pharmacokinetic properties (40). To uncover a potential PRYSPRY-IgG Fab 

contribution, we reversed the assay setup while allowing the Fab arms to move freely in 

solution (Figure 1B, Figure 4, detailed data in SI Info Figure S 3). To avoid 

intermolecular interaction where one antibody interacts with two adjacent PRYSPRY 

domains, low PRYSPRY densities were used. 

The reverse assay orientation reveals a two to three-fold increase in binding strength. This 

effect is primarily driven by on-rate changes, not influenced by Fab regions, as evidenced by 

same outcomes for the control (Fc-only WT), which lacks a Fab. The affinities across the 

characterized antibody panel remain consistent with each other, confirming the absence of 

any measurable Fab effect on the Fc-PRYSPRY interaction. 

 

The Dimeric State of TRIM21-CC 

To probe the dimeric engagement of both IgG heavy changes simultaneously, we first 

characterized the construct TRIM21-CC (Figure 5). The expected theoretical molecular 

weight of this dimeric construct is 86 kDa. Applying SEC-MALS revealed a mass of 

approximately 90 kDa for 94 % of the particles (4% showed 177kDa corresponding to a 

tetramer) (Figure 5A). MP gave 99% of particles at a weight of 82±13 kDa (Figure 5B). 

Electron Microscopy analysis revealed that the PRYSPRY domains are facing away from 

each other with the coiled-coil domains in between mediating dimerization. Shown 2D 

classes indicate a variation in the position of the PRYSPRY domains with respect to each 

other (Figure 5C). Here, we confirmed the dimeric nature of TRIM21-CC with three 

techniques. Surprisingly, the EM data show that the coiled-coil domain is stretched and the 

distance between the two PRYSPRY domains is extended. The fact that we were able to 

resolve the shape of the coiled-coil is an indication that in its dimeric shape TRIM21 is 

relatively limited in its flexibility. 

 

TRIM21-CC-Fc variant Interaction by Mass Photometry and 

Electron Microscopy 

To investigate the TRIM21-CC - Antibody Fc binding mode, we applied MP and electron 

microscopy (Figure 6). For the MP measurements we incubated various, increasing 

TRIM21-CC concentrations with three antibody Fc variants (mAb1 WT, mAb1 WT-AAA 

and mAb1 AAA) each at different molar ratios. 

As shown in Figure 6 A-C, incubating TRIM21-CC with mAb 1 gave peaks at approximately 

80 kDa and 140 kDa, representing uncomplexed TRIM21-CC and mAb1, which is in 

agreement with their theoretical masses and individual mass measurements (Figure 5 and 
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SI Info Figure S 1). At approximately 230 kDa appeared a third peak whose molecular 

weight corresponds to a complex consisting of one TRIM21-CC with one mAb 1 WT 

(Figure 6A). With increasing TRIM21-CC concentration, the equilibrium is shifted to the 

complexed species until nearly all antibodies are bound. At a 10-fold molar excess of 

TRIM21-CC (Figure 6D), 24% of TRIM21-CC and mAb1 WT are complexed, revealing a 

1:1 stoichiometry where one dimer and engages both IgG heavy chains simultaneously 

(detailed data in SI Info Figure S 4). Detecting the TRIM21-CC -mAb1 WT interaction at 

low nanomolar concentrations also allows insights into the strong interaction by the dimeric 

engagement, resulting in an avid binding mode.  

The applied mAb1 WT-AAA concentrations showed a minor complexed fraction (approx. 

2%), while the AAA variant shows no formed complexes (Figure 6B-C). For mAb1 WT-

AAA variant, we expect binding, but only to one of the two Fc heavy chains resulting in 

weak affinity, which cannot be resolved at the concentrations used (similar affinities as for 

PRYSPRY). The symmetrical AAA mutation abolished TRIM21 binding completely.  

To further elaborate the binding mode we analyzed TRIM21-CC with mAb1 WT and the 

Fc-only variants WT and WT-AAA applying EM (Figure 6E-H) and MP (Figure S 6). The 

results demonstrate that the Fc-only WT-AAA variant binds one PRYSPRY domain, 

compared to WT (Figure 6E-F). The Mab1 WT-TRIM21-CC complex confirms the binding 

of two PRYSPRY domains to the Fc portion compared to mAb1 WT alone (Figure 6G-H). 

Although coiled-coil dimerization domain is not visible in our 2D classes, and analysis of raw 

images is challenged by the complexes' size and flexibility, our findings indicate that a single 

TRIM21-CC is capable of binding to an Fc region through one or both PRYSPRY domains, 

and it possesses the ability to concurrently bind two distinct Fc molecules. As depicted in 

Figure 5C, we do not observe a pre-bound/pre-formed positioning of the PRYSPRY 

domains that would already fit the spatial arrangement of antibodies Fc Part (CH2-CH3). 

The average distance between the two PRYSPRY domains measures ~10.1 ± 2.1 nm 

whereas the distance between two Fc-bound PRYSPRY domains is ~5.3 ± 0.5 nm. 

Therefore, for one TRIM21 to engage both heavy chains, the PRYSPRY domains will have 

to rearrange. As can be observed in the alphafold model (Uniprot ID P19474), the PRYSPRY 

domain attaches to its helix with a flexible linker. This linker could allow dimeric engagement 

by bringing the PRYSPRY domains closer to each other.  

 

Binding Kinetic of TRIM21-CC with Antibody Fc variants 

Here, we examined the interaction between TRIM21-CC and various antibody Fc variants 

through SPR experiments (assay setup Figure 1C), focusing on the avidity binding mode 

influenced by Fc engineering. Utilizing a low surface density setup to exclude intermolecular 

interactions, we explored both symmetrical and asymmetrical Fc variants, including YTE, 

HH, and Y436A, to discern the relationship between antibody affinity and avidity 
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enhancement due to dimeric engagement (previously investigated for affinity binding, 

Figure 3). 

Figure 7 shows the characterization of TRIM21-CC with (antibody) Fc variants. When 

several antibody concentrations were injected over 180 seconds, a 1:1 fit model describes the 

data. The dissociation phase is characterized by a significantly reduced dissociation rate 

(kOFF,AVIDITY) in comparison to the affinity-only interactions (kOFF,AFFINITY). The sensorgram 

reveals an avidity only binding mode and a consistent 1:1 stoichiometry (exemplary mAb1 

WT, Figure 7A and SI Info, Figure S 5). 

Variation in the association time for a constant TRIM21-CC concentration (25 nM) with 

mAb1 WT on the surface (ligand) uncovered a biphasic dissociation pattern, supporting a 

two-state binding model (Figure 7B). This model illustrates an initial rapid binding and 

dissociation phase (single bound state, affinity) followed by a slower, more stable avidity-

driven complex formation (double bound state, avidity), each with its own association (kON) 

and dissociation (kOFF) rates (SI Info Figure S 5B,J). Applying both models results in 

identical dissociation constants (KD,AVIDITY = 0.7 nM), demonstrating a substantial avidity-

enhanced binding strength compared to affinity alone (KD,AFFINITY = 43 nM) (Figure 7C-D).  

Comparative analysis revealed that avidity enhancements (KD,AFFINITY/KD,AVIDITY) for Fc 

variants were significant, with the WT variant showing a 61-fold increase, YTE 50-fold, HH 

72-fold, and Y436A 14-fold, when compared to their respective affinities (Figure 7C). 

However, when compared to the WT avidity component, YTE and HH were both about 2-

fold less effective, whereas Y436A's binding strength decreased dramatically by 766-fold. 

Despite YTE and HH having similar reductions in avidity compared to WT avidity, HH 

exhibited kinetic rates 5 times faster than YTE. The interaction of asymmetrical antibody Fc 

variants (WT-AAA, YTE-AAA, HH-AAA) with TRIM21-CC showed only the affinity 

binding mode (SI Info, Figure S 5). 

Complementary MP analysis (SI Info, Figure S 6 and Table S 2) corroborated our SPR 

findings, confirming a 1:1 stoichiometry for all symmetrical constructs and showing a trend 

where weaker bindings resulted in fewer avid complexes as the identical the concentration 

of antibody-TRIM21-CC was used. Additional MP experiments with other antibody Fc WT 

constructs, such as mAb2 WT, Briakinumab, and Ustekinumab, revealed similar 

complexation levels to mAb1 WT, indicating that the variable domains of these antibodies 

do not affect their interaction with TRIM21-CC. This further validates our SPR-derived 

conclusions.  

 

TRIM21 within the context of Viral Neutralization 

We mimicked the interaction between TRIM21 and antibody-coated, recombinant adeno-

associated virus vector (rAAVv) particles on a SPR chip (Figure 8A), alongside parallel 

electron microscopy (EM) imaging (Figure 8C). This setup emulates the scenario after 

endosomal escape of antibody decorated AAV particles and their encounter with cytosolic 
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TRIM21, proposing that TRIM21's interaction with antibody-bound virus particles triggers 

ubiquitination through intermolecular RING dimerization, as suggested previously (20, 51). 

Our assay involved TRIM21-CC, anti-AAV2 capsid antibody A20 variants (including a 

bivalent A20 with WT Fc and IgG variants with a single Fab arm against rAAVv-2, featuring 

either WT Fc or WT-AAA asymmetrical Fc), and rAAV serotype 2 (rAAV2), as depicted in 

(Figure 8A). Our research reveals complex interactions between TRIM21-CC, A20 antibody 

variants, and rAAVv-2, showing that binding dynamics are more intricate than simple models 

suggest (Figure 8B). These interactions involve both affinity and avidity effects, with 

TRIM21-CC binding to the antibodies Fc region and the Fab arm(s) binding to the rAAVv-

2 capsid, contributing both to overall avidity. 

All three anti-AAV2 antibody variants show affinities for the capsid in the same range 

(KD,AFFINITY 75 - 140 nM), whereas the bivalent A20 WT also demonstrated avid binding 

KD,AVIDITY = 5 nM (SI INFO, Figure S 7). The full IgG A20 Fc WT shows strong bivalent 

engagement with TRIM21-CC (KD,AVIDITY = 0.7 nM) unlike the asymmetrical AAA-WT 

variant, which lacks this avidity. (SI INFO Figure S 8).  

The AAV2 viral capsid harbors n = 60 epitopes for A20, assuming intra- and intermolecular 

bivalent binding is possible, depending on antibody variant and concentration (57). By 

varying the A20 antibody levels (8-fold different capture level, Figure 8B) and analyzing EM 

data (Figure 8C), we observed that higher antibody densities on the virus surface enhance 

avidity. The bivalent A20 Fc WT variant promotes increased avidity, surpassing the 

monovalent A20 Fc WT and WT-AAA variants in binding efficiency, leading to faster 

dissociation. 

Analysis of the dissociation phases indicate that all antibody variants demonstrate avidity, 

with slower and faster dissociating species suggesting complex formation between rAAVv-2 

and antibodies. On a biosensor surface, ligands are randomly distributed by statistics. As 

such, two adjacent, single arm A20 constructs could still interact with one rAAVv, allowing 

avidity to occur. However, lower antibody densities result in a greater proportion of fast 

dissociating species, indicating a decrease in avidity (Figure 8B, low surface density).  

EM images (Figure 8C) reveal that A20 antibodies as well as TRIM21-CC facilitate AAV 

particle aggregation, owing to their ability to bind two separate molecules. While A20 causes 

severe aggregation, to the point that an additional effect of TRIM21 can not be measured, 

the one-armed antibodies lose their ability to cause aggregation, allowing us to separate the 

effect of TRIM21 (Figure 8C, bottom two rows). Indeed, TRIM21 causes aggregation, albeit 

to a lesser extent. This confirms our SPR observation that reducing bivalent engagement 

modifies but does not negate avidity. Our findings emphasize the crucial role of the antibody 

as an immune regulator in mediating both, target binding (AAV) and effector functions via 

TRIM21 engagement achieving avidity, demonstrating the multifaceted nature of these 

interactions. 
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Discussion 

This study systematically explores the interaction of TRIM21 with antibody Fc variants 

through SPR, MP, and EM to elucidate antibody binding to TRIM21 and investigate a 

TRIM21-mediated AAV neutralization mechanism. We meticulously optimized our SPR 

assays for each scientific hypothesis, facilitating low-density studies ideal for distinguishing 

between affinity and avidity. This approach yielded significant insights into the dynamics and 

mechanisms of TRIM21 interaction with human IgG Fc variants including a newly proposed 

binding mechanism. 

TRIM21 is a highly conserved mammalian Fc receptor that is structurally and mechanistically 

distinct from previously identified Fc receptors (22). Our analysis confirmed the PRYSPRY–

mAb1 WT interaction affinity at 43nM, aligning closely with prior ITC data (37 nM) (24) and 

differing from previous SPR results (212 nM) (58). This discrepancy originates from our 

refined assay conditions, which resulted in a 5-fold increase in binding rate (kON) without 

altering the dissociation rate (kOFF). Our methodology, mirroring ITC gold-standard accuracy, 

demonstrates the benefits of optimized assay setups for enhanced target interaction analysis, 

thereby addressing the discrepancies observed in prior SPR experiments. Additionally, our 

findings on the mAb1 WT-AAA Fc variant versus symmetrical Fc WT confirmed a 2:1 

stoichiometry and identical affinities of two TRIM21 PRYSPRY domains for one IgG Fc 

homodimer (KD,AFFINITY,WT-AAA = 40 nM vs KD,AFFINITY,WT = 43 nM), supporting a non-

cooperative binding model (24). This aligns with the symmetric TRIM21-IgG interaction in 

the previously reported crystal structures (24). 

Despite TRIM21 and FcRn sharing the Fc CH2-CH3 binding site, the HNHY motif, 

mutations in the Fc region affect their interactions differently. We engineered mutations 

within this interface (YTE, HH, Y436A, AAA), previously identified to impact FcRn binding, 

to assess their effect on TRIM21 (31, 32, 36-39, 59). Our findings reveal a ranking of affinities 

for PRYSPRY, from strong to weak: WT, YTE, HH and Y436A. Notably, the Y436A 

mutation significantly weakens the binding to both FcRn (39) and TRIM21, with a 180-fold 

decrease in TRIM21 binding affinity, a previously unexplored aspect in the context of 

TRIM21 interaction. Through SPR analysis, we confirmed an avid equilibrium dissociation 

constant (KD,AVDIDITY) of 0.7 nM for mAb1 Fc WT (vs. 0.6 nM as determined by fluorescence 

anisotropy) and confirmed a 1:1 stoichiometry (9). In addition, we uncovered kinetic 

parameters alongside with an avidity enhancement (KD,AFFINITY/KD,AVIDITY) for the Fc variants 

of 14- to 72-fold. This suggests a substantial affinity to avidity transition due to bivalent 

engagement, particularly notable with the Y436A mutation, which demonstrates affinity in 

the µM range, while avidity is nM.  

Interestingly, while the YTE and HH variants weaken TRIM21 binding compared to WT, 

they enhance FcRn binding (10-fold for YTE, HH is in similar range;) in a pH-dependent 

manner, highlighting a divergent influence of these mutations on the two receptors (31, 32, 

36). The AAA mutation, which eliminates FcRn binding (37, 38), also abolishes TRIM21 
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interaction. Remarkably, we found no Fab contribution that adds an additional complexity 

to TRIM21 as it does for FcRn (40, 41). A possible hypothesis to explain this phenomenon 

could be the pH independency known for TRIM21 (22). The divergence of TRIM21 and 

FcRn suggests potential implications for efficient antibody recycling and ADIN. A potential 

intracellular transition between FcRn and TRIM21 has to be explored. Our study emphasizes 

the importance of considering both affinity and avidity in TRIM21 interactions and 

challenges the direct extrapolation from one to the other, underlining the complexity of 

antibody engineering with respect to receptor binding. 

Our configuration of unbound TRIM21 revealed that the C-terminal PRYSPRY domains 

within a TRIM21 dimer, where dimerization is mediated via the coiled coil domains, are 

positioned at opposite ends, away from each other (60). This finding is in contrast to previous 

studies on TRIM family proteins, such as TRIM25. It has been suggested, that unbound C-

terminal domains, responsible for substrate binding, are centrally located within an elongated 

structure characterized by a coiled-coil domain (61, 62). A possible explanation for the 

changed TRIM21 configuration in the unbound state is the truncation of TRIM21 (TRIM21-

CC). Arguing against this is the fact, that the length of the coiled coil domain exceeds the 

distance measured between the two PRYSPRY domains by at least 3 nm. Also, the truncated 

sequence still maintains a stretch of 30 amino acids beyond the coiled-coil domain, suggesting 

a natural configuration at the observed binding location. Our analysis demonstrates that the 

PRYSPRY domains are spaced approximately 6-12 nm apart, diverging from the ~5 nm 

separation when bound to Fc, which challenges the notion of a pre-bound state compatible 

with the Fc structure and spatial arrangement (Figure 5 and Figure 6). 

Zeng and colleagues (51) have proposed a TRIM21-IgG Fc-complex structural framework 

based on Small-angle X-ray scattering (SAXS) data, positioning the bound PRYSPRY 

domains centrally, which is in agreement with our findings. This configuration also accounts 

for avidity due to bivalent Fc engagement, observed in our SPR (Figure 7C) and MP data 

(Figure 6A), as well as the positioning of the bound PRYSPRY domain indicated by our 

negative staining techniques (Figure 6E-H). Beyond previous findings, our detailed 

examination underpins a novel conceptual framework for TRIM21 structural dynamics in 

both its bound and unbound states (Figure 9). In its unbound state, the dimer's PRYSPRY 

domains converge at the coiled coil's apex, a feature discernible through negative staining 

(Figure 5C). Binding to an Fc site results in the detachment of PRYSPRY from the coil, 

enhancing mobility due to its flexible linker, and thereby facilitating the engagement of the 

second site in a spatially favorable configuration. Our SPR data confirms, that binding occurs 

in a two-step process, initially rapid, followed by a slower event that forms the final TRIM21-

IgG complex (Figure 7B). The slower phase occurs over a prolonged duration to 

accommodate the Fc geometry (Figure S 5J, kON2 = 0.02s-1). The transition markedly 

increases the complex flexibility, rendering the coiled-coil domain indistinct in negative stain 

averages of the TRIM21-CC-Fc assembly.  
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Integrating the structural insights from PRYSPRY domains in complex with Fc (PDB-ID: 

2IWG) (24) with the predictive model of TRIM21 (Uniprot ID: P19474) and its dimeric 

form according to AlphaFold2 (for details see materials and methods) yields diverse models 

(63). While a minority retains the dimeric form of TRIM21 engaging a single Fc site (Figure 

S 10A1), most predictions indicate a separation of PRYSPRY domains from the coiled-coil 

(Figure S 10A2-B) agreeing with our model (Figure 9).  

Combining our findings, we propose a tentative model in which the PRYSPRY engagement 

with the Fc domain may influence its interactions with other domains of TRIM21. This 

observation leads us to speculate that within a TRIM21 dimer, the PRYSPRY domain might 

have an additional, yet uncharacterized, role in modulating the interactions of the B-Box and 

the RING domains. We suggest that the binding of the PRYSPRY domain to the Fc domain 

could potentially release these intra-domain interactions, thereby affecting RING activation.  

Lastly, our study delved into the TRIM21 antiviral mechanism, particularly its role in E3 

ligase activation and neutralization of adeno-associated virus (AAV) using AAV as a model. 

We investigated how the anti-AAV2 capsid antibody A20 interacts with TRIM21 and 

rAAVv-2, noting A20 unique ability to neutralize AAV2 and AAV3 by targeting a specific 

conformational epitope (64, 65). Despite the lack of knowledge regarding the precise 

neutralization mode, subsequent to initial heparan sulfate proteoglycan (HSPG) primary 

receptor attachment, our data suggests A20 impedes viral entry by promoting large aggregate 

formation (Figure 8), potentially blocking endocytosis-mediated cell entry (57, 65, 66). We 

highlight the distinction between neutralizing and non-neutralizing antibodies in human 

blood, with the latter capable of cytosolic entry, as antibody-AAV complexes, post-

endosomal escape (67, 68). However, the role of non-neutralizing antibodies in TRIM21-

mediated AAV neutralization remains unexplored due to their unavailability for testing. Our 

findings indicate antibody clustering on AAV is feasible, aiding in the activation of TRIM21's 

E3 ligase via RING dimerization, a critical step in neutralization (9, 20, 51). Comparing AAV 

with AdV, we noted the smaller size of AAV and fewer antibody binding sites could 

significantly influence its neutralization process. Unlike A20, which forms large aggregates, 

the anti-AdV5 antibody does not aggregate virions or hinder their attachment nor trafficking 

(3, 4, 42, 69, 70). 

Our elucidated TRIM21 dimeric nature and its interaction with Fc-engineered antibodies 

revealed a new mechanism for bivalent engagement and demonstrated the impact of Fc 

mutations on both affinity and avidity. This knowledge is pivotal for advancing antibody 

engineering and understanding TRIM21 function in viral defense. 
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Materials and Methods 

 

Recombinant TRIM21 Variants 

Recombinant human TRIM21 proteins, including the PRYSPRY domain variant and the 

coiled-coil (TRIM21-CC) variant, were produced and purified by Proteros Biostructures 

GmbH (Planegg, Germany). The production process involved the transformation of 

Escherichia coli strain BL21 DE3, the overexpression of TRIM21 under standard conditions 

(18°C, 1mM IPTG, 16h) and the purification by Ni-NTA resin (Qiagen, Hilden, Germany) 

and Superdex S-200 26/60 gel filtration (GE Healthcare, IL, US). Each plasmid used for the 

transformation encoded either the TRIM21 PRYSPRY domain or the TRIM21-CC variant. 

Both variants were C-terminally fused to a His-Avi-Tag via a (4GS)1 linker. The gene used 

for this process is identified by NCBI Gene ID 6737, which corresponds to UniProtKB 

identifier P19474-1 (Isoform 1). The amino acid sequence for the TRIM21 PRYSPRY 

variant spans from amino acid 277 to 475, while the sequence for the TRIM21-CC variant 

spans from amino acid 128 to 475.  

 

Antibody Constructs/Fc Variants 

Recombinant human IgG1 Fc wildtype, Fc variants, Fc-only variants (core hinge-CH2-Ch3) 

with specific mutations (Fc WT, Fc WT-AAA, mAb1 WT, mAb1 WT-AAA, mAb1 AAA, 

mAb1 YTE, mAb1 YTE-AAA, mAb1 HH, mAb1 HH-AAA, mAb2 WT, mAb2 WT sym., 

anti-AAV2 capsid antibody A20 WT, A20 one arm WT, A20 one arm WT-AAA), and 

cytokine-Fc Fusion constructs (cytokine-Fc Fusion WT, cytokine-Fc Fusion WT-AAA, 

cytokine-Fc Fusion Y436A) as well as Ustekinumab and Briakinumab were produced and 

purified internally at Roche (Penzberg, Germany). Mutations (Kabat numbering scheme) are 

the following: WT: wildtype; AAA: H310A, H433A, Y436A; YTE: M252Y, S254T, T256E; 

HH: T307H, N434H and Y436A. The production process involved the transient transfection 

of HEK Expi293F cells, sourced from Thermo Fisher Scientific (MS, US), with plasmids 

encoding both the light and heavy chains. Asymmetrical variants were generated using the 

knob-into-hole technology (71). This technology refers to refers to mutations Y349C, T366S, 

L368A and Y407V (Hole) and S354C and T366W (Knob) both in the CH3-CH3 interface 

to promote heteromultimer formation (72, 73). 

 

Virus Supply 

Replication-deficient, recombinant Adeno-associated virus vector particles serotype 2 

(rAAVv-2) without carrying any transgene (empty rAAVv-2) were supplied by Virovek (CA, 

US), aliquoted up on arrival and frozen at -80˚C until required. The electron microscopy 

experiments were performed using genome-filled rAAV2 vectors, supplied by Sirion Biotech 

(Germany). 
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SEC-MALS 

The molecular weight of the sample was determined using size-exclusion chromatography 

combined with multi-angle light scattering (SEC-MALS). The SEC-MALS analysis was 

performed using a high-performance liquid chromatography (HPLC) instrument 

(Superdex200 Increase 10/300 GL, GE Healthcare). The HPLC instrument was coupled 

with a Wyatt Heleos II 18-angle light-scattering instrument (297-TS, Wyatt Technology) and 

a Wyatt Optilab rEX (766-rEX, Wyatt Technology) online refractive index detector. The 

sample was prepared at a concentration of 1 mg/mL, and 50 µg of the sample was injected 

into the system. The running buffer used was phosphate-buffered saline (PBS) at pH 7.4. 

The system was operated at a flow rate of 0.5 mL/min. To ensure the accuracy and reliability 

of the system, a system suitability test was performed by injecting bovine serum albumin 

(BSA) prior to the sample analysis. The results from the BSA injection were used to validate 

the performance of the system and to confirm that it was operating within the acceptable 

parameters for accurate molecular weight determination. 

 

SPR Experiments 

 

General Assay Setup 

The Biacore T200 system (GE Healthcare, Uppsala, Sweden) was used for all surface 

plasmon resonance (SPR) experiments. The C1 sensor chips (carboxymethylated matrix-free 

surface), amine coupling kit (containing 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDC), N-hydroxysuccinimide (NHS), and ethanolamine-HCl), HBS-N (10 

mM HEPES, 150 mM NaCl, pH 7.4), HBS-EP+ running buffer (10 mM HEPES, 150 mM 

NaCl, 3 mM EDTA, 0.05% surfactant P20, pH 7.4), and regeneration solutions were also 

obtained from Cytiva. 

The ligand was immobilized on the C1 sensor chip using standard amine coupling chemistry. 

Briefly, the sensor surface was conditioned with two one minute injections of conditioning 

solution (0.1 M glycine-NaOH, 0.3% Triton X-100, pH 12) followed by “Extra wash” and 

then run “Prime” using HBS-N running buffer. The Chip was then activated by injecting a 

mixture of 0.4 M EDC and 0.1 M NHS at a flow rate of 10 µL/min for 7 minutes. The ligand 

was then injected at a concentration of 20 µg/mL in 10 mM sodium acetate buffer (pH 4.5) 

at a flow rate of 10 µL/min for 3 minutes unless stated otherwise. Unreacted groups were 

blocked by injecting 1 M ethanolamine-HCl (pH 8.5) at a flow rate of 10 µL/min for 7 

minutes. 

Next, a molecule of interest, diluted accordingly in HBS-EP+ running buffer was captured 

via the amine coupled ligand to a desired Response unit (RU) level at a flow rate of 5 µL/min.  

Binding kinetics were measured at 25°C by injecting various concentrations of the analyte 

over the captured molecule of interest at a flow rate of 50 µL/min unless stated otherwise. 

Each injection was followed by a dissociation phase. The sensor surface was regenerated 
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between each cycle by injecting 10 mM glycine-HCl (pH 2 or 3, see below) at a flow rate of 

30 µL/min.  

The sensorgrams were analyzed using the Biacore T200 evaluation software (v3.1) and 

GraphPad Prism (v8.4.2). The data were fitted to a 1:1 binding model to determine the 

association rate constant (kON), dissociation rate constant (kOFF), and equilibrium dissociation 

constant (KD). The KD was calculated as kOFF/kON. For analyzing complex binding kinetics 

the data were fitted by applying the Two State Reaction Model obtaining a KD value explained 

in more detail in the following section. The results are presented as mean ± standard 

deviation. 

To ensure the reliability of the data, a blank run (buffer only) was performed before each 

experiment to check the baseline stability. 

 

TRIM21 PRYSPRY Injections to captured Antibody (Fc) Variants, immobilized 

Fc only variants and captured cytokine-Fc Fusion constructs 

To investigate the interactions of TRIM21 PRYSPRY with various protein constructs, we 

utilized a consistent methodology across different experiments, applying standard amine 

coupling chemistry for immobilization on a C1 sensor chip. The experiments focused on 

three targets: antibody (Fc) variants, Fc only variants, and cytokine-Fc Fusion constructs. 

For the antibody (Fc) variants and Fc only variants, we aimed for initial immobilization to 

achieve response unit (RU) signals of approximately 60 for antibody variants and between 

60 and 80 for Fc only variants, using the CaptureSelect™ Human Fab-kappa Kinetics Biotin 

Conjugate ligand (7103302100, Thermo Fisher Scientific) for the former and direct 

immobilization for the latter. The cytokine-Fc Fusion constructs involved capturing using 

an in-house anti-PGLALA F(ab’)2 fragment (74) with a target RU signal between 35 and 40. 

Subsequent steps involved injecting five different concentrations of TRIM21 PRYSPRY, 

prepared in a two-fold dilution series, across all experiments. Each concentration underwent 

an association phase of 60 seconds and a dissociation phase of 180 seconds. The integrity of 

the sensor surface for subsequent cycles was maintained through a regeneration process 

involving twice injections of 10 mM glycine-HCl (pH adjusted according to the specific 

experiment - pH 2.0 for antibody variants and cytokine-Fc fusions, pH 3.0 for Fc only 

variants) for 60 seconds each, followed by a 120-second injection of running buffer (HBS-

EP+) at a flow rate of 30 µL/min. This ensured the complete removal of any bound 

molecules from the previous cycle and restoration of the sensor surface to its initial state, 

facilitating accurate and repeatable measurements across the experiments. 

 

Antibody (Fc) Variants / Fc only variants / cytokine-Fc Fusion constructs 

Injections to captured TRIM21 PRYSPRY  

In the initial step, a monovalent Streptavidin (mono-SA, in house, Roche) was immobilzed 

on a C1 sensor chip via standard amine coupling chemistry. The ligand was introduced at a 
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concentration of 10 µg/mL in 10 mM sodium acetate buffer (pH 4.5) at a flow rate of 10 

µL/min for 180 seconds. Subsequently, biotinylated TRIM21 PRYSPRY in running buffer 

(HBS-EP+) was captured via mono-SA, aiming for a response unit (RU) signal of 3 to 

prevent any inter-molecular interactions interlinking two TRIM21 PRYSPRY by one 

antibody. Following this, five different concentrations of TRIM21 PRYSPRY, as specified 

in the sensorgrams, were prepared in a two-fold dilution series and introduced over the 

sensor chip. Each concentration underwent a 60-second association phase, followed by a 

180-second dissociation phase to monitor the rate of complex decay. To restore the sensor 

surface for subsequent cycles, a regeneration step was performed after each cycle. This 

involved the injection of 10 mM glycine-HCl (pH 3.0) twice, each for 15 seconds, followed 

by a 30-second injection of running buffer (HBS-EP+) at a flow rate of 20 µL/min. This 

process ensured the complete removal of any bound molecules from the previous cycle and 

the restoration of the sensor surface to its initial state. 

 

TRIM21-CC Injections to immobilized Antibody (Fc) Variants or cytokine-Fc 

Fusion constructs 

First, CaptureSelect™ Human Fab-kappa Kinetics Biotin Conjugate ligand (7103302100, 

Thermo Fisher Scientific) to capture Antibody (Fc) Variants or anti-PGLALA F(ab’)2 

fragment (in-house, Roche) to capture cytokine-Fc Fusion constructs was immobilized. The 

ligands were introduced at a concentration of 5 µg/mL in 10 mM sodium acetate buffer (pH 

4.5) at a flow rate of 5 µL/min for 120 seconds. Second, TRIM21-CC in running buffer 

(HBS-EP+) was captured via the ligand, aiming for a response unit (RU) signal of 8. 

Following this, several different concentrations of Trim2-CC, as specified in the 

sensorgrams, were prepared in a two-fold dilution series and introduced over the sensor chip. 

Each concentration was injected for 180-second association phase, followed by a 600-second 

dissociation phase. To restore the sensor surface for subsequent cycles, a regeneration step 

was performed after each cycle. This involved the injection of 10 mM glycine-HCl (pH 2.0) 

twice, each for 60 seconds, followed by a 120-second injection of running buffer (HBS-EP+) 

at a flow rate of 30 µL/min. 

 

Mimicking an TRIM21-CC – antibody decorated viral complex 

The formation of an immune complex on a sensor chip, consisting of TRIM21-CC, an 

antibody, and AAV2-wt as a viral model, was achieved using surface plasmon resonance 

(SPR) technology on a Biacore system. Initially, monovalent Streptavidin (mono-SA, in 

house, Roche) was immobilized on a C1 sensor chip (Flow cells 1-4) until saturation was 

reached. This was achieved by injecting mono-SA at a concentration of 10 µg/mL in 10 mM 

sodium acetate buffer (pH 4.5) at a flow rate of 5 µL/min for 120 seconds using standard 

amine coupling chemistry. The running buffer during this step was HBSN. Following a 

buffer change to HBS-EP, biotinylated TRIM21-CC was captured on flow cell 2 to 
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approximately 35 RU and on flow cell 3 to approximately 190 RU to generate different ligand 

densities. Flow cell 1 served as a reference surface. Subsequently, different anti-AAV2 capsid 

antibody constructs with TRIM21 relevant Fc mutations were injected at a concentration of 

5 µg/mL at a flow rate of 20 µL/min for 180 seconds until TRIM21-CC was saturated. 

Following this, three different concentrations of AAV2-wt-empty, as specified in the 

sensorgrams, were prepared in a three-fold dilution series and introduced over the sensor 

chip. Each concentration underwent a 180-second association phase, followed by a 900-

second dissociation phase at a flow rate of 10 µL/min. To restore the sensor surface for 

subsequent cycles, a regeneration step was performed after each cycle. This involved the 

injection of 10 mM glycine-HCl (pH 3.0) for 20 seconds, followed by a 30-second injection 

of running buffer (HBS-EP+) at a flow rate of 20 µL/min 

 

1:1 Binding Model 

In a simple 1:1 interaction, an analyte (A) binds to a ligand (B) to form a complex (AB). The 

equilibrium dissociation constant (KD,AFFINITY) was calculated using the equation: 

𝐾𝐷,𝐴𝐹𝐹𝐼𝑁𝐼𝑇𝑌 =  
𝑘𝑂𝐹𝐹

𝑘𝑂𝑁
 

Equation 1 

Rmax (maximum response) is a parameter that represents the maximum binding capacity of 

the ligand immobilized on the sensor chip surface. It is determined by the amount of ligand 

immobilized and the stoichiometry of the interaction. Rmax is measured in response units 

(RU). This equation assumes that all the immobilized ligand is active and capable of binding 

to the analyte. In practice, not all the immobilized ligand may be active, and the observed 

Rmax may be less than the calculated Rmax. 

𝑅𝑚𝑎𝑥(𝑅𝑈) =
𝑅𝑙𝑖𝑔𝑎𝑛𝑑 ∗ 𝑀𝑊𝑎𝑛𝑎𝑙𝑦𝑡𝑒 ∗ 𝑉𝑎𝑙𝑒𝑛𝑐𝑦𝑙𝑖𝑔𝑎𝑛𝑑

𝑀𝑊𝑙𝑖𝑔𝑎𝑛𝑑
 Equation 2 

MWanalyte is the molecular weight of the analyte. MWligand is the molecular weight of the ligand. 

Rligand is the immobilization level of the ligand, measured in RU. Valencyligand is the number 

of analyte molecules that bind to each ligand molecule. 

𝑅𝑚𝑎𝑥,𝑟𝑎𝑡𝑖𝑜(%) =
𝑅𝑚𝑎𝑥,𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑒𝑙𝑙

𝑅𝑚𝑎𝑥,𝑡ℎ𝑒𝑜𝑟𝑦
 Equation 3 

The Rmax,ratio, calculated as provides a measure of the proportion of active ligand and thereby 

the Stoichiometry. 
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Complex Binding Kinetics – Two State Reaction 

The rationale behind the Two State Model lies in its ability to account for the additional 

kinetic steps that occur during the binding process. In contrast to a 1:1 binding model, in 

some interactions, the formation of the initial complex induces a conformational change, 

leading to a different, usually more stable, complex (AB*). This can be represented as follows: 

𝐴 + 𝐵 ↔ 𝐴𝐵 ↔  𝐴𝐵∗ 
Equation 4 

In this model, the analyte first associates with the ligand with an association rate constant 

(kON1), forming an initial complex (AB). This complex then undergoes a conformational 

change with a rate constant (kON2) to form the final complex (AB*). Each of these steps is 

reversible, with the initial complex dissociating back to the free analyte and ligand with a rate 

constant (kOFF1), and the final complex reverting back to the initial complex with a rate 

constant (kOFF2). 

 

The apparent or avidity equilibrium dissociation constant (KD) reflects the overall stability of 

the final AB* complex and  is calculated using the formula: 

𝐾𝐷,𝐴𝑉𝐼𝐷𝐼𝑇𝑌 =  
𝑘𝑂𝐹𝐹1

𝑘𝑂𝑁1
∗  (

𝑘𝑂𝐹𝐹2

(𝑘𝑂𝐹𝐹2 + 𝑘𝑂𝑁2)
) 

Equation 5 

 

Mass Photometry Technology 

The mass photometry experiments were conducted using the OneMP system, TwoMP 

system and OneMP-MassFluidix HC system to analyze low-affinity interactions (Refeyn Ltd., 

Oxford, UK) at room temperature. The sample buffer used for all experiments was 1x PBS, 

pH 7.4 (Roche Diagnostics GmbH). The sample carrier slides (Refeyn Ltd., Oxford, UK) 

were prepared by cleaning them in an isopropanol ultrasonic bath for 10 minutes, followed 

by consecutive rinsing with H2O. The slides were then dried under a stream of clean nitrogen. 

A fourteen well, each well 3 mm in diameter, sample well gasket (Refeyn Ltd., Oxford, UK) 

providing four measurement spots, each capable of holding a volume of 20µL sample 

solution, was placed onto the carrier slide. The molecules of interest, TRIM21 PRYSPRY or 

TRIM21-CC with antibody Fc variants, were prepared in the sample buffer at various 

concentrations, specifically four times higher than in the final droplet (for final 

concentrations and ratios, see histograms). The samples were thoroughly mixed and 

incubated at room temperature for 10 minutes to allow for complex formation. 

Approximately 5 µL of the sample was placed on a clean glass coverslip, containing 15µL of 

PBS, and loaded into the mass photometry system. The system was set to acquire data using 

the AquireMP 2.5 software (Refeyn Ltd.) for a period of 1 minute at a 1 kHz frame rate. The 

mass photometry data were then analyzed using the DiscoverMP 2.5.0 software (Refeyn Ltd.) 

and GraphPad Prism (Version 8.4.2, GraphPad Software, Inc., CA, USA)) applying a 

Gaussian distribution model. The acquisition parameters were set according to the 
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manufacturer's instructions and optimized for the specific molecules of interest using the 

following parameters: number of averaged frames: 5, threshold 1: 1.5, and threshold 2: 0.25. 

The mass of the individual molecules and their complexes were determined from the 

intensity of the light scattered by the molecules. Results were reported as normalized counts, 

calculated by dividing events in each bin by the total number of events. To ensure the 

reliability of the data, a control experiment was performed with each molecule alone to 

confirm their individual masses (5 nM concentration in the final droplet). A mass calibration 

curve was generated by analyzing three different proteins with known molecular masses of 

approximately 66 kDa, 145.5 kDa, and 194 kDa, respectively (Roche Diagnostics GmbH). 

The calibration data was collected from the 2.9 μm × 10.8 μm instrument field of view for 

100 seconds. 

 

Electron Microscopy Experiments  

Samples were diluted in D-PBS (Gibco Life Technologies) until a suitable concentration was 

reached for negative staining EM. Interaction mixtures (Figure 6) were mixed and incubated 

at RT for 1h prior to dilution and imaging. Recombinant AAVv-2-antibody interactions 

(Figure 8) were incubated for 30 minutes except for bivalent A20 Fc WT, which caused full 

precipitation at 30 minutes and was incubated for 5 minutes only. Images that additionally 

contain TRIM21-CC were incubated for 12 minutes with antibody variants, followed by 18 

minutes of incubation with TRIM21-CC. Since bivalent A20 Fc WT alone was sufficient to 

fully precipitate rAAVv-2s, it was not possible to observe an additional effect of TRIM21-

CC.Electron microscopy grids (T600H-Cu 698 l/inch Hex. mesh Thin Bar; EMS) were 

coated with a home-made ~2nm carbon film by floating the carbon on H2O and letting the 

water level drop till the carbon covered the grids. After at least 2 days of drying the grids 

were used. Four ul of sample was incubated on a glow-discharged carbon coated grid for 30 

seconds, followed by two steps of washing with H2O, a step of washing with UAc (2%) 

solution and incubation with UAc for 30s. As an internal standard and to improve the quality 

of the negative stain, 2ul of tobacco mosaic virus in solution was incubated for 10 seconds 

on the grid to each sample that did not include AAVs. This step was added after the 2 rounds 

of washing with H2O and followed by 2 extra H2O washing steps (TMV; kindly supplied by 

Ruben Diaz-Avalos, New York Structural Biology Center, USA). 

Grids were loaded into a Jeol JEM-1400 Plus transmission electron microscope operating a 

Lab6 electron source at 120 kV. Electron micrographs were recorded on TVIPS XF416 4000 

by 4000 pixel charge-coupled device camera (Tietz Video and Image Processing System, 

Gauting, Germany) at a nominal magnification of 100,000x yielding pictures with a pixel size 

corresponding to 0.1149 nm at the specimen level. Images were gaussian blurred 4x in ImageJ 

(75) before being imported into the EMAN2 software (76). Reference-free alignment was 

performed on manually selected particles followed by classifications by multivariate statistical 

analysis. 
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Model Predictions  

Structural model predictions were generated using AlphaFold2 with standard settings (63). 

To generate the multimeric Fc bound model, two copies of the TRIM21 sequence (full and 

truncated) were entered as separate molecules and the Fc light and heavy chain were fused 

into one molecule by adding a long GGGS linker between light and heavy chain. Results 

were visualized with ChimeraX (77, 78). 

 

Author Contributions 

Each author has contributed significantly to the conceptualization, development, and 

finalization of this work, approving its readiness for publication.  

 

Conflict of Interest Statement 

The authors declare that there are no commercial or financial relationships that could be 

interpreted as a potential conflict of interest in relation to this research. CK declares 

employment, patents and stock ownership with Roche. 

 

Acknowledgements 

We would like to acknowledge Matthias Lauer and Lubomir Kovacik for their contributions 

to the Nautilus at Roche Basel, the EM facility where the electron microscopy data was 

recorded. We highly appreciate Holger Kley, Roche Penzberg, providing SEC-MALS data 

for TRIM21.  

 

Literature 

1. Rajsbaum R, García-Sastre A, Versteeg GA. Trimmunity: The Roles of the Trim E3-

Ubiquitin Ligase Family in Innate Antiviral Immunity. J Mol Biol (2014) 426(6):1265-84. doi: 

10.1016/j.jmb.2013.12.005. 

2. Foss S, Bottermann M, Jonsson A, Sandlie I, James LC, Andersen JT. Trim21—from 

Intracellular Immunity to Therapy. Front Immunol (2019) 10:2049. doi: 

10.3389/fimmu.2019.02049. 

3. McEwan WA, James LC. Trim21-Dependent Intracellular Antibody Neutralization 

of Virus Infection. Prog Mol Biol Transl (2015) 129:167-87. doi: 

10.1016/bs.pmbts.2014.10.006. 

4. Watkinson RE, McEwan WA, James LC. Intracellular Antibody Immunity. J Clin 

Immunol (2014) 34(Suppl 1):30-4. doi: 10.1007/s10875-014-0017-4. 

5. Watkinson RE, Tam JCH, Vaysburd MJ, James LC. Simultaneous Neutralization and 

Innate Immune Detection of a Replicating Virus by Trim21. J Virol (2013) 87(13):7309-13. 

doi: 10.1128/jvi.00647-13. 



 

108 

6. Boudinot P, Aa LMvd, Jouneau L, Pasquier LD, Pontarotti P, Briolat V, et al. Origin 

and Evolution of Trim Proteins: New Insights from the Complete Trim Repertoire of 

Zebrafish and Pufferfish. PLoS ONE (2011) 6(7):e22022. doi: 

10.1371/journal.pone.0022022. 

7. Randow F, MacMicking JD, James LC. Cellular Self-Defense: How Cell-

Autonomous Immunity Protects against Pathogens. Science (2013) 340(6133):701-6. doi: 

10.1126/science.1233028. 

8. Rhodes DA, Isenberg DA. Trim21 and the Function of Antibodies inside Cells. 

Trends Immunol (2017) 38(12):916-26. doi: 10.1016/j.it.2017.07.005. 

9. Mallery DL, McEwan WA, Bidgood SR, Towers GJ, Johnson CM, James LC. 

Antibodies Mediate Intracellular Immunity through Tripartite Motif-Containing 21 

(Trim21). Proc National Acad Sci (2010) 107(46):19985-90. doi: 10.1073/pnas.1014074107. 

10. Foss S, Watkinson RE, Grevys A, McAdam MB, Bern M, Høydahl LS, et al. Trim21 

Immune Signaling Is More Sensitive to Antibody Affinity Than Its Neutralization Activity. J 

Immunol (2016) 196(8):3452-9. doi: 10.4049/jimmunol.1502601. 

11. McEwan WA, Tam JCH, Watkinson RE, Bidgood SR, Mallery DL, James LC. 

Intracellular Antibody-Bound Pathogens Stimulate Immune Signaling Via the Fc Receptor 

Trim21. Nat Immunol (2013) 14(4):327. doi: 10.1038/ni.2548. 

12. Ozato K, Shin DM, Chang TH, Morse HC, 3rd. Trim Family Proteins and Their 

Emerging Roles in Innate Immunity. Nat Rev Immunol (2008) 8(11):849-60. Epub 

2008/10/07. doi: 10.1038/nri2413. 

13. Meroni G, Diez‐ Roux G. Trim/Rbcc, a Novel Class of ‘Single Protein Ring Finger’ 

E3 Ubiquitin Ligases. BioEssays (2005) 27(11):1147-57. doi: 10.1002/bies.20304. 

14. Reymond A, Meroni G, Fantozzi A, Merla G, Cairo S, Luzi L, et al. The Tripartite 

Motif Family Identifies Cell Compartments. Embo J (2001) 20(9):2140-51. doi: 

10.1093/emboj/20.9.2140. 

15. Wang H-T, Hur S. Substrate Recognition by Trim and Trim-Like Proteins in Innate 

Immunity. Semin Cell Dev Biol (2021) 111:76-85. doi: 10.1016/j.semcdb.2020.09.013. 

16. Fletcher AJ, Mallery DL, Watkinson RE, Dickson CF, James LC. Sequential 

Ubiquitination and Deubiquitination Enzymes Synchronize the Dual Sensor and Effector 

Functions of Trim21. Proc National Acad Sci (2015) 112(32):10014-9. doi: 

10.1073/pnas.1507534112. 

17. Glickman MH, Ciechanover A. The Ubiquitin-Proteasome Proteolytic Pathway: 

Destruction for the Sake of Construction. Physiol Rev (2002) 82(2):373-428. doi: 

10.1152/physrev.00027.2001. 

18. Hershko A, Ciechanover A. The Ubiquitin System. Annu Rev Biochem (1998) 

67(1):425-79. doi: 10.1146/annurev.biochem.67.1.425. 



 

109 

19. Dickson C, Fletcher AJ, Vaysburd M, Yang J-C, Mallery DL, Zeng J, et al. 

Intracellular Antibody Signalling Is Regulated by Phosphorylation of the Fc Receptor 

Trim21. Elife (2018) 7:e32660. doi: 10.7554/elife.32660. 

20. Kiss L, Clift D, Renner N, Neuhaus D, James LC. Ring Domains Act as Both 

Substrate and Enzyme in a Catalytic Arrangement to Drive Self-Anchored Ubiquitination. 

Nat Commun (2021) 12(1):1220. doi: 10.1038/s41467-021-21443-6. 

21. Kiss L, Zeng J, Dickson CF, Mallery DL, Yang J-C, McLaughlin SH, et al. A Tri-

Ionic Anchor Mechanism Drives Ube2n-Specific Recruitment and K63-Chain 

Ubiquitination in Trim Ligases. Nat Commun (2019) 10(1):4502. doi: 10.1038/s41467-019-

12388-y. 

22. Keeble AH, Khan Z, Forster A, James LC. Trim21 Is an Igg Receptor That Is 

Structurally, Thermodynamically, and Kinetically Conserved. Proc National Acad Sci (2008) 

105(16):6045-50. doi: 10.1073/pnas.0800159105. 

23. Bidgood SR, Tam JCH, McEwan WA, Mallery DL, James LC. Translocalized Iga 

Mediates Neutralization and Stimulates Innate Immunity inside Infected Cells. Proc National 

Acad Sci (2014) 111(37):13463-8. doi: 10.1073/pnas.1410980111. 

24. James LC, Keeble AH, Khan Z, Rhodes DA, Trowsdale J. Structural Basis for 

Pryspry-Mediated Tripartite Motif (Trim) Protein Function. Proc National Acad Sci (2007) 

104(15):6200-5. doi: 10.1073/pnas.0609174104. 

25. James LC. Intracellular Antibody Immunity and the Cytosolic Fc Receptor Trim21. 

Curr Top Microbiol Immunol (2014) 382:51-66. Epub 2014/08/15. doi: 10.1007/978-3-319-

07911-0_3. 

26. Burmeister WP, Gastinel LN, Simister NE, Blum ML, Bjorkman PJ. Crystal Structure 

at 2.2 a Resolution of the Mhc-Related Neonatal Fc Receptor. Nature (1994) 372(6504):336-

43. Epub 1994/11/24. doi: 10.1038/372336a0. 

27. Oganesyan V, Damschroder MM, Cook KE, Li Q, Gao C, Wu H, et al. Structural 

Insights into Neonatal Fc Receptor-Based Recycling Mechanisms. J Biol Chem (2014) 

289(11):7812-24. Epub 2014/01/29. doi: 10.1074/jbc.M113.537563. 

28. Vaughn DE, Bjorkman PJ. Structural Basis of Ph-Dependent Antibody Binding by 

the Neonatal Fc Receptor. Structure (1998) 6(1):63-73. Epub 1998/03/11. doi: 

10.1016/s0969-2126(98)00008-2. 

29. Bottermann M, James LC. Intracellular Antiviral Immunity. Adv Virus Res (2018) 

100(Antioxid. Redox Signal. 22 2015):309-54. doi: 10.1016/bs.aivir.2018.01.002. 

30. Ng PML, Kaliaperumal N, Lee CY, Chin WJ, Tan HC, Au VB, et al. Enhancing 

Antigen Cross-Presentation in Human Monocyte-Derived Dendritic Cells by Recruiting the 

Intracellular Fc Receptor Trim21. J Immunol (2019) 202(8):2307-19. doi: 

10.4049/jimmunol.1800462. 



 

110 

31. Dall'Acqua WF, Kiener PA, Wu H. Properties of Human Igg1s Engineered for 

Enhanced Binding to the Neonatal Fc Receptor (Fcrn). J Biol Chem (2006) 281(33):23514-24. 

Epub 2006/06/24. doi: 10.1074/jbc.M604292200. 

32. Booth BJ, Ramakrishnan B, Narayan K, Wollacott AM, Babcock GJ, Shriver Z, et al. 

Extending Human Igg Half-Life Using Structure-Guided Design. MAbs (2018) 10(7):1098-

110. Epub 2018/06/28. doi: 10.1080/19420862.2018.1490119. 

33. Mackness BC, Jaworski JA, Boudanova E, Park A, Valente D, Mauriac C, et al. 

Antibody Fc Engineering for Enhanced Neonatal Fc Receptor Binding and Prolonged 

Circulation Half-Life. MAbs (2019) 11(7):1276-88. Epub 2019/06/21. doi: 

10.1080/19420862.2019.1633883. 

34. Liu R, Oldham RJ, Teal E, Beers SA, Cragg MS. Fc-Engineering for Modulated 

Effector Functions-Improving Antibodies for Cancer Treatment. Antibodies (2020) 9(4):64. 

Epub 2020/11/21. doi: 10.3390/antib9040064. 

35. Qi T, Cao Y. In Translation: Fcrn across the Therapeutic Spectrum. Int J Mol Sci 

(2021) 22(6). Epub 2021/04/04. doi: 10.3390/ijms22063048. 

36. MOESSNER Ekkehard, Tilman S, inventors; F HOFFMANN-LA ROCHE AG 

(HOFF-C), assignee. Immunoglobulin G Class Fragment Crystallizable (Fc)-Region Used 

for Treatment of Ocular Vascular Diseases, Comprises First Variant Fc-Region Polypeptide 

and Second Variant Fc-Region Polypeptide; Fc-Region Variants with Modified Fcrn-Binding 

and Methods of Use patent WO2016071376A2 (2015). 

37. SCHLOTHAUER T, A S, inventors; HOFFMANN LA ROCHE & CO AG F 

(HOFF-C) assignee. New Polypeptide Used in Pharmaceutical Formulation for E.G. 

Treating Vascular Eye Diseases, and Transporting Soluble Receptor Ligand from Eye over 

Blood-Ocular-Barrier into Blood Circulation; Fc-Region Variants with Modified Fcrn- and 

Maintained Protein a-Binding Properties patent WO2015107026A1 (2015). 

38. Joerg Thomas Regula WS, Tilman Schlothauer, inventor; F HOFFMANN-LA 

ROCHE assignee. New Immunoglobulin G (Igg) Class Fragment Crystallizable (Fc)-Region 

Useful in Antibody for Preparing Medicine Used for Treating Ocular Vascular Diseases, 

Comprises First and Second Variant Fc-Region Polypeptides; Fc-Receptor Binding Modified 

Asymmetric Antibodies and Methods of Use patent WO2014177459A2 (2014). 

39. T S, inventor; HOFFMANN LA ROCHE, assignee. Fc-Region Variants with 

Improved Protein a-Binding; New Polypeptide Comprising First and Second Polypeptides 

Each Comprising Immunoglobulin (Ig) Hinge Region Comprising Cysteine Residue, Ig 

Constant Heavy Chain (Ch) 2 Domain and Ig Ch3-Domain, Used to Treat Vascular Eye 

Diseases patent WO2015107015A1 (2015). 

40. Schoch A, Kettenberger H, Mundigl O, Winter G, Engert J, Heinrich J, et al. Charge-

Mediated Influence of the Antibody Variable Domain on Fcrn-Dependent 

Pharmacokinetics. Proc Natl Acad Sci U S A (2015) 112(19):5997-6002. Epub 2015/04/29. 

doi: 10.1073/pnas.1408766112. 



 

111 

41. Wang W, Lu P, Fang Y, Hamuro L, Pittman T, Carr B, et al. Monoclonal Antibodies 

with Identical Fc Sequences Can Bind to Fcrn Differentially with Pharmacokinetic 

Consequences. Drug Metab Dispos (2011) 39(9):1469-77. Epub 2011/05/26. doi: 

10.1124/dmd.111.039453. 

42. Bottermann M, Lode HE, Watkinson RE, Foss S, Sandlie I, Andersen JT, et al. 

Antibody-Antigen Kinetics Constrain Intracellular Humoral Immunity. Sci Rep-uk (2016) 

6(1):37457. doi: 10.1038/srep37457. 

43. McEwan WA, Hauler F, Williams CR, Bidgood SR, Mallery DL, Crowther RA, et al. 

Regulation of Virus Neutralization and the Persistent Fraction by Trim21. J Virol (2012) 

86(16):8482-91. doi: 10.1128/jvi.00728-12. 

44. Caddy SL, Vaysburd M, Wing M, Foss S, Andersen JT, O‘Connell K, et al. 

Intracellular Neutralisation of Rotavirus by Vp6-Specific Igg. Plos Pathog (2020) 

16(8):e1008732. doi: 10.1371/journal.ppat.1008732. 

45. Manocha GD, Mishra R, Sharma N, Kumawat KL, Basu A, Singh SK. Regulatory 

Role of Trim21 in the Type-I Interferon Pathway in Japanese Encephalitis Virus-Infected 

Human Microglial Cells. J Neuroinflammation (2014) 11:24. Epub 2014/02/04. doi: 

10.1186/1742-2094-11-24. 

46. Mu T, Zhao X, Zhu Y, Fan H, Tang H. The E3 Ubiquitin Ligase Trim21 Promotes 

Hbv DNA Polymerase Degradation. Viruses (2020) 12(3). Epub 2020/04/05. doi: 

10.3390/v12030346. 

47. Rakebrandt N, Lentes S, Neumann H, James LC, Neumann‐ Staubitz P. Antibody‐  

and Trim21‐ Dependent Intracellular Restriction of Salmonella Enterica. Pathog Dis (2014) 

72(2):131-7. doi: 10.1111/2049-632x.12192. 

48. Vaysburd M, Watkinson RE, Cooper H, Reed M, O’Connell K, Smith J, et al. 

Intracellular Antibody Receptor Trim21 Prevents Fatal Viral Infection. Proc National Acad Sci 

(2013) 110(30):12397-401. doi: 10.1073/pnas.1301918110. 

49. Wei Y, Zeng S, Zou C, Zhang H, Peng O, Xue C, et al. Porcine Trim21 Ring-Finger 

E3 Ubiquitin Ligase Is Essential for Anti-Prrsv Activity. Vet Microbiol (2021) 256:109043. 

Epub 2021/03/30. doi: 10.1016/j.vetmic.2021.109043. 

50. Li X, Yang L, Chen S, Zheng J, Zhang H, Ren L. Multiple Roles of Trim21 in Virus 

Infection. Int J Mol Sci (2023) 24(2). Epub 2023/01/22. doi: 10.3390/ijms24021683. 

51. Zeng J, Santos AF, Mukadam AS, Osswald M, Jacques DA, Dickson CF, et al. 

Target-Induced Clustering Activates Trim-Away of Pathogens and Proteins. Nat Struct Mol 

Biol (2021):1-12. doi: 10.1038/s41594-021-00560-2. 

52. Fiorentini F, Esposito D, Rittinger K. Does It Take Two to Tango? Ring Domain 

Self-Association and Activity in Trim E3 Ubiquitin Ligases. Biochem Soc Trans (2020) 

48(6):2615-24. doi: 10.1042/bst20200383. 



 

112 

53. Jensen PF, Larraillet V, Schlothauer T, Kettenberger H, Hilger M, Rand KD. 

Investigating the Interaction between the Neonatal Fc Receptor and Monoclonal Antibody 

Variants by Hydrogen/Deuterium Exchange Mass Spectrometry. Mol Cell Proteomics (2015) 

14(1):148-61. Epub 2014/11/08. doi: 10.1074/mcp.M114.042044. 

54. Piche-Nicholas NM, Avery LB, King AC, Kavosi M, Wang M, O'Hara DM, et al. 

Changes in Complementarity-Determining Regions Significantly Alter Igg Binding to the 

Neonatal Fc Receptor (Fcrn) and Pharmacokinetics. MAbs (2018) 10(1):81-94. Epub 

2017/10/11. doi: 10.1080/19420862.2017.1389355. 

55. Schlothauer T, Rueger P, Stracke JO, Hertenberger H, Fingas F, Kling L, et al. 

Analytical Fcrn Affinity Chromatography for Functional Characterization of Monoclonal 

Antibodies. MAbs (2013) 5(4):576-86. Epub 2013/06/15. doi: 10.4161/mabs.24981. 

56. Grevys A, Frick R, Mester S, Flem-Karlsen K, Nilsen J, Foss S, et al. Antibody 

Variable Sequences Have a Pronounced Effect on Cellular Transport and Plasma Half-Life. 

iScience (2022) 25(2):103746. Epub 2022/02/05. doi: 10.1016/j.isci.2022.103746. 

57. McCraw DM, O'Donnell JK, Taylor KA, Stagg SM, Chapman MS. Structure of 

Adeno-Associated Virus-2 in Complex with Neutralizing Monoclonal Antibody A20. 

Virology (2012) 431(1-2):40-9. Epub 2012/06/12. doi: 10.1016/j.virol.2012.05.004. 

58. Foss S, Watkinson R, Sandlie I, James LC, Andersen JT. Trim21: A Cytosolic Fc 

Receptor with Broad Antibody Isotype Specificity. Immunol Rev (2015) 268(1):328-39. doi: 

10.1111/imr.12363. 

59. Burvenich IJ, Lee FT, O'Keefe GJ, Makris D, Cao D, Gong S, et al. Engineering 

Anti-Lewis-Y Hu3s193 Antibodies with Improved Therapeutic Ratio for 

Radioimmunotherapy of Epithelial Cancers. EJNMMI Res (2016) 6(1):26. Epub 2016/03/18. 

doi: 10.1186/s13550-016-0180-0. 

60. Fletcher AJ, James LC. Coordinated Neutralization and Immune Activation by the 

Cytosolic Antibody Receptor Trim21. J Virol (2016) 90(10):4856-9. Epub 2016/03/05. doi: 

10.1128/JVI.00050-16. 

61. Sanchez JG, Chiang JJ, Sparrer KMJ, Alam SL, Chi M, Roganowicz MD, et al. 

Mechanism of Trim25 Catalytic Activation in the Antiviral Rig-I Pathway. Cell Rep (2016) 

16(5):1315-25. Epub 2016/07/19. doi: 10.1016/j.celrep.2016.06.070. 

62. Sanchez JG, Okreglicka K, Chandrasekaran V, Welker JM, Sundquist WI, Pornillos 

O. The Tripartite Motif Coiled-Coil Is an Elongated Antiparallel Hairpin Dimer. Proc Natl 

Acad Sci U S A (2014) 111(7):2494-9. Epub 2014/02/20. doi: 10.1073/pnas.1318962111. 

63. Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, et al. Highly 

Accurate Protein Structure Prediction with Alphafold. Nature (2021) 596(7873):583-9. Epub 

2021/07/16. doi: 10.1038/s41586-021-03819-2. 

64. Moskalenko M, Chen L, van Roey M, Donahue BA, Snyder RO, McArthur JG, et al. 

Epitope Mapping of Human Anti-Adeno-Associated Virus Type 2 Neutralizing Antibodies: 



 

113 

Implications for Gene Therapy and Virus Structure. J Virol (2000) 74(4):1761-6. Epub 

2000/01/22. doi: 10.1128/jvi.74.4.1761-1766.2000. 

65. Wobus CE, Hugle-Dorr B, Girod A, Petersen G, Hallek M, Kleinschmidt JA. 

Monoclonal Antibodies against the Adeno-Associated Virus Type 2 (Aav-2) Capsid: Epitope 

Mapping and Identification of Capsid Domains Involved in Aav-2-Cell Interaction and 

Neutralization of Aav-2 Infection. J Virol (2000) 74(19):9281-93. Epub 2000/09/12. doi: 

10.1128/jvi.74.19.9281-9293.2000. 

66. Summerford C, Samulski RJ. Membrane-Associated Heparan Sulfate Proteoglycan Is 

a Receptor for Adeno-Associated Virus Type 2 Virions. J Virol (1998) 72(2):1438-45. Epub 

1998/01/28. doi: 10.1128/JVI.72.2.1438-1445.1998. 

67. Fitzpatrick Z, Leborgne C, Barbon E, Masat E, Ronzitti G, van Wittenberghe L, et 

al. Influence of Pre-Existing Anti-Capsid Neutralizing and Binding Antibodies on Aav 

Vector Transduction. Mol Ther Methods Clin Dev (2018) 9:119-29. Epub 2018/05/17. doi: 

10.1016/j.omtm.2018.02.003. 

68. Xiao PJ, Samulski RJ. Cytoplasmic Trafficking, Endosomal Escape, and Perinuclear 

Accumulation of Adeno-Associated Virus Type 2 Particles Are Facilitated by Microtubule 

Network. J Virol (2012) 86(19):10462-73. Epub 2012/07/20. doi: 10.1128/JVI.00935-12. 

69. Varghese R, Mikyas Y, Stewart PL, Ralston R. Postentry Neutralization of 

Adenovirus Type 5 by an Antihexon Antibody. J Virol (2004) 78(22):12320-32. Epub 

2004/10/28. doi: 10.1128/JVI.78.22.12320-12332.2004. 

70. Wohlfart CE, Svensson UK, Everitt E. Interaction between Hela Cells and 

Adenovirus Type 2 Virions Neutralized by Different Antisera. J Virol (1985) 56(3):896-903. 

Epub 1985/12/01. doi: 10.1128/JVI.56.3.896-903.1985. 

71. Ridgway JB, Presta LG, Carter P. 'Knobs-into-Holes' Engineering of Antibody Ch3 

Domains for Heavy Chain Heterodimerization. Protein Eng (1996) 9(7):617-21. Epub 

1996/07/01. doi: 10.1093/protein/9.7.617. 

72. Spiess C, Zhai Q, Carter PJ. Alternative Molecular Formats and Therapeutic 

Applications for Bispecific Antibodies. Mol Immunol (2015) 67(2 Pt A):95-106. Epub 

2015/02/01. doi: 10.1016/j.molimm.2015.01.003. 

73. Vaks L, Litvak-Greenfeld D, Dror S, Shefet-Carasso L, Matatov G, Nahary L, et al. 

Design Principles for Bispecific Iggs, Opportunities and Pitfalls of Artificial Disulfide Bonds. 

Antibodies (2018) 7(3). Epub 2018/07/28. doi: 10.3390/antib7030027. 

74. Wessels U, Schick E, Ritter M, Kowalewsky F, Heinrich J, Stubenrauch K. Novel 

Drug and Soluble Target Tolerant Antidrug Antibody Assay for Therapeutic Antibodies 

Bearing the P329g Mutation. Bioanalysis (2017) 9(11):849-59. Epub 2017/05/19. doi: 

10.4155/bio-2017-0048. 

75. Schneider CA, Rasband WS, Eliceiri KW. Nih Image to Imagej: 25 Years of Image 

Analysis. Nat Methods (2012) 9(7):671-5. Epub 2012/08/30. doi: 10.1038/nmeth.2089. 



 

114 

76. Tang G, Peng L, Baldwin PR, Mann DS, Jiang W, Rees I, et al. Eman2: An Extensible 

Image Processing Suite for Electron Microscopy. J Struct Biol (2007) 157(1):38-46. Epub 

2006/07/25. doi: 10.1016/j.jsb.2006.05.009. 

77. Goddard TD, Huang CC, Meng EC, Pettersen EF, Couch GS, Morris JH, et al. Ucsf 

Chimerax: Meeting Modern Challenges in Visualization and Analysis. Protein Sci (2018) 

27(1):14-25. Epub 2017/07/16. doi: 10.1002/pro.3235. 

78. Pettersen EF, Goddard TD, Huang CC, Meng EC, Couch GS, Croll TI, et al. Ucsf 

Chimerax: Structure Visualization for Researchers, Educators, and Developers. Protein Sci 

(2021) 30(1):70-82. Epub 2020/09/04. doi: 10.1002/pro.3943. 

 

Figures 

Figure 1. SPR assay orientations to characterize the interaction between TRIM21 and 

an antibody. Symmetrical and asymmetrical antibody Fc variants are investigated. In case 

of an asymmetrical Fc part, one Fc heavy chain contains a AAA mutation (schematically 

shown by red star), that completely abolishes TRIM21 binding. The used Fc variants and 

assay setups allow determining how Fc mutations influence the avidity-binding mode and 

dissecting avidity from affinity. (A) Antibody Fc variants are captured on the biosensor 

surface via an anti-Fab nanobody (vhh), Fc-only variants are coupled using standard amine 

coupling chemistry and cytokine Fc-Fusions are captured via anti-PGLALA F(ab’)2 fragment 

(74), while TRIM21 PRYSPRY domain is the analyte in solution (see Materials and Methods). 

Configuration (B) schematically shows the inverse to (A) while the PRYSPRY domain is 

captured via monovalent streptavidin. (C) To analyze the dimeric TRIM21 engagement of 

both IgG heavy chains, the antibody is captured via its Fab fragment, cytokine Fc-Fusions 

are captured via anti-PGLALA F(ab’)2 fragment (identical capture setup as in (A) and 

TRIM21-coiled-coil (TRIM21-CC) is injected. Illustrations are created with BioRender.com. 

 

Figure 2. Interaction analysis of human IgG1 (mAb1) Fc variants and TRIM21 

PRYSPRY domain. (A-C) showing sensorgrams (SPR data) where PRYSPRY was injected 

in five different concentrations as two-fold dilution series to immobilized mAb1 Fc variants 

(capture level approx. 60 RU). Each plot shows the measured raw data (colored gradient) 

and the global fit analysis as solid black lines. For immobilized mAb1 WT (A) and mAb1 

WT-AAA (B) PRYSPRY was injected at 500 nM highest concentration and for mAb1 AAA 

(C) at 2000 nM. The sensorgrams show the affinity binding mode applying a mono-

exponential fit model (Langmuir 1:1). The determined kinetic parameters are described in 

(D). The kON, kOFF and KD values are results from a global fit analysis ± fitting error. (E-F) 

show the complementary mass photometry (MP) data displaying a 2:1 binding stoichiometry 

confirming the SPR data. For the PRYSPRY - mAb1 WT complex, the data reveals a double 

bound state and for mAb1 WT-AAA a single bound state, while the control mAb1 AAA 
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shows no binding at all. A Gaussian distribution model was used to analyze the MP data. For 

individual masses of the molecules, see SI Info Figure S 1.  

Editable, Part of Figure 2, Figure 2D 

 

Editable, Part of Figure 2, Figure 2F 

 

 

 

 

 

 

Figure 3. Kinetic characterization of TRIM21 PRYSPRY binding to immobilized 

antibody Fc variants and cytokine-Fc Fusion constructs, and Fc only variant (Raw 

data SI Info Figure S 2). Detailed SPR assay setup is described in materials and methods. 

(A) The Affinity Rate Scale Plot enables the kinetic comparison of several binding 

experiments at one glance. The association rate (kON) and corresponding dissociation rate 

(kOFF) are juxtaposed in opposition, connected via a vertical line, representing the binding 

strength (affinity). The further apart both parameters (kON and kOFF) the stronger the 

interaction is. Compared to mAb1 Fc WT, the Fc variants YTE (M252Y, S254T, T256E), 

HH (T307H, N434H) and Y436A show decreased PRYSPRY affinity. The YTE affinity is 

1.7-fold, HH 2.4-fold and Y436A 180-fold decreased. As shown in (B) the altered binding 

strength is mostly off rate driven, which becomes apparent in the overlay of normalized 

dissociation. The start of dissociation is normalized to 100 %.  

 

Figure 4. Affinity rate scale plot for captured TRIM21 PRYSPRY domain (ligand) 

and antibody (human IgG1) variable domain variants or antigen fusion constructs in 

solution (analyte). The injected constructs have different Fab regions but share the same 

Fc region. This allows the investigation of a potential Fab contribution to the PRYSPRY 

binding. All constructs were analyzed by applying a simple 1:1 Langmuir fit. The analyzed 

antibody variants do not show any Fab contribution. Notably, there is a faster on-rate (2x) 

for all constructs when compared to the reverse assay setup up (PRYSPRY as analyte). Raw 

data is shown in SI Info Figure S 3. 

Sample kON 

(x106 M-1s-1) 

kOFF 

(x10-2 s-1) 

KD 

(nM) 

t1/2 

(s) 

Valencyligand 

 

Rmax,Ratio 

(%) 

mAb1 WT 2.33 ± 0.01 9.94 ± 0.02 42.7 ± 0.1 7.0 2 97 

mAb1 WT-AAA 2.66 ± 0.01 10.5 ± 0.08 39.5 ± 0.5 6.6 1 95 

mAb1 AAA NA NA NA NA NA NA 

Sample Masstheo. (kDa) Massexp. (kDa) Gaussian Fit (%) 

mAb1 WT + PRYSPRY 196 193 ± 30 96 

mAb1 WT-AAA + PRYSPRY 171 172 ± 35 100 

mAb1 AAA + PRYSPRY 146 138 ± 22 100 

mAb1 AAA only 146 143 ± 24 100 
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Figure 5. Characterization of the TRIM21 dimeric nature (TRIM21-CC) applying 

different technologies. (A) SEC-MALS data reveals 94 % TRIM21-CC dimer (90 kDa). (B) 

Mass photometry technology shows 99% TRIM21-CC with 82 kDa. (C) Selection of EM 

2D classes confirming TRIM21-CC dimers. The coiled coil domains facilitate dimerization 

whereas the C-terminal PRYSPRY domains are placed at the opposite end of each coiled-

coil domain. 

 

Figure 6 Characterizing the interaction of TRIM21-CC with three different Antibody 

Fc variants. (A-D) Applying MP, dashed lines indicate the main peak of the respective 

species. (A) MP of TRIM21-CC with mAb 1 WT, (B) MP of TRIM21-CC with mAb 1 WT-

AAA (C) MP of TRIM21-CC with mAb 1 AAA. Only mAb 1 WT shows binding to 

TRIM21-CC at low nM concentration in accordance with its low nM binding strength. (D) 

The amount (%) of TRIM21-CC-mAb1 WT complex increases with excess of TRIM21-CC, 

while TRIM21-CC mAb1 WT-AAA shows a minor complexed species for the applied 

concentrations. (E-H) selected 2D averages of EM data, resolving TRIM21-CC with Fc WT 

(E), TRIM21-CC with Fc WT-AAA (F), TRIM21-CC with mAb1 WT (G) and mAb1 WT 

alone (H). 

 

Editable, Part of Figure 6, Figure 6D 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Characterization of TRIM21-CC with Antibody Fc variants. (A) shows the 

sensorgram (SPR) of mAb1 WT (ligand, approx. 8-10 RU) and TRIM21-CC (analyte) where 

TRIM21-CC was injected in seven different concentration, each for 180 sec as two-fold 

dilution series with 100 nM as highest concentration. Applied fit model is a simple 1:1 

interaction reflecting 100% avid bound, 1:1 antibody - TRIM21-CC species. (B) Variation in 

association time (10 -300 sec) injecting a constant concentration of 25 nM TRIM21-CC to 

captured mAb1 WT reveals a biphasic binding kinetic, which can be described by applying a 

Molar Ratios TRIM21-CC:mAb1 Fc variant 

Masstheo. (kDa) 86 146 232 

TRIM21-CC:mAb1 WT T21 (%) mAb1 (%) T21-mAb1 (%) 

1:3 3 92 1.4 

1:1 10 78 7 

3:1 32 51 15 

10:1 63 9 24 

TRIM21-CC:mAb1 WT-AAA 

1:3 6 90 NA 

1:1 17 80 1.8 

3:1 33 64 2.0 

10:1 66 34 1.6 

TRIM21-CC:mAb1 AAA   

1:3 4 94 NA 

1:1 18 80 NA 

10:1 66 33 NA 
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two state model providing fast and slow kinetic rates. (C) Rate-scale-plot comparing affinity 

and avidity measurements of Fc variants towards PRYSPRY or TRIM21-CC. (D) The altered 

binding strength from affinity to avidity is mostly off rate driven, which becomes apparent 

in the overlay of normalized dissociation phases (kOFF,AVIDITY) but can also occur as 

combination of both kinetic rate parameters, namely on and off rate. 

 

Figure 8 TRIM21-CC-Antibody-AAV2 Characterization. SPR Assay data is shown in 

(A-B). (A1-A2) Schematic SPR assay configuration to analyze the affinity to avidity interplay 

of TRIM21-CC, anti capsid antibody variants A20 and rAAVv-2. Biotinylated TRIM21-CC 

is captured via monovalent streptavidin achieving a captured level of 190 RU (A1, high 

density)) and 35 RU (A2, low density). Subsequent, anti-AAV2 capsid antibody variants 

(bivalent A20 Fc WT, one-armed A20 Fc WT and Fc WT-AAA) are injected to saturate the 

TRIM21-CC surface, followed by the injection of rAAV-2. (B) Overlay of the normalized 

dissociation phases (Start of Dissociation: 100%) after the injection of 3.32 nM rAAVv-2 

over low and high TRIM21-CC-A20 densities. At higher antibody densities, more avid 

complexation occurs and a higher degree of rAAVv-2 surface decoration is possible. This 

allows less complex to dissociate over time to due to simultaneous engagement of both, 

TRIM21-CC and AAV2, mediated via the A20 antibody variants. (C) Electron microscopy 

images of rAAVv-2 interactions with antibodies alone (left column) and TRIM21 additionally 

(right column). The scale bars represent 50 nm.  

 

Figure 9 Schematic model suggesting how one TRIM21 dimer engages both sites of 

the Fc region in a two-step process. Upon Fc binding, the PRYSPRY detaches from the 

coiled-coil domain. The linker domain allows enough freedom of movement to allow 

engagement of the second PRYSPRY domain. Only after initial binding bivalent engagement 

of both Fc heavy chains is possible.  
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5.3 Figures 

Figure 1 
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Figure 2 

 

 

Figure 3 

 



 

120 

Figure 4 

 

 

Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
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6 

Conclusion and Outlook 

In this thesis, we explored the intricate world of antibody Fc engineering, highlighting the 

critical role of avidity in therapeutic antibody efficacy. Avidity, defined as the cumulative 

binding strength from multiple non-covalent interactions, is fundamental to both the science 

of antibodies and their clinical use. It is the collective strength of these interactions that 

underpins the efficacy and functionality of antibodies in therapeutic contexts. Moreover, 

avidity is crucial in modulating antibody effector functions and in the strategic design of 

biotherapeutics. 

The two studies presented elucidate the nuanced relationship between affinity and avidity in 

the interactions of FcRn and TRIM21 with Fc-engineered antibodies. These interactions are 

shown to be key in refining antibody designs for improved therapeutic outcomes. Building 

on the discussions in separate chapters (Chapter 4.2 and Chapter 5.2), this conclusion seeks 

to integrate these findings into the broader research context, detailing the novel contributions 

and implications of my work. 

6.1 Interpretation of Findings and Implications for 

Antibody Fc Engineering 

To comprehensively characterize complex interactions, such as those between FcRn or 

TRIM21 and an IgG, the concept of affinity must be expanded to include avidity. Affinity 

describes the strength of the interaction between a single binding site of a molecule, such as 

an antibody, and its specific ligand, such as an Fc receptor. It represents how well a molecule 

can bind to its partner at a given site. The higher the affinity is, the stronger and more specific 

the binding. In contrast, avidity considers the cumulative strength of multiple affinities in 

multivalent interactions. Avidity refers to the overall strength of the binding between a 

molecule with multiple binding sites, such as an antibody with multiple antigen/FcR binding 

sites, and a multivalent ligand, such as an antigen/FcR with multiple epitopes. It incorporates 

the strength of each individual affinity interaction as well as the structural arrangement and 

spatial availability of the binding sites. Avidity effectively enhances the binding strength 

through multiple simultaneous affinity interactions, leading to a more stable and durable 

interaction than affinity alone would predict. This is particularly important for the success of 
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antibody-based therapies and is crucial for their pharmacokinetic and pharmacodyamic 

properties, as the combined effect of multiple weak bindings can result in a very strong 

overall attachment (287).  

Antibody effector functions are initiated through multivalent interactions with cellular 

antigens, leading to IgG aggregation on cell surfaces, a process crucial for activating effector 

functions. Diebolder et al. (2014) (288) demonstrated that human IgG antibodies form 

hexameric structures through non-covalent Fc-Fc interactions, activating the complement 

system upon detecting surface antigens, underlining the role of antibody-complement 

coordination in immune defense. Further, Rouge et al. (2020) (289) showed that Rituximab 

induces CD20 circular assemblies, promoting Fc-hexamer formation and complement 

activation via C1q. Hiramoto et al. (2018) (290) found the IgM Fc region is essential for 

forming its unique pentameric structure, which binds to the AIM protein, indicating a critical 

role of the Fc region in immune regulation and disease repair through IgM-AIM interactions. 

Recent studies have demonstrated the significance of multivalent avidity in shaping the 

immunological response in vivo, particularly through interactions between IgG and Fcγ 

receptors (291, 292). These interactions are pivotal for the initiation of immune responses 

and highlight the potential of leveraging Fc receptor dynamics to develop advanced 

therapeutic agents. The engineering of IgG Fc domains emerges as a promising strategy for 

the development of immunotherapies that not only possess increased potency but also 

exhibit reduced adverse effects and extended half-lives. This tailored approach to 

immunotherapy enhances therapeutic efficacy and patient outcomes, thus marking a new 

horizon in the optimization of antibody-based treatments. With recent advancements, the 

engineering of antibodies for enhanced Fc-mediated effector functions and the creation of 

innovative antibody formats, including bispecific and multispecific constructs, expand the 

traditional scope of monospecific antibodies with native Fc regions. These developments 

mark a significant evolution in antibody design, offering the potential for targeted and 

effective therapeutic interventions (31, 293-296). In the scenarios described, avidity can reach 

different levels, arising from multidimensional affinity interactions that result in an overall 

binding strength (297). In addition to bivalent/bispecific Fab interactions, simultaneous Fab-

antigen and Fc-Fc or Fc-Fc receptor interactions can occur, making the interplay even more 

complex. 

Two FcRn molecules are intended to interact with one IgG in a 2:1 stoichiometry, engaging 

both heavy chains simultaneously, which presumably occurs on the membrane of acidified 

endosomal compartments (19). Yeung et al. (2009) (298) demonstrate that evaluating single 

affinities alone fails to capture the complete dynamics of antibody performance, particularly 

missing the impact of avidity enhancements in vivo. For instance, the N434W mutation, 

despite showing an 80-fold stronger affinity at pH 6.0 compared to wild-type Fc (WT), results 

in similar in vivo clearance rates to WT. This unexpected outcome is attributed to its 

significant binding to FcRn at physiological pH (pH 7.4), illustrating that excessive affinity 
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enhancement does not necessarily translate to better pharmacokinetics. Abdiche et al. (2015) 

(148) elucidated the critical role of FcRn avidity in vivo in maintaining extended serum half-

lives of immunoglobulins, demonstrating that optimal human IgG1 functionality requires 

dual FcRn binding sites. Their research highlighted that a human IgG1 Fc heterodimer 

(AAA/WT) exhibits significantly reduced serum half-life in both mice and rats compared to 

its WT counterpart. Notably, attempts to enhance FcRn binding affinity on a single side of 

the Fc domain (N434H mutation) did not suffice to offset the reduced half-life, 

demonstrating the indispensability of a 2:1 stoichiometry between IgG and FcRn for critical 

IgG biology and sustained half-life. This finding demonstrates the necessity of maintaining 

bivalent FcRn engagement for the development of therapeutics with prolonged efficacy. 

Optimal antibody design aims for increased affinity at acidic pH with minimal binding at 

neutral pH, aiming to minimize Fc region interactions with FcRn at pH 7.4 while maximizing 

binding efficacy through avidity at pH levels below 6.0. Effective FcRn engagement at pH 

6.0 necessitates careful engineering to balance increased binding potential without 

inadvertently enhancing binding at pH 7.4. This strategy, centered on precise pH-dependent 

binding characteristics, presents a significant engineering challenge but is crucial for 

extending IgG half-life.  

Homodimeric TRIM21 also engages both heavy chains, but in contrast to FcRn, it does so 

in a 1:1 stoichiometry, resulting in an avid binding mode due to bivalent binding, and is 

currently the strongest known Fc receptor (20). Bivalent Fc engagement elucidates how low-

affinity TRIM21 binders in the micromolar (µM) range still facilitate cytosolic degradation 

by activating TRIM21's neutralization capacity (29, 116). At elevated antibody levels, 

indicative of high opsonization conditions, TRIM21-mediated degradation occurs even with 

weak binders, attributed to an avid binding mechanism. This mechanism is further supported 

by the simultaneous binding of Fab to the viral capsid and Fc to TRIM21, which enhances 

multi-level avidity. Therefore, understanding the TRIM21 binding mode is fundamental to 

modulating avidity by engineering single affinities, whether the goal is to inhibit or promote 

this interaction based on therapeutic needs. 

To accurately characterize the cumulative effects of multiple affinity interactions within an 

avid binding mode, developing techniques and assays that measure both affinity and avidity, 

while minimizing the risk of measurement artifacts, is essential. Our goal was to design assays 

that are as straightforward as possible, yielding data that are not only interpretable but also 

conducive to accurate modeling. This necessitates technologies capable of dissecting 

complex binding kinetics to effectively differentiate between affinity and avidity. 

Consequently, we selected assay configurations that closely mimic physiological conditions, 

recognizing that the analysis of such interactions, especially for FcRn and TRIM21, involves 

complex sensorgrams that do not conform to a simple 1:1 binding model. 

A critical aspect of our methodology was the meticulous control of ligand density, a factor 

that was prioritized across different biosensor technologies. Our research provides novel 
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insights into the IgG-FcRn/TRIM21 interaction within its biological context, with potential 

implications for our understanding of antibody recycling, neutralization, and immune 

response pathways. These findings establish a foundation for the future characterization of 

Fc-engineered antibodies, integrating both affinity and avidity analyses. Understanding how 

Fc mutations influence the avidity binding of FcRn and TRIM21 is vital for the strategic 

selection and combination of mutations, and is crucial for advancing our knowledge of 

antibody effector functions. 

6.2 The Role of Avidity in Antibody Drug Design  

In antibody engineering, there is a concerted effort to develop innovative cancer treatments 

with multi-specific binding capabilities. In this context, the concept of avidity plays a 

complex yet pivotal role. Although additional binding sites might intuitively seem to increase 

binding strength, the reality is more nuanced, particularly when considering the implications 

for antibody functionality and therapeutic applications. A thorough understanding of avidity 

is essential for accurately characterizing antibody interactions within the immune system and 

leveraging this knowledge to enhance the efficacy of biotherapeutics. This insight highlights 

the importance of engineering antibodies to optimize their binding properties for superior 

therapeutic performance. Strategies such as multi-specific targeting and adjusting antibody 

valency are key to enhancing avidity, offering promising avenues for the creation of more 

effective disease treatments (31, 299-303). 

In exploring the complex kinetics of biomolecular interactions, affinity and avidity data from 

the literature across a range of biomolecule interactions are compiled 

In exploring the complex kinetics of biomolecular interactions, affinity and avidity data from 

a range of biomolecule interactions have been compiled (Figure 13). Avidity assessments 

have utilized both cell assays and biosensor technologies, which closely mimic in vivo 

conditions, but face challenges in consistently controlling antigen levels on cell surfaces and 

typically yield only EC50 (half maximal effective concentration) or KD (equilibrium 

dissociation constant) values from dose-response analyses. In contrast, biosensor assays 

provide deeper insights into binding kinetics by enabling detailed studies of association and 

dissociation processes. Technologies such as SPR, interferometry, total internal reflection 

(TIR) fluorescence (304), and switchSense (273) facilitate a more comprehensive 

understanding of binding dynamics beyond basic equilibrium measurements. 

This thesis demonstrates that the FcRn-IgG interaction encompasses both monovalent and 

bivalent binding, featuring correlated pairs of affinity and avidity data that systematically vary 

with pH across a wide range. This variability served as the foundation for the development 

of a generalized binding model. Additionally, this thesis explored the bivalent engagement of 

IgG heavy chains by TRIM21, which revealed distinct binding characteristics among various 

Fc mutants and characterized their affinity-avidity relationships. 
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Beyond FcRn- and TRIM21-IgG interactions, multivalent interactions are crucial for 

specificity and trigger-like responses and are widespread across proteins, nucleic acids, and 

small molecules, with leukocyte integrins being one such example (305, 306). The immune 

system, in particular, displays the significance of avidity, especially in the function of 

inherently bivalent IgG antibodies (302, 307). Early immune response antibodies, such as 

IgM, which has 10 paratopes, leverage their multiple binding sites to enhance efficacy 

through avidity. Figure 13 illustrates a comparison of KD values from the literature for 

mono- and multivalent interactions, as well as those for FcRn and TRIM21 presented in this 

work. It reveals avidity enhancement factors which are defined as the ratio of apparent KD 

values for affinity to avidity (KD,AFFINITY/KD,AVIDITY), and they vary widely. For bivalent 

binders, these factors can reach up to approximately 1,000-fold. However, they 

predominantly range from 5- to 100-fold. Despite the wide range of affinity KD values, 

spanning nearly eight orders of magnitude, a clear correlation between affinity levels and 

avidity enhancement is not evident. 

 

 

Label Interaction Technology Publication 

1 hCA2 monomer and dimer SPR (308) 

2a anti-polysaccharide scFv SPR (309) 

2b anti-polysaccharide Fab and IgG SPR (309) 
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3 anti-beta galactosidase IgM SPR (310) 

4 anti-peptide pentameric nanobody SPR (311) 

5 anti-mAChR and b2AR small molecule Radiolig. cell assay (312) 

6 anti-DNP Fab and IgG TIRF and microfluid. (304) 

7 anti-DNP Fab and IgG TIRF (313) 

8 anti-Bacillus SP antigens Fab and IgG Cell assay (141) 

9a-e anti-Her2 scFv and IgG SPR (314) 

10a-b 

anti-CEA shMFE scFv  

monomer and dimer Fluor. cell assay (315) 

11a-c anti-Her2 diabody from scFv SPR (316) 

12 

anti-Her2 (scFv)2 and monoval. 

Heterodimer SPR (317) 

13a-h FcRn-IgG: pH = 5.8, 6.0,… 7.2 switchSENSE FcRn study, this work 

14a-d 

TRIM21-Fc Mutants: 14a WT, 14b 

YTE, 14c HH, 14d Y436A SPR 

TRIM21 study, this 

work 

Figure 13. Comparative Analysis of Apparent Dissociation Constants (KD) This figure compiles apparent 

KD values for both monovalent (affinity) and multivalent (avidity) interactions, incorporating data from various 

studies, including FcRn and TRIM21 interactions characterized in this work. To standardize the comparison, 

kinetic data from studies employing complex surface models have been converted to apparent KD values using 

the ratio of the dissociation rate constant (kOFF) to the association rate constant (kON). The figure demonstrates 

the range of enhancement factors attributable to avidity, which can amplify binding strength by up to 1,000-

fold, with most observed enhancements between 5-fold and 100-fold. 

In the discussion of affinity and avidity kinetics, only a select number of studies have 

provided comprehensive analyses. Cooper and Williams (1999) (310) explored the binding 

dynamics of IgM to beta-galactosidase anchored on a planar lipid bilayer, revealing a 64-fold 

increase in avidity enhancement for the off-rate, with a slight reduction in the on-rate, 

challenging conventional expectations. Similarly, MacKenzie et al. (1996) (309) examined the 

binding characteristics of single-chain antibody variable domains (scFv) in both monomeric 

and dimeric forms, as well as Fab versus full IgG molecules against polysaccharides. They 

found a significant 25-fold reduction in off-rates for bivalent binders compared to their 

monovalent counterparts, and a fivefold increase in on-rates for bivalent scFv. In contrast, 

the on-rate of the full IgG molecule was only marginally faster, at 1.3-fold, than that of its 

Fab component. Furthermore, the Whitesides group conducted meticulous analyses of the 

monomeric and dimeric forms of carbonic anhydrase binding to a small molecule inhibitor 

on a self-assembled monolayer (308). They identified a 42-fold avidity enhancement in the 

off-rate and also observed a slight reduction in the on-rates for the bivalent analyte (308).  

A recurring observation across these studies is the presence of biexponential dissociation 

phases in experiments involving bivalent binders. The initial rapid off-rate matched that 

observed in monovalent interactions (affinity), while a subsequent slower off-rate 

demonstrated the impact of bivalent binding (avidity). Association kinetics, which were 

largely monophasic across various reports, were effectively modeled using single-exponential 

fits; this illustrates the nuanced behavior of multivalent interactions (308, 309). 
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6.3 Limitations and Recommendations for Future 

Research 

In concluding this thesis, it is imperative to acknowledge that the exploration of avidity has 

significantly broadened our understanding of bivalent/bispecific IgG Fab interactions and 

Fc functions, catalyzing biotherapeutic innovations. However, this exploration also unveils 

considerable challenges. Limitations in specificity and control over avidity effects 

demonstrate the necessity for more nuanced investigations. Future research should aim to 

elucidate the molecular dynamics of avidity and its consequential impact on the therapeutic 

potential of antibodies. Such research promises to herald unprecedented breakthroughs in 

antibody-based treatments. The discourse presented herein provides a foundational overview 

of avidity, with more comprehensive analyses available in other studies (307, 308, 318-320). 

Crucial contributions from both experimental and theoretical domains, highlighted by several 

studies (307, 308, 310, 321-324), emphasize the importance of considering kinetic rates for 

unbound, singly bound, and doubly bound states in our understanding of bivalent binder 

formats. The modulation of avidity is intricately linked to the absolute and relative rates of 

transition for binding components between these states, including the consideration of 

intermediate states. 

As demonstrated, assessing the in vivo efficacy of therapeutic antibodies transcends the mere 

comparison of affinity values across antibody Fc mutants and formats. Focusing solely on 

individual binding affinities falls short of capturing the full spectrum of antibody efficacy and 

avidity. The current inability to quantitatively predict avidity enhancement based on 

individual binding site affinities illustrates the limitations of relying solely on affinity 

measurements for understanding antibody binding modes. This highlights the urgent need 

for a more comprehensive approach to evaluating antibody interactions, one that integrates 

kinetic considerations and avidity effects to fully understand and leverage the therapeutic 

potential of antibodies.  
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7 

Appendix 

7.1 Publication I: Supplementary Information 

This Chapter contains the Supplementary Information of  

 

Insight into the avidity-affinity relationship of the bivalent, pH-

dependent interaction between IgG and FcRn 
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7.1.1 Letter of Acceptance  
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7.1.2 Supplementary Information 

 

 

Figure S 1. Kinetic analysis of human FcRn immobilized and a human IgG1 (mAb1) Fc 

wildtype in solution at pH 6.0 working with ultra-low (A,B) and medium (C,D) FcRn 

densities on switchSENSE biosensor chip. Human IgG1 was injected in five different 

concentration as two-fold dilution series with a highest concentration of 300 nM. Each plot 

(B,D) shows the measured raw data (grey) and the global fit analysis as solid lines (blue 

fading). (A,B) shows the affinity case applying a mono-exponential fit model while 

sensorgram (C,D) display a biphasic dissociation curve reflecting affinity and avidity. The 

determined kinetic parameters are described in Table S 1.  

 

 

Table S 1. Summary of the affinity and avidity measurements of immobilized human FcRn 

and an IgG1 (mAb1) Fc wildtype as solute using a switchSENSE biosensor chip having a 

medium ligand density. The kinetic rate parameter are determined from analyzing the 

sensorgrams shown in Figure S 1. The kON, kOFF and KD values are results from a global fit 

analysis ± fitting error. 

Sample  Affinity Avidity 

mAb1 WT kON 

(x106 M-1s-1) 

kOFF,AFFINITY 

(x10-1 s-1) 

KD,AFFINITY 

(nM) 

kOFF,AVIDITY 

(x10-1 s-1) 

KD,AVIDITY 

(nM) 

low density 6.17 ± 1.50 3.51 ± 0.36  57.0 ± 15.1  NA NA 

med. density 7.53 ± 0.38  3.42 ± 0.15 45.4 ± 3.0  0.47 ± 0.03  6.24 ± 0.51 
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(A) mAb2 WT 

 

(B) mAb2 YTE 

 

Figure S 2. Kinetic analysis of human FcRn (immobilized) and a hIgG1 (mAb2) Fc WT (A) 

and YTE (B) variant (in solution) at pH 6.0 on switchSENSE biosensor chip. mAb2 was 

injected in five different concentration as two-fold dilution series with a highest 

concentration of 15 nM. Each plot (A,B) shows the measured raw data and the global fit 

analysis as solid lines. The sensorgrams display a biphasic dissociation curve reflecting affinity 

and avidity, while the association is monophasic. The determined kinetic parameters are 

described in Table S 2. 

 

 

Table S 2. Summary of the affinity and avidity measurements of immobilized hFcRn and 

mAb2 Fc variants as solute at pH 6.0. The kinetic rate parameters are determined from 

analyzing the sensorgrams shown in Figure S 2. The kON, kOFF and KD values are results 

from a global fit analysis ± fitting error. 

Sample   AFFINITY AVIDITY 

 
kON 

(M-1s-1) 

err kON 

(M-1s-1) 

kOFF1 

(s-1) 

err kOFF1 

(s-1) 

KD1 

(M) 

err KD1 

(M) 

kOFF2 

(s-1) 

err kOFF 

(s-1)2 

KD2 

(M) 

err KD2 

(M) 

(A) 

mAb2 WT 
3.60E+07 1.10E+06 7.78E-02 4.01E-03 2.16E-09 1.29E-10 1.47E-02 7.02E-04 4.08E-10 2.31E-11 

(B) 

mAb2 YTE 
7.00E+07 2.18E+06 4.02E-02 2.99E-03 5.74E-10 4.63E-11 5.87E-03 3.15E-04 8.39E-11 5.20E-12 
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Antibody (hIgG1) Fc variants  

(A) 

mAb1 Fc WT pH 6.0, low 
FcRn density 

(B) 

mAb1 Fc WT pH 6.0, 
medium FcRn density 

 

  

 

  

 

(C) 

mAb2 Fc WT, pH 6.0, 
medium FcRn density 

(D) 

mAb2 Fc YTE, pH 6.0, 
medium FcRn density 

(E) 

mAb1 Fc YTE, pH 6.0, 
medium FcRn density 

   

   

Figure S 3. SPR Sensorgrams of hFcRn (immobilized) and a hIgG1 Fc variant (in solution) 

at pH 6.0 on a C1 chip. FcRn (captured via Neutravidin) was captured on the surface at 140 

RU (medium). mAb Fc variants were injected in five different concentration as two-fold 

dilution series with a highest concentration of (A) 1000 nM mAb1 Fc WT – low FcRn 

density, (B) 1000 nM mAb1 Fc WT – medium FcRn density (C) 1000 nM mAb2 Fc WT – 

medium FcRn density, (D) 200 nM mAb2 Fc YTE – medium FcRn density, (E) 200 nM 

mAb1 Fc YTE – medium FcRn density. Each plot shows the measured raw data and the 

applied (A) 1:1 Fit Model or (B-E) heterogeneous Ligand Model (BiaEvaluation Software 

3.1) as solid lines (black). The goodness of the fit was evaluated by analyzing the residuals 
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(lower panel). The residuals show a systematic pattern, which suggests that the model is not 

a good fit for the data and parameters are not reliable. The determined kinetic parameters 

are described in Table S 3. 

 

 

Table S 3. Summary of SPR kinetic rate parameters of immobilized hFcRn and mAb Fc 

variants in solution at pH 6.0. The kinetic rate parameter are determined from analyzing the 

sensorgrams shown in Figure S 3. (A-C) For mAb1 WT and mAb2 WT at pH 6.0 the kinetic 

rates are outside the limits and cannot be measured reliably (indicated by *). Kinetic constants 

cannot be reliable determined. Revealed kinetic parameters are not realistic nor reliable and 

valid. (D - E) For mAb1 YTE and mAb2 YTE affinity kinetic rate parameters could be 

modelled approximately but the residuals show a systematic pattern, which suggests that the 

model is not a good fit for the data and parameters are not reliable (* kinetic rates are not 

reliable).  

Sample 

 

pH 6.0 

kON1 

(M-1s-1) 

Err. kON1 

(M-1s-1) 

kOFF1 

(s-1) 

Err. 

kOFF1 ( s-1) 

KD1 

(M) 

Err. 

KD1 (M) 
Density Model 

(A) mAb1 WT * 3.145E+9  92.25    low 1:1 

(B) mAb1 WT * 8.06E+08 6.89E+05 2.46E+02 2.10E-01 3.05E-07 3.69E-10 med. heterogeneous 

(C) mAb2 WT * 2.56E+09 2.31E+06 3.88E+02 3.48E-01 1.52E-07 1.93E-10 med heterogeneous 

(D) mAb2 YTE 7.12E+05 4.71E+03 5.13E-02 1.43E-04 7.21E-08 * 5.17E-10 med heterogeneous 

(E) mAb1 YTE 7.50E+05 1.94E+03 5.50E-02 1.08E-04 7.31E-08 * 2.38E-10 med heterogeneous 

         

 
kON2 

(M-1s-1) 

Err. kON2 

(M-1s-1) 

kOFF2 

(s-1) 

Err. 

kOFF2 ( s-1) 

KD2 

(M) 

Err. 

KD1 (M) 
  

(B) mAb1 WT * 3.89E+04 5.40E+01 1.35E-03 1.85E-06 3.47E-08 6.77E-11 med heterogeneous 

(C) mAb2 WT * 1.59E+04 1.99E+01 5.25E-04 7.28E-07 3.30E-08 6.17E-11 med heterogeneous 

(D) mAb2 YTE * 1.31E+06 2.49E+03 9.23E-04 3.91E-06 7.05E-10 3.27E-12 med heterogeneous 

(E) mAb1 YTE * 7.00E+05 1.84E+03 1.08E-03 3.05E-06 1.54E-09 5.95E-12 med heterogeneous 
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Figure S 4. Analytical hFcRn affinity chromatography for mAb1 and mAb2 Fc variants (WT 

vs. YTE). The elution profiles are shown as normalized fluorescence intensity (%) and as 

function of the pH gradient (%). Fluorescence intensity was normalized and set to 100 %. 

 

 

 

Figure S 5. HERA assay of hIgG1 (mAb1) WT and the Fc engineered YTE variant. A 

Uptake of WT and YTE at pH 7.4 when both constructs were added to the cells followed 

by 4 h incubation, washing and cell lysis. B Recycling of mAb1 WT and YTE at pH 7.4 when 

each antibody was added to the cells and incubated for 4 h followed by washing and 

additional incubation of 4 h before sample collection. C demonstrates results from the same 

protocol as in B followed by cell lysis.  
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Figure S 6. The relative amplitudes of affinity and avidity are shown as a percentage for four 

different FcRn and mAb1 Fc YTE pH values at pH 6.0, 6.6, 6.8 and 7.2 with 60 nM, 150 

nM, 300 nM and 600 nM injected hIgG1 respectively. The amplitudes are extracted from the 

applied biphasic fit model reflecting the FcRn - hgG1 binding mode (Equation (1)). The 

contribution of affinity driven (fast) and avidity driven (slow) dissociation phase to the overall 

signal change is shown as amplitude AAFFINITY (Afast) or AAVIDITY (Aslow). The overall 

dissociation curve is a superposition of two exponential time-courses, namely the affinity 

binding mode (fast dissociation) and the avidity binding mode (slow dissociation) 

deconvoluted by two exponential time-courses. Equation (3) and (4) show the calculation 

for the amplitudes (materials and methods).  

 

 

Figure S 7. presents the amplitude ratios of affinity and avidity binding mode, expressed in 

percentages, for FcRn and hIgG1 Fc YTE at pH 6.0 across five injected antibody 

concentrations. As the injected analyte concentration increases, the affine species becomes 

more prominent.  
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mAb1 Fc YTE, Low FcRn density (12 RU), 1:1 Fit Model 

(A) pH 5.8 (B) pH 6.0 (C) pH 6.4 

   

   

(D) pH 6.8 (E) pH 7.4  

  

 

  

 

Figure S 8. SPR Sensorgrams of hFcRn (immobilized) and a hIgG1 (mAb1) Fc YTE variant 

(in solution) from pH 5.8 to 7.4 on a C1 chip. FcRn (captured via Neutravidin) was captured 

on the surface at 12 RU (low). mAb1 Fc YTE was injected in five different concentration as 

two-fold dilution series with a highest concentration of (A) 200 nM for pH 5.8, (B) 200 nM 

for pH 6.0, (C) 600 nM for pH 6.4, (D) 1500 nM for pH 6.8 and (E) 3000 nM for pH 7.4. 

Each plot shows the measured raw data and a simple 1:1 global fit analysis as solid lines 

(black). The goodness of the fit was evaluated by analyzing the residuals (lower panel). The 

residuals are small and randomly distributed around zero. This means that the model's 

predictions are close to the actual observed data. The determined kinetic parameters are 

described in Table S 4. 
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Table S 4. Summary of SPR kinetic rate parameters of immobilized hFcRn (12 RU, low 

density) and mAb1 Fc YTE in solution. The kinetic rate parameter are determined from 

analyzing the sensorgrams shown in Figure S 8. The kON, kOFF and KD values are results 

from a global 1:1 fit analysis ± fitting error, determining the FcRn affinity (* kinetic rates are 

not reliable). 

Sample / Density pH 
kON1 

(M-1s-1) 

Error kON1 

(M-1s-1) 

kOFF1 

(s-1) 

Error 

kOFF1 ( s-1) 

KD1 

(M) 

Error 

KD1 (M) 

t1/2 

(s) 

mAb1 Fc YTE / 

low FcRn density 

(A) 5.8 7.52E+05 3.74E+05 0.027 2.50E-04 3.54E-08 1.76E-08 26.1 

(B) 6.0 7.36E+05 9.25E+03 0.050 6.03E-04 6.83E-08 1.19E-09 13.8 

(C) 6.4 4.82E+05 8.09E+03 0.102 1.68E-03 2.12E-07 4.98E-09 6.8 

(D) 6.8 3.12E+05 7.12E+03 0.248 5.58E-03 7.95E-07 2.55E-08 2.8 

(E) 7.4 * 7.14E+03 2.21E+02 0.587 1.42E-02 8.22E-05 3.23E-06 1.2 
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mAb1 Fc YTE, pH 5.8  

Medium FcRn density  

(140 RU) 

High FcRn density  

(1100 RU) 

(A) Bivalent Model (B) Bivalent Model 

 

  

  

(C) Heterogeneous (Ligand) 

Model 

(D) Heterogeneous (Ligand) 

Model 

 

  

Figure S 9. SPR Sensorgrams of hFcRn (immobilized) and a hIgG1 (mAb1) Fc YTE variant 

(in solution) at pH 5.8 on a C1 chip. FcRn (captured via Neutravidin) was captured on the 

surface at medium (140 RU) and high (1100 RU) density. mAb1 Fc YTE was injected in five 

different concentration as two-fold dilution series with a highest concentration of (A-D) 200 

nM. Each plot shows the measured raw data and the applied fit model as solid lines (black). 

For (A,B) the bivalent analyte model and for (C,D) the heterogeneous (Ligand) Model, 

provided by BiaEvaluation Software 3.1, was applied. The goodness of the fit was evaluated 

by analyzing the residuals, whereas they show significant, systematic patterns, which results 
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in a poor fit. The determined kinetic parameters are not shown as they lack reliability and are 

not valid (see residuals). Condition (C) was chosen for further analysis. 

 

 

mAb1 Fc YTE, Medium FcRn density (140 RU), Heterogenous Ligand Model 

(A) pH 5.8 (B) pH 6.0 (C) pH 6.4 

   

   

(D) pH 6.8 (E) pH 7.4  

  

 

  

 

Figure S 10. SPR Sensorgrams of hFcRn (immobilized) and a hIgG1 (mAb1) Fc YTE variant 

(in solution) from pH 5.8 to 7.4 on a C1 chip. FcRn (captured via Neutravidin) was captured 

on the surface at 140 RU (medium). MAb1 Fc YTE was injected in five different 

concentration as two-fold dilution series with a highest concentration of (A) 200 nM for pH 

5.8, (B) 200 nM for pH 6.0, (C) 600 nM for pH 6.4, (D) 1500 nM for pH 6.8 and (E) 3000 

nM for pH 7.4. Each plot shows the measured raw data and the applied heterogeneous 

Ligand Model (BiaEvaluation Software 3.1) as solid lines (black). The goodness of the fit was 



 

145 

evaluated by analyzing the residuals (lower panel). The residuals show a systematic pattern, 

which suggests that the model is not a good fit for the data and parameters are not reliable. 

The determined kinetic parameters are described in Table S 5.  

 

 

Table S 5. Summary of SPR kinetic rate parameters of immobilized hFcRn (140 RU, 

medium density) and mAb1 Fc YTE in solution. The kinetic rate parameter are determined 

from analyzing the sensorgrams shown in Figure S 10. The kON, kOFF and KD values are 

results from a global heterogeneous ligand fit analysis ± fitting error (* kinetic rates are not 

reliable). 

Sample / 

Density 
pH 

kON1 

(M-1s-1) 

Err. kON1 

(M-1s-1) 

kOFF1 

(s-1) 

Err. 

kOFF1 ( s-1) 

KD1 

(M) 

Err. 

KD1 (M) 

t1/2,1 

(s) 

Rmax1 

(%) 

mAb1 Fc 

YTE 

medium 

FcRn 

density 

(A) 5.8 7.18E+05 1.86E+03 0.036 6.76E-05 5.06E-08 1.61E-10 19.1 65 

(B) 6.0 7.50E+05 1.94E+03 0.055 1.08E-04 7.31E-08 2.38E-10 12.6 79 

(C) 6.4 4.65E+05 2.19E+03 0.105 4.02E-04 2.26E-07 1.37E-09 6.6 79 

(D) 6.8 2.88E+05 1.70E+03 0.223 1.19E-03 7.74E-07 6.16E-09 3.1 88 

(E) 7.4 * 1.12E+05 3.28E+03 1.11 3.21E-02 9.91E-06 4.08E-07 0.6 97 

          

          

 pH 
kON2 

(M-1s-1) 

Err. kON2 

(M-1s-1) 

kOFF2 

(s-1) 

Err. 

kOFF2 ( s-1) 

KD2 

(M) 

Err. 

KD1 (M) 

t1/2,2 

(s) 

Rmax2 

(%) 

mAb1 Fc 

YTE 

medium 

FcRn 

density 

(A) 5.8 * 1.14E+06 2.25E+03 6.60E-04 1.60E-06 5.79E-10 1.81E-12 1050.2 35 

(B) 6.0 * 7.00E+05 1.84E+03 1.08E-03 3.05E-06 1.54E-09 5.95E-12 641.8 21 

(C) 6.4 * 5.48E+05 3440.000 2.44E-03 7.99E-06 4.45E-09 3.15E-11 284.1 21 

(D) 6.8 * 1.44E+05 1370.000 4.53E-03 2.42E-05 3.15E-08 3.43E-10 153.0 12 

(E) 7.4 * 6.16E+03 1.31E+02 3.44E-03 7.28E-05 5.58E-07 1.68E-08 201.5 3 

 

 

 

Figure S 11. The plot shows the affinity dissociation rates kOFF,AFFINITY in dependence of the 

pH ranging from 5.8 to 7.4 at a linear scale. Applying a Four Parameter Regression Model 

(grey) results in a transition point at pH 7.2.  
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7.2 Publication II: Supplementary Information 

This Chapter contains the Supplementary Information of  

 

TRIM21 and Fc-Engineered Antibodies: Decoding its complex Antibody 

Binding Mode with Implications for Viral Neutralization 

 

 

Sample 

k
a
 

(M
-1
s

-1
) 

Error ka 

(M-1s-1) 

k
d1 

(s
-1
) 

Error 

kd 

( s-1) 

K
D
 

(M) 

Error 

KD 

(M) 

t1/2 

(s) 

MW 

Ligand 

(Da) 

Ligand 

Level,  

R
ligand,exp

 

(RU) 

Ligand 

Binding 

Sites / 

Valency 

MW 

Analyte 

(Da) 

R
max,exp. 

(RU) 

R
max,theo. 

(RU) 

R
max,Ratio 

(%) 

mAb1 WT 

2.33E+06 5.22E+03 

9.94E-

02 

2.11E-

04 

4.27E-

08 

1.32E-

10 7.0 146000 67.1 2 
25714 

22.9 
23.64 97 

mAb1 WT-

AAA 2.66E+06 1.41E+04 

1.05E-

01 

8.48E-

04 

3.95E-

08 

4.58E-

10 6.6 146000 66.9 1 
25714 

11.2 
11.78 95 

mAb1 

AAA 

NA NA NA NA NA NA NA NA NA NA NA NA NA NA 

Table S 1. Summary of the SPR affinity measurements of immobilized mAb1 Fc variants 

and TRIM21 PRYSPRY domain in solution using a C1 chip. The kinetic rate parameters are 

determined from analyzing the sensorgrams shown in Figure 2. The kON, kOFF and KD values 

are results from a global fit analysis (Langmuir 1:1) ± fitting error. 

 

 (A) 10nM PRYSPRY domain (B) 5 nM mAb1 variants 

 
 

(C) 

Sample Mass
theo.

(kDa) Mass
exp.

 (kDa) 

(A) PRYSPRY 25 32 ± 5 

(B) mAb1 WT 146 143 ± 12 

(B) mAb1 WT-AAA 146 141 ± 11 

Figure S 1 Mass photometry measurements of individual PRYSPRY domain and mAb1 Fc 

Variants WT, WT-AAA (A-C). Molecular weight determined via mass photometry of 

individual PRYSPRY domain and mAb1 Fc variants WT, WT-AAA applying Gaussian 

distribution fit model to measurements. A single PRYSPRY domain appears on the lower 

limit of detection (25 kDa for Refeyn TwoMP, according to the manufacturer). Results 

shown in (C). 
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 (A) Fc WT  (B) cytokine-Fc 

Fusion WT 

(C) cytokine-Fc Fusion 

Y436A 

(D) A20 

R
e
sp

o
n

se
 (

R
U

) 

    

(E) mAb1 WT (F) mAb1 WT-AAA (G) mAb1 YTE (H) mAb1 YTE-AAA 

    
(I) mAb1 HH (J) mAb1 HH-AAA (K) Briakinumab (L) Ustekinumab 

    
(M) mAb2 WT KiH (N) mAb2 WT-AAA (O) mAb2 WT (P) mAb1 AAA 

    

 Time (s) 

(Q) 

Sample 

k
ON

 

(M
-1
s

-1
) 

Error kON 

(M-1s-1) 

k
OFF 

(s
-1
) 

Error 

kOFF 

( s-1) K
D

 (M) 
Error KD 

(M) 

t1/2 

(s) 

(A) Fc WT 
1.57E+06 1.84E-01 1.02E-01 1.40E-03 6.51E-08 8.89E-10 6.8 

(B) cytokine-
Fc Fusion 
WT 

2.18E+06 2.20E+04 1.13E-01 1.10E-03 5.19E-08 7.27E-10 6.1 

(C) cytokine-
Fc Fusion 
Y436A 

2.94E+05 2.10E+04 2.25E+00 1.60E-01 7.67E-06 7.72E-07 
0.3 

(D) A20 
1.92E+06 8.20E+03 8.76E-02 2.60E-04 4.56E-08 2.37E-10 

7.9 
(E) mAb1 
WT 2.33E+06 5.22E+03 9.94E-02 2.11E-04 4.27E-08 1.32E-10 7.0 

(F) mAb1 
WT-AAA 2.66E+06 1.41E+04 1.05E-01 8.48E-04 3.95E-08 4.58E-10 6.6 

(G)mAb1 
YTE 2.14E+06 1.05E+04 1.60E-01 7.67E-04 7.48E-08 5.13E-10 4.3 

(H) mAb1 
YTE-AAA 2.04E+06 1.55E+04 1.89E-01 1.40E-03 9.26E-08 9.83E-10 3.7 

(I) mAb1 
HH 4.74E+06 4.18E+04 4.77E-01 4.17E-03 1.01E-07 1.25E-09 1.5 

(J) mAb1 
HH-AAA 3.63E+06 4.67E+04 4.34E-01 5.49E-03 1.20E-07 2.16E-09 1.6 

(K) 
Briakinumab 2.20E+06 7.49E+03 1.15E-01 3.74E-04 5.23E-08 2.46E-10 6.0 

(L) 
Ustekinumab 2.46E+06 1.01E+04 1.04E-01 4.08E-04 4.23E-08 2.40E-10 6.7 

(M) mAb2 
WT KiH 2.38E+06 1.11E+04 1.18E-01 5.30E-04 4.96E-08 3.21E-10 5.9 
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(N) mAb2 
WT-AAA 2.34E+06 2.21E+04 9.01E-02 8.12E-04 3.85E-08 5.03E-10 7.7 

(O) mAb2 
WT 2.09E+06 1.49E+04 9.30E-02 6.30E-04 4.45E-08 4.38E-10 7.5 

(P) mAb1 
AAA NA NA NA NA NA NA NA 

Figure S 2 SPR sensorgrams of (antibody) Fc constructs and variants captured onto the 

biosensor surface (immobilized ligand) and PRYSPRY domain in solution (analyte). 

PRYSPRY was injected in five different concentration as two-fold dilution series with a 

highest concentration of (A-B, D-H, K-O) 500 nM, (C+P) 2000 nM, (I+J) 1000 nM. Each 

plot shows the measured raw data (colored lines) and the global fit analysis as solid lines 

(black). (Q) Summary of the SPR derived kinetic rate parameters of affinity measurements 

The (antibody) Fc constructs are captured and TRIM21 PRYSPRY domain is in solution. 

The kON, kOFF and KD values are results from a global fit analysis ± fitting error. 
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 (A) Fc WT  (B) mAb1 WT (C) cytokine-Fc 

Fusion WT 

(D) Briakinumab 

R
e
sp

o
n

se
 (

R
U

) 

    
(E) Ustekinumab (F) mAb2 WT   

  

  

 Time (s) 

(G) 

Sample 

k
ON

 

(M
-1
s

-1
) 

Error kON 

(M-1s-1) 

k
OFF 

(s
-1
) 

Error 

kOFF 

( s-1) K
D

 (M) 
Error KD 

(M) 

t1/2 

(s) 

(A) Fc WT 

5.09E+0

6 1.33E+05 

1.32E-

01 3.40E-03 2.59E-08 9.52E-10 5.3 

(B) mAb1 WT 

4.36E+0

6 
5.31E+04 

9.15E-

02 1.07E-03 2.10E-08 3.54E-10 7.6 

(C) cytokine-

Fc Fusion WT 

5.88E+0

6 1.57E+05 

1.19E-

01 3.12E-03 2.02E-08 7.57E-10 5.8 

(D) 

Briakinumab 

6.14E+0

6 7.68E+04 

1.02E-

01 1.24E-03 1.66E-08 2.90E-10 6.8 

(E) 

Ustekinumab 

3.89E+0

6 3.76E+04 

8.84E-

02 8.18E-04 2.27E-08 3.04E-10 7.8 

(F) mAb2 WT 

7.36E+0

6 1.74E+05 

1.20E-

01 2.78E-03 1.63E-08 5.40E-10 5.8 

Figure S 3 SPR sensorgrams of PRYSPRY domain immobilized onto the biosensor surface 

(ligand) and (antibody) Fc constructs and variants in solution (analyte). Fc variants were 

injected in five different concentrations as two-fold dilution series with a highest 

concentration of (A-F) 200 nM. Each plot shows the measured raw data (coloured lines) and 

the global fit analysis as solid lines (black). The interaction is described by a monophasic fit 

model reflecting the affinity binding mode. (G) Summary of the SPR derived kinetic rate 

parameters of affinity measurements. TRIM21 PRYSPRY domain is immobilized and 

(antibody) Fc constructs are in solution. The kON, kOFF and KD values are results from a global 

fit analysis ± fitting error.  
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(A) 

  TRIM21 CC + mAb1 Fc variants: Molar Ratios 

  
  mAb1 WT mAb1 WT-AAA mAb1 AAA 

 

Molar Ratio 

T21-

CC:mAb1 

Species 
Mass

exp.
 

(kDa) 

Mean 

(kDa) 

SD 

(kDa) 

Gaussian 

Fit (%) 

Mean 

(kDa) 

SD 

(kDa) 

Gaussian 

Fit (%) 

Mean 

(kDa) 

SD 

(kDa) 

Gaussian 

Fit (%) 

T21-CC  

2.5 nM & 

mAb1 7.5 nM 

1:3 

T21 86 75 12.6 3 76 14.9 6 77 17.9 4 

IgG 146 144 12.9 92 144 13.8 90 141 13.9 94 

T21-IgG 232 228 40 1.4 NA NA NA NA NA NA 

T21-CC 5 nM 

& mAb1 5 

nM 

1:1 

T21 86 74 16.8 10 75 15 17 75 16 18 

IgG 146 148 13.2 78 145 12.3 80 144 12.5 80 

T21-IgG 232 236 13.8 7 228 45 1.8 NA NA NA 

T21-CC 7.5 

nM & mAb1 

2.5 nM 

3:1 

T21 86 76 12.4 32 76 13.9 33       

IgG 146 141 11.2 51 145 14.1 64       

T21-IgG 232 231 12.7 15 240 45 2       

T21-CC 22.5 

nM & mAb1 

2.5 nM 

10:1 

T21 86 75 14.5 63 75 14.9 66 75 14.1 66 

IgG 146 138 18.5 9 144 26 34 141 23 33 

T21-IgG 232 233 16.7 24 234 45 1.6 NA NA NA 

 

(B) 

 

 

Figure S 4 Molecular weight determined via mass photometry of TRIM21-CC complexed 

with mAb1 Fc variants WT, WT-AAA and AAA applying Gaussian Distribution Fit Model 

(A). (B) Data from (A) is visualized applying Gaussian Distribution Fit Model over the 

applied stoichiometric ratios. 
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 (A) mAb1 WT (B) mAb1 WT_Assoc. (C) mAb1 YTE 

R
e
sp

o
n

se
 (

R
U

) 

   
(D) mAb1 HH (E) cytokine-Fc Fusion Y436A  

  

 

 (F) mAb1 WT-AAA (G) mAb1 YTE-AAA (H) mAb1 HH-AAA 

 

   

 Time (s) 

(I) 

Sample 

k
ON

 

(M
-1
s

-1
) 

Error kON 

(M-1s-1) 

k
OFF 

(s
-1
) 

Error 

kOFF 

( s-1) 

K
D

 

(M) 

Error 

KD 

(M) 

t1/2 

(s) 

(A) TRIM21-CC - mAb1 WT 1.11E+06 1.30E+03 7.62E-04 9.30E-07 
6.873E-

10 1.16E-12 910.2 

(C) TRIM21-CC - mab1 YTE 8.65E+05 1.40E+03 1.27E-03 1.50E-06 
1.466E-

09 2.94E-12 546.6 

(D) TRIM21-CC - mAb1 HH 4.74E+06 3.90E+04 6.51E-03 4.00E-05 
1.374E-

09 1.41E-11 106.5 
(E) TRIM21-CC - cytokine-Fc 

Fusion Y436A 2.46E+05 3.70E+03 0.132 0.0012 
5.359E-

07 9.41E-09 5.3 

(F) TRIM21-CC - mAb1 WT-AAA 1.10E+06 2.00E+04 0.1285 0.0013 
1.165E-

07 2.42E-09 5.4 

(G) TRIM21-CC - mab1 YTE-AAA 7.58E+05 1.40E+04 0.1669 0.0015 
2.201E-

07 4.52E-09 4.2 

(H) TRIM21-CC - mAb1 HH-AAA 9.21E+05 2.10E+04 0.4367 0.0085 
4.742E-

07 1.42E-08  1.6 

 

(J) 

Sample 

kON1
  

(M
-1
s

-1
) 

Error 

kON1 

 (M-1s-1) 

k
OFF1 

 (
 
s

-1
) 

Error 

kOFF1 

 ( s-1) 

k
ON2

 

(s
-1
) 

Error 

kON2 

 (s-1) 

k
OFF2 

 (s
-1
) 

Error 

kOFF2 

 ( s-1) K
D
 (M) 

Error 

KD (M) 

(B) mAb1 

WT_Assoc 2.04E+06 1.40E+04 0.01885 

1.90E-

04 0.02228 

1.10E-

04 0.001669 

6.80E-

06 

6.44E-

10 

1.13E-

10 

Figure S 5 SPR sensorgrams of (antibody) Fc variants (symmetric and asymmetric) 

immobilized onto the biosensor surface (ligand) and TRIM21-CC in solution (analyte). 

TRIM21-CC was injected in several different concentrations as two-fold dilution series with 

a highest concentration of (A, C-D) 100 nM, (B) 25 nM, (E) 400 nM, (F-G) 500 nM and (H) 

1000 nM. Each plot shows the measured raw data (coloured lines) and the global fit analysis 

as solid lines (black). The interaction is described by a monophasic fit model, reflecting the 
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affinity (F - H) or avidity (A –E) binding mode, expected for (B) where the two state model 

was applied. (I-J) Summary of the SPR derived kinetic rate parameters of affinity and avidity 

measurements.(I) The kON, kOFF and KD values are results from a global fit analysis ± fitting 

error (1:1 Langmuir Fit). (J) 25nM of TRIM21-CC are injected with different association 

times (10 sec - 300 sec). The kON, kOFF and KD values are results from a global fit analysis ± 

fitting error (Two State Model). 
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 (A) 5nM mAb2 WT 

 

 
(B) Fc WT / cytokine-Fc Fusion WT / cytokine-Fc Fusion WT-

AAA (equivalent mass to cytokine-Fc Fusion Y436A) 

(C) mAb1 WT / YTE / HH 

  
(D) mAb 2 WT / WT-AAA (E) Fc WT / WT-AAA 

  
(F) cytokine-Fc Fusion WT / WT-AAA / Y436A (G) mAb1 YTE-AAA / HH-AAA  

  
(H) Briakinumab / Ustekinumab  

 

 

Figure S 6 Molecular weight determined via mass photometry of TRIM21-CC complexed 

with (antibody) Fc variants applying Gaussian Distribution Fit Model to the occurring 
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species. 2.5 nM Fc variants are measured in the presence of 22.5 nM TRIM21-CC using MP 

One device. Data is shown in Table S 2.  

 

 

Controls / Individual Mass 

Sample Mass
theo.

(kDa) Mass
exp.

 (kDa) Gaussian Fit (%) 

(A) 5 nM mAb2 WT 146 148 ± 114 96 

(B) Fc WT 52 60 ± 9 100 

(B) cytokine-Fc Fusion WT-

AAA (equals cytokine-Fc 

Fusion Y436A in mass)  

71 77 ± 14 98 

(B) Fc Fusion WT 91 94 ± 12 93 

 

TRIM21 CC (22.5nM) + Fc variants (2.5 nM): Molar Ratio 10:1  

Sample: TRIM21-CC +  Species 

  TRIM21-CC Fc variant TRIM21-CC 

 + Fc variant 

(C) mAb1 WT 

Masstheo. (kDa)  86 146 232 

Massexp. (kDa) ± SD  86 ± 17  147 ± 26 243 ± 18 

Gaussian Fit (%)  69 8 23 

(C) mAb1 YTE 

Masstheo. (kDa)  86 146 232 

Massexp. (kDa) ± SD  77 ± 16  139 ± 20 240 ± 17 

Gaussian Fit (%)  74 8 19 

(C) mAb1 HH 

Masstheo. (kDa)  86 146 232 

Massexp. (kDa) ± SD  79 ± 16  141 ± 25 241 ± 15 

Gaussian Fit (%)  73 19 12 

(D) mAb2 WT 

Masstheo. (kDa)  86 146 232 

Massexp. (kDa) ± SD  81 ± 17  153 ± 20 244 ± 20 

Gaussian Fit (%)  44 25 28 

(D) mAb2 WT-AAA 

Masstheo. (kDa)  86 146 232 

Massexp. (kDa) ± SD  79 ± 16  148 ± 15 NA 

Gaussian Fit (%)  74 25 NA 

(E) Fc WT 

Masstheo. (kDa)  86 52 138 

Massexp. (kDa) ± SD  72 ± 18 (overlapping) 133 ± 23 

Gaussian Fit (%)  77 (overlapping) 24 

(E) Fc WT-AAA 

Masstheo. (kDa)  86 52 138 

Massexp. (kDa) ± SD  65 ± 18 (overlapping) NA 

Gaussian Fit (%)  96 (overlapping) NA 

(F) cytokine-Fc Fusion WT 

Masstheo. (kDa)  86 91 177 

Massexp. (kDa) ± SD  79 ± 16 (overlapping) 179 ± 18 

Gaussian Fit (%)  82 (overlapping) 16 

(F) cytokine-Fc Fusion Y436A 

Masstheo. (kDa)  86 71 157 

Massexp. (kDa) ± SD  80 ± 16 (overlapping) 158 ± 20 

Gaussian Fit (%)  95 (overlapping) 4 

(F) cytokine-Fc Fusion WT-AAA  

Masstheo. (kDa)  86 71 157 

Massexp. (kDa) ± SD  77 ± 14 (overlapping) NA 

Gaussian Fit (%)  90 (overlapping) NA 

(G) mAb1 YTE-AAA  
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Masstheo. (kDa)  86 146 157 

Massexp. (kDa) ± SD    NA 

Gaussian Fit (%)    NA 

(G) mAb1 HH-AAA  

Masstheo. (kDa)  86 146 232 

Massexp. (kDa) ± SD  74 ± 15 150 ± 18 NA 

Gaussian Fit (%)  63 34 NA 

(H) BriakinumAb  

Masstheo. (kDa)  86 146 232 

Massexp. (kDa) ± SD  77 ± 14 134 ± 25 239 ± 16 

Gaussian Fit (%)  64 11 23 

(H) UstekinumAb  

Masstheo. (kDa)  86 146 232 

Massexp. (kDa) ± SD  83 ± 15 138 ± 23 244 ± 23 

Gaussian Fit (%)  62 13 24 

Table S 2 Molecular weight determined via mass photometry of TRIM21-CC complexed 

with (antibody) Fc variants applying Gaussian Distribution Fit Model. The mass photometry 

data was analyzed using the DiscoverMP 2.5.0 software. 
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Figure S 7 SPR sensorgrams of AAV2 immobilized (standard amine coupling) onto the 

biosensor surface and A20 antibody variants in solution. A20 variants were injected in six 

different concentrations as two-fold dilution series with a highest concentration of (A) 200 

nM and (B-C) 400 nM. Each plot shows the measured raw data (colored lines) and the global 

fit analysis as solid lines (black). The interaction for (B-C) is described by a monophasic fit 

model, reflecting the affinity-binding mode. (A) is a bivalent analyte (A20 WT) and can be 

described by a heterogeneous model reflecting affinity and avidity. Kinetic rate parameters 

are displayed in (D). The kON, kOFF and KD values are results from a global fit analysis ± 

fitting error (Heterogeneous model (A) and 1:1 Langmuir Fit (B-C)). 
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Figure S 8 SPR sensorgrams of A20 WT immobilized onto the biosensor surface (ligand) 

and TRIM21-CC in solution (analyte). (A) TRIM21-CC was injected in several different 

concentrations as two-fold dilution series with a highest concentration of 100 nM. Each plot 

shows the measured raw data (coloured lines) and the global fit analysis as solid lines (black). 

(B) The interaction is described by a monophasic fit model, reflecting the avidity-binding 

mode. The kON, kOFF and KD values are results from a global fit analysis ± fitting error (1:1 

Langmuir Fit).  
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Figure S 9 SPR Sensorgrams showing AAV2 binding to captured anti-capsid antibody A20 

variants on a low or high (8x) TRIM21-CC ligand density. Injections of 3 concentrations of 

rAAVv-2 3-fold dilution with a highest concentration of 3.32 nM.  
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Figure S 10 Model predictions of TRIM21 and mode of action (PDB-ID: 2IWG, Uniprot 

ID P19474). (A-B) Structural predictions of alphafold of 2 copies of full length TRIM21 as 

well as an Fc domain. A minority of predictions maintain the association of the PRYSPRY 

domain with the coiled coil domain (A1) whereas the majority of structures release this 

association (A2). Variations in structural predictions for the coiled-coil domain are much 

higher when the PRYSPRY domain is not associating with it and the RBCC predictions vary 

highly after binding the Fc domain in both model variants. (B) Highlighted prediction of 

Alphafold2 for the TRIM21 - Fc complex showing dislodged PRYSPRY as well as variation 

in RB domain. 
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