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The number of therapeutic antibodies in development pipelines is increasing rapidly. Despite superior success rates relative to small molecules, therapeutic antibodies still face many unique development challenges. There is often a translational gap from their high target affinity and specificity to the therapeutic effects. Tissue microenvironment and physiology critically influence antibody-target interactions contributing to apparent affinity alterations and dynamic target engagement. The full potential of therapeutic antibodies will be further realized by contextualizing antibody-target interactions under physiological conditions. Here we review how local physiology such as physical stress, biological fluid, and membrane characteristics could influence antibody-target association, dissociation, and apparent affinity. These physiological factors in the early development of therapeutic antibodies are valuable toward rational antibody engineering, preclinical candidate selection, and lead optimization.
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INTRODUCTION
In 1984, the first therapeutic monoclonal antibody was approved by the U.S. Food and Drug Administration (FDA). In 2021, the 100th antibody was approved just 6 years following approval of the 50th (Mullard, 2021). This trend highlights the accelerating interest and clinical application of antibody-based therapeutics. The ability to modulate cell-surface and soluble targets with high affinity and specificity make these molecules attractive therapeutic modalities. With a phase I to approval success rate of approximately 22% (Kaplon and Reichert, 2019), nearly double that of small molecule drugs, drug developers are increasingly shifting their focus toward protein drug development (Kaplon et al., 2020). Although antibodies and small molecule drugs share similar clinical development paths, antibody-based therapeutics present unique challenges from the early stage of candidate selection to the late stage of therapeutic confirmation (Tang and Cao, 2021).
Bringing a therapeutic antibody to market requires a team of scientists across multiple disciplines closely collaborating in all stages of development. At the early stage, after the therapeutic target for an indication is selected, decisions must be made regarding the design format, affinity requirement, feasibility of efficacious doses, and candidates for subsequent stages. Rational lead optimization and candidate selection are critical tasks in early drug development and can differentiate success and failure in clinical stages. Antibody engineering provides means for controlling a candidate’s half-life, affinity, and biological activity (Chiu et al., 2019). Computational modeling and simulation can be helpful to explore these engineered parameters before comprehensive experimental evaluation and thereby provide early insights for antibody engineering. The iterative learn and confirm paradigm between antibody engineering and computational modeling exemplifies model informed drug development (MIDD) in preclinical drug development, which seeks to leverage mathematical and statistical models to optimize drug development processes. In the preclinical stage, one critical MIDD task is to evaluate plausible ranges of target binding affinity and clinically feasible doses likely to achieve adequate target engagement.
Antibody-target interactions take place within specific tissue environments with characteristic physiological attributes. The physiology of these local environment critically influences antibody-target interactions resulting in apparent affinity alterations and heterogenous target engagement. Contextualizing these in vivo interactions by integrating local physiological factors beyond those commonly considered in physiologically based pharmacokinetic (PBPK) models could enhance model prediction fidelity and boost confidence in early-stage decisions (Cao et al., 2013; Cao and Jusko, 2014). For instance, if the binding rate between antibody and target is high, association and dissociation are primarily restricted by the diffusion rate of antibody to or away from the target in the local tissue and cellular environment. In this case, the apparent rate of association and dissociation will become context-dependent, not directly reflective of the intrinsic reaction rate. Incorporating this kind of physiological intuition into early-stage models depicting antibody-target interactions could yield insights toward optimal antibody design and affinity thresholds. MIDD approaches should leverage knowledge of tissue microenvironment and local physiology to guide preclinical candidate selection, antibody design, and lead optimization. Here we briefly review how physiological factors can influence antibody-target engagement and demonstrate these concepts toward optimizing preclinical decision-making processes.
ANTIBODY-TARGET INTERACTIONS
Antibody-Target Affinity: In Vitro Approaches and Problems
Surface plasmon resonance (SPR) is a label-free technique to measure the kinetics of molecular interactions and has become the standard for in vitro characterization of antibody-target binding (Olaru et al., 2015). An extension of this technology is SPR imaging which directly measures cell surface antibody-antigen binding kinetics and can be used to estimate binding affinity and antigen density (Zhang et al., 2020). Major advantages to this technique are that interacting species need not be labeled and binding events can be visualized in real-time, allowing for measurement of association and dissociation rates. Inherent problems to this method include mass transport limitations and surface site heterogeneity. Strategies for analyzing SPR data to account for these complexities are reviewed elsewhere (Schuck and Zhao, 2010). In addition, flow cytometry has also become an approach applied to assess antibody-target engagement in blood cells and tissue-derived cell samples (Moulard and Ozoux, 2016).
The slow dissociation rate of antibodies from their target necessitates relatively long incubation times to reach equilibrium compared to small molecule drugs. Equilibrium states are, by definition, invariant with time; thus, determining accurate estimates requires the demonstration of negligible change in product and reactant amounts over time. For therapeutic antibodies with pM or nM affinities, it takes hours, even days, to reach binding equilibrium with their targets. However, nearly 90% of reported incubation times for equilibrium constants in a survey by Jarmoskaite et al. were an hour or less (Jarmoskaite et al., 2020). Jarmoskaite et al. provide two recommendations for establishing confidence in reported equilibrium constants, publishing the time to equilibrium and demonstrating that the dissociation constant is not susceptible to titration (Jarmoskaite et al., 2020). Furthermore, while a single equilibrium constant is often reported for ligand-receptor interactions, association and dissociation are concentration- and context-dependent (Berkers et al., 1992). Individual equilibrium estimates likely reflect the mean of a distribution of experimental values calculated for a given reaction (Reverbi and Reverbi, 2007). The inherent uncertainty in reported values warrant careful consideration when using published rate constants in models depicting target engagement, as commonly done in pharmacokinetic (PK) and pharmacodynamic (PD) models. Reporting statistical metrics, such as the standard error or coefficient of variation of parameter estimates derived from experimental data should be encouraged and may promote greater appreciation for the uncertainty in calculated rate constants.
Equilibrium rate constants (e.g., KD) are used, in essence, to summarize ligand-receptor engagement. While an affinity summary metric is theoretically useful, understanding both the association (kon), and dissociation (koff) rates are essential for in vivo characterization of antibody-target interactions. These rate constants describe the microkinetic relationship between individual antibody domains and corresponding binding domains on the target. The “intrinsic” value to these rate constants may be estimated through in vitro techniques, such as SPR. However, these values do not reflect binding under physiological conditions. Understanding antibody-target interactions under physiological conditions is necessary for developing accurate foresight into the potential efficacy of preclinical antibody candidates; yet remains largely uncharacterized at the very early stage. A schematic representation of concepts depicting how the microenvironment and local physiology can influence antibody-target interactions is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic representation of various local microenvironment and physiological factors that can influence antibody-target engagement in vivo. These factors include antibody slow and poor distribution into target tissues, interstitial fluid turnover, restricted antibody diffusion in dense microenvironment, cell membrane topology and composition, and target density and lateral diffusivity.
Factors Affecting Antibody Avidity
In solution, the probability of antibody-target interactions is largely dependent upon the relative concentrations and diffusion rates of the two species (Arrhenius, 1889): with a theoretical upper limit around 109 Mol−1s−1 in the absence of steric hindrance. The probability of complex formation is also influenced by bond activation energies and the orientation of the species when they encounter (Wigner, 1932; Eyring, 1935). The kon and koff essentially summarize this information and characterize the likelihood of complex formation following physical interaction and the stability of bonds formed, respectively. Engineered increases to kon (faster association rates) result in faster complex formation while decreases to koff (slower off-binding rates) result in a more stable complex. The ratio between these rates (koff/kon) is used to describe the overall affinity (i.e., KD) of the interaction. Notably, affinity is determined by the relative difference in these rate constants, not by their individual magnitudes. While affinity can be easily estimated from in vitro techniques, in vivo affinities can be profoundly different (Fujimori et al., 1989; Sharkey et al., 1990; Shockley et al., 1992). Antibody-target interactions demonstrate that cooperativity, dimensionality, multivalency, diffusivity, and local physiology contribute to the overall affinity of an interaction. These phenomena orchestrate complex engagement dynamics that are difficult to recapitulate in vitro. Avidity, also referred to as “functional affinity”, depicts the affinity of two species in their native environment by accounting for synergistic/antagonistic physical properties and environmental influences (Erlendsson and Teilum, 2020). Avidity is conceptually intuitive but challenging to predict. There is no single quantity that can be described as “the avidity” of an interaction because the value is context-dependent (Kaufman and Jain, 1992). Discrepancies between in vitro affinity and in vivo avidity highlight the poorly understood influence of the microenvironment on molecular interactions.
An often-overlooked factor influencing the avidity of an interaction is the geometry of the physiological space in which the species interact (Coombs and Goldstein, 2004). Cells and tissues are highly compartmentalized ecosystems often spatially restricted across multiple dimensions. This dimensionality reduction can influence the kon and koff of an interaction in many ways. For example, diffusion of antibodies adhered to the cell membrane and transmembrane targets are confined to two dimensions (i.e., laterally on the cell surface) and further restricted by other macromolecules, membrane rigidity, tight junctions, etc. The diffusion rate of bound antibodies on lymphocytes has been estimated to be approximately 10–10 cm2/s (Elson et al., 1976), nearly four orders of magnitude lower than the diffusion constant in solution. These hindrances influence the avidity between two species by reducing molecular dispersion on the cell surface after dissociation events, thereby promoting rebinding (Mosquera et al., 2020). Rebinding can contribute to apparent increases in kon, or decreases in koff, between molecules in vivo (Vauquelin and Charlton, 2013). Coombs and Goldstein propose the effects of hindered diffusion (i.e., diffusion through a dense microenvironment) can be approximated by calculating a modulated rate constant considering the compartment dimensions, flux, and diffusion coefficients of the interacting species (Coombs and Goldstein, 2004).
Target Engagement and Antibody Efficacy Metrics
A critical element to PD theory is the receptor occupancy model (Hill, 1909), based on the premise that receptor engagement will translate to modulation of downstream biology and that PD effect is closely related to the fraction of receptors engaged. Models extending receptor occupancy to account for complex signaling phenomena such as fractional occupancy, constitutive activity, and nonlinear transduction have been developed to further appreciate the complexity of drug action (Buchwald, 2019). Widely accepted models depicting various antibody PD mechanisms remain largely undeveloped.
A variety of antibody formats can be used to bind targets, block signaling, stimulate receptor internalization/degradation, deliver cytotoxic payloads, and more. Given this mechanistic diversity, the traditional implementation of receptor occupancy theory may be inappropriate for antibody efficacy assessment. Oftentimes, efficacy could be driven by maximizing the number of antibody-target complexes, minimizing free target levels, or maximizing bivalent bound antibodies. For antibodies that work through antibody-dependent cellular cytotoxicity (ADCC), efficacy may not be directly related to the fraction of receptors engaged, but rather to the successful initiation of subsequent effector mechanisms (Meyer et al., 2014; Wang et al., 2015; Weiskopf and Weissman, 2015). Rituximab is one such example where the density and persistence of antibody-target complex may be more therapeutically relevant than the fraction of targets engaged (Cragg et al., 2003; Maloney, 2005; Rouge et al., 2020). Bivalent bound rituximab to its CD20 target is related to a stronger ADCC effect than monovalent bound antibodies (Cragg et al., 2003). Conversely, minimum target concentration, regardless of complex abundance, is a reliable predictor of drug effect for antibodies, like infliximab, working through neutralization of soluble antigens (Tracey et al., 2008). Similarly, for antibody-drug conjugates, intracellular delivery of payload through endocytosis is most relevant to therapeutic effect (Birrer et al., 2019). We should differentiate antibodies acting as agonists versus antagonists. The therapeutic efficacy appears to be more related to target engagement for agonist antibodies than antagonists do. Generally, antibody mechanism of action and target turnovers should guide appropriate drug characteristics and dosing strategies. If target turnover within target tissues is fast (i.e., rapid production), enduring antibody concentrations to neutralize newly produced antigens, or a “Cmin” approach, with relatively frequent dosing are likely preferable for strong efficacy. If target turnover is relatively slow, additional dosing will not translate into increased efficacy once a target is engaged. Thus, a “Cmax” approach with large, infrequent doses may be sufficient.
Association and dissociation kinetics influence target engagement and, thereby, influence subsequent initiation of effector functions. Effector cell cytotoxicity can be mediated through a multitude of mechanisms including: ADCC, antibody-dependent cellular phagocytosis, or initiation of the complement cascade (Meyer et al., 2014; Wang et al., 2015; Weiskopf and Weissman, 2015; Yang et al., 2019). Importantly, effector cell engagement is related to immune complex stability, primarily determined by the ratio of antibody-antigen in the complex and avidity of individual bonds (Diebolder et al., 2014). The stoichiometry of the Fab domain target binding interaction also contributes to stable immune complex formation and is crucial for effective initiation of effector functions (Pierson et al., 2007; Tajima et al., 2011; Lux et al., 2013; Strasser et al., 2019). Furthermore, the antibody Fc domain can influence the avidity of an antibody-target interaction (Abboud et al., 2010; Bournazos et al., 2014). Additional molecular features correlated with effector cell engagement include the recognized epitope, target affinity, binding orientation, and elbow angle of the antibody (Hughes-Jones, 1977; Teeling et al., 2006; Tang et al., 2007).
The diversity in antibody mechanisms of action continues to increase with increasing use of novel design formats, such as bispecific or trispecific antibodies (Wu and Demarest, 2019). Novel design formats and increasingly complex PD warrant new approaches for quantifying antibody-target interactions. Target engagement metrics, beyond fraction of targets engaged, are needed to facilitate rational selection of preclinical antibody therapeutics (Kambayashi et al., 2019).
Target Engagement and Antibody Spatial Distribution
Conventional PK models typically assume uniform drug distribution within a given tissue as well as proportional uptake and loss from the tissue with respect to plasma concentrations. However, antibody distribution within tissues, a process affected by transvascular permeability, local target expression, target affinity, cellular internalization, and the extracellular environment (Eikenes et al., 2004; Thurber et al., 2008a), is known to be very heterogeneous. Within tissue microenvironment, antibody diffusion is related to its size and interaction with other macromolecules and structures (Reiten et al., 2008; Cilliers et al., 2016). The diffusion coefficient of an antibody in solution, without consideration for the environmental architecture, may provide unrealistic expectations for the molecule’s ability to traverse a physiological space (Davies Cde et al., 2002). Techniques, such as fluorescence correlation spectroscopy, have been used to explore antibody diffusion and protein-protein interactions in biological matrices (Lagerkvist et al., 2001; Hung et al., 2019). Antibody diffusivity in the body can range from relatively unrestricted (e.g., in plasma) to severely hindered in densely packed physiological spaces (e.g., solid tumors and brain). When relatively unrestricted, the upper rate limit of diffusion will be rate limiting to the probability of species engagement. In these situations, increasing kon beyond this theoretical rate limit will not increase the probability of species interaction. Engineering efforts should therefore focus on optimizing koff to promote stable target binding.
If the target exists exclusively within densely packed physiological spaces (e.g., tumor microenvironment), only a small fraction of antibody molecules may access the area (Netti et al., 2000; Davies Cde et al., 2002). However, once accessed, the residence time of the molecule may be increased by the restrictive environment, thereby contributing to apparent increases in target affinity (Vauquelin, 2016; Tang and Cao, 2020). The density of extracellular matrices within tumor tissues can also be very heterogeneous creating a diverse landscape surrounding transmembrane targets. (Davies et al., 1997). Distinct microenvironment and high interstitial pressure, in conjunction with antibody target binding characteristics, likely contribute to the spatial heterogeneity of antibody distribution within tumor tissues (Fujimori et al., 1989; Weinstein and Van Osdol, 1992; Flessner et al., 2005; Baker et al., 2008; Tang and Cao, 2020). Accumulation and retention of cetuximab within relatively stroma-rich tissue regions has been shown even after systemic antibody has been eliminated (Tang and Cao, 2020). Heterogeneous distribution of trastuzumab, with higher levels of target-bound drug found in transverse tumor tissue, has also been observed (Baker et al., 2008).
The binding site barrier effect is a widely acknowledged concept in which high-affinity antibodies show strong perivascular distribution within tumor tissues (Fujimori et al., 1989). The theory suggests an inverse relationship between antibody-target affinity and antibody tissue penetration and may result in nonlinear PK behavior through target mediated drug disposition (Mager and Jusko., 2001). In the absence of target saturation, high target density and high affinity binding create a PK sink in which antibody diffusion through the tissue becomes significantly restricted (Weinstein and Van Osdol., 1992). This phenomenon may be exacerbated by bivalent binding, reduced dimensionality, and other factors that promote rebinding events (e.g., cross-arm binding efficiency, high kon, dense microenvironment). Collectively, heterogeneous antibody distribution within tumor tissues could affect treatment outcomes by promoting survival and resistance of unexposed cells.
ANTIBODY-SOUBLE TARGET INTERACTIONS
Biological Fluid Turnover
Targeting soluble, pathologically relevant targets (e.g., TNFα, IL-17, and IL-1β) have been a common strategy for therapeutic antibodies, particularly for treating autoimmune diseases (Hafeez et al., 2018). Soluble targets may exist in the circulation or be largely confined to a pathologically relevant tissue compartment. An important consideration for these targets is the turnover rate of biological fluid within the tissues. Interstitial fluid (ISF) turnover is the efficiency of lymphatic drainage in tissues. Significant variability in ISF turnovers have been shown between tissue types, and the physiological processes underpinning this turnover may be affected by diseases (Petrova and Koh, 2020). ISF turnover affects antibody-target engagement, binding equilibrium, as well as antibody-target complex accumulation (Li et al., 2018). The influence of ISF turnover on target binding kinetics for varying antibodies have been demonstrated previously (Li et al., 2018). This may explain why antibodies that bind the same target with similar affinities demonstrate different degrees of efficacy among disease states (e.g., Crohn’s Disease, Rheumatoid Arthritis, and Ankylosing Spondylitis).
When ISF turnover in the diseased tissue is relatively fast, the time for antibodies and targets to engage before being washed away is limited. Maximizing target suppression through lowering koff becomes increasingly challenging because rapid fluid turnover may prevent antibodies from reaching equilibrium with their targets. Tissues with higher ISF turnover rates generally experience more robust target suppression, partly due to greater antibody convections into these tissues (Li et al., 2018). Additionally, this could be, in part, attributable to the efficient removal of antibody-target complexes promoting reaction kinetics toward target suppression and complex formation. In these situations, antibodies with high kon (fast binders) are preferred to promote engagement of as many targets as possible before the species are washed away. Lowering koff beyond the ISF turnover may become futile, and an affinity ceiling exists. Simulations demonstrating the relative efficacy of adalimumab, etanercept, and infliximab on TNF-alpha target suppression under various ISF turnover conditions is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Simulated relationship between tissue fluid turnover and TNF-α suppression by three anti-TNF-α biologics. Simulation was performed using binding constants of each biologic to soluble TNF-a at their therapeutic doses. (A) For tissues with low fluid turnover, stable binders are favored but high affinity could contribute to accumulation of antibody-target complex; for tissues with high fluid turnover, fast binders are generally favored but lowering koff beyond fluid turnover rate produces a plateau effect (i.e., affinity ceiling). (B) Summary of 27 licensed antibodies (Li et al., 2018) that bind soluble ligands for treatment of various diseases. Four scenarios proposed based on target binding affinity and tissue fluid turnover rate.
When the fluid turnover rate is slow, stable binding antibodies (low koff) demonstrate greater target suppression than fast binders (high kon). However, the reaction equilibrium may shift toward dissociation due to antibody-target complex accumulation (Li et al., 2018). Soluble-target binding antibodies lead to free target suppression but also serve as a target reservoir, protecting it from endogenous degradation and potentially extending plasma half-life. Increasing complex concentrations may promote a shift in reaction equilibrium toward complex dissociation, thereby reducing target suppression efficacy (Ternant et al., 2022). In tissues with slow ISF turnover, such as solid tumors, antibody distribution is also limited due to poor convection (Thurber et al., 2008b). Low distribution and complex accumulation present dual challenges for developing therapeutic antibodies for indications associated with tissues with slow ISF turnover. This may partially explain the lack of success in developing therapeutic antibodies targeting soluble targets in solid tumors, even though several pathologically validated targets exist, such as the transforming growth factor-β (Syed, 2016). Four situations in which fast or stable binders would be preferrable for optimizing target suppression are shown in Figure 2 and are overlayed with licensed antibodies and the ISF turnover rate of their site of action.
Antibody-CNS Target Engagement
Historically, accessing the central nervous system (CNS) with monoclonal antibodies has been challenging. Antibody concentrations in the cerebrospinal fluid (CSF) and brain ISF are typically on the order of 0.1% of plasma concentrations (Bard et al., 2012; Sevigny et al., 2016; Wang et al., 2018; Gustavsson et al., 2020). Given their poor CNS penetration, antibodies with high target affinity that elicit therapeutic effects at low concentrations are desirable for CNS targets (Tolar et al., 2020). Target selection may be limited if significant target suppression is needed for therapeutic effect. Pathological factors with low baseline levels and slow production rates may be more suitable for targeting when developing antibody therapies for CNS diseases.
Antibody-target engagement in the brain is further complicated by dynamic fluid exchange and a diverse extracellular environment (Cserr, 1988; Sykova and Nicholson, 2008; Brinker et al., 2014). Past estimates for CSF and ISF turnover in the brain are called into question due to the difficulty of measuring solute transport (Brinker et al., 2014). CSF turnover is generally greater than ISF turnover, which may have implications for antibody distribution and target engagement (Brinker et al., 2014). If the target exists predominantly in the ISF, antibody-target complex formation rate may be restricted by complex accumulation promoting reaction kinetics toward dissociation (Li et al., 2018). Furthermore, convective transport of antibodies may be constrained by the convolution of brain interstitial paths. Movement of antibodies inside the brain parenchyma has been estimated to be less than 1 mm per day (Raghavan et al., 2016). Rubenstein et al. observed that after intrathecal administration, rituximab, was cleared from the CSF slower than the rate of bulk flow (Rubenstein et al., 2003). The relatively slow convection rate of antibodies in CSF increases the chances of equilibrium bindings between antibodies and the cognate targets, which may realize the potential of antibodies with high binding affinity. The complexities of fluid transport and macromolecular diffusion within the brain remain largely unresolved.
ANTIBODY-TRANSMEMBRANE TARGET INTERACTIONS
Many therapeutic targets are transmembrane proteins (e.g., EGFR, HER-2, and PD-1). These molecules face spatial and diffusional constraints, unlike soluble targets (Elson et al., 1976; Bell, 1978). The binding intricacies of transmembrane targets create engagement dynamics across time and space significantly more complex than soluble targets, particularly for bivalent antibodies. Bivalent antibody binding to a transmembrane target is a complex, two-step process that cannot be viewed as two independent monovalent steps. For example, dissociation of a bivalently bound antibody is not a first-order process, like monovalent binding. Mathematical modeling of bivalent binding at the cell surface is further complicated by dimensionality reductions, macromolecular diffusivity, antibody cross-arm binding efficiency (Kareva et al., 2018), and cell membrane characteristics.
Cell Line Considerations
An essential consideration for any preclinical model is the validity of the cell line as a representative system for the cell/tissue of interest. This is particularly important in oncology, where each cancer cell phenotype deviates from normal host cells. Association rates between specific antibody-transmembrane targets can vary substantially between cell lines for therapeutically relevant targets, such as human epidermal growth factor receptor 2 (HER2) and epidermal growth factor receptor (EGFR), by up to an order of magnitude (Bjorkelund et al., 2011; Barta et al., 2012). The disparity in binding characteristics between cell lines may be due to differences in cell surface topology causing variability in kon and koff between antibody and target (Hu et al., 2013). Molecular dynamic simulations suggest the affinity of two-dimensional binding may be inversely related to the relative roughness of the cell surface, presumably due to nanoscale fluctuations in membrane shape causing macromolecular repulsion between the ligand and membrane (Hu et al., 2013). In addition to receptor expression, cell pathophysiology can influence membrane composition and contribute to heterogeneous binding (Nagy et al., 2002; Pereira et al., 2018; Zhang et al., 2019). Notably, increased cholesterol content of some breast cancer cell lines has been shown to decrease membrane fluidity and alter HER2 cell surface distribution and internalization rate (Zhang et al., 2019). When macromolecular diffusion rates at the cell surface are small, as for receptors in a viscous membrane, apparent association and dissociation rates will be reduced (Bell, 1978).
Antibody-Transmembrane Target Binding
When an antibody binds a transmembrane target, the molecule becomes anchored to the membrane creating an effective local concentration of antibody at the cell surface. This regional concentration promotes subsequent interaction with additional targets on the cell surface (Kaufman and Jain, 1992; Pluckthon and Pack., 1997; Kramer and Karpen., 1998; Sengers et al., 2016). This local interaction between antibody-target complex and free target increases the apparent affinity of the interaction and promotes ligand rebinding. Rebinding refers to the propensity for an antibody/antibody-target complex and target to re-associate after dissociation and can contribute to significant affinity alterations, particularly for membrane-bound targets. Rebinding is a highly localized process and can refer to the re-association of primary targets or secondary target binding. In the example above, the apparent association rate of secondary binding events is increased by forced proximity of the target and the free binding arm of the antibody (Sengers et al., 2016). These secondary rebinding events are also related to antibody cross-arm binding efficiency, which measures an antibody free arm’s ability to engage targets at suboptimal binding distances (Harms et al., 2014). After initial target binding, the monovalent complex free arm undergoes a dynamic search process for a free target that becomes increasingly operative with greater hinge flexibility and decreasing molecular size. Hinge flexibility governs the arm’s propensity to engage targets at suboptimal binding distances, while the size of the molecule contributes to steric interactions and diffusivity on the membrane (De Michele et al., 2016; Sengers et al., 2016). Inclusion of a cross-arm binding efficiency parameter in preclinical models incorporates two phenomena: antibody-target complex adhered to the cell surface are restricted to a quasi-two-dimensional space, and free-arm binding is limited by rotational, torsional, and bending freedom of the antibody hinge region (Harms et al., 2014). This parameter has been suggested to be useful for rational selection of preclinical candidates (Harms et al., 2014).
Translational and rotational diffusion in two dimensions has been shown to differ greatly compared to three-dimensional diffusion (Saffman and Delbruck, 1975), thus in the event of dissociation, the two species are likely to interact again. In densely packed tissues, such as tumor microenvironments, diffusion of dissociated antibodies away from the target on the cell surface can be inhibited, promoting primary antibody rebinding events (Vauquelin, 2016). The surrounding extracellular matrix may similarly influence kon and koff (Morgan et al., 1998). Hindering the free three-dimensional diffusion of antibodies away from the cell surface results in prolonged “apparent” target occupancy and rebinding propensity may be directly related to the kon of the interaction (Vauquelin, 2016). In microenvironment that promote target rebinding, increasing kon can influence target occupancy similarly to decreasing koff, providing increased flexibility for antibody engineering strategies. Historically, structural antibody engineering to increase kon has been more challenging relative to reducing koff. Although difficult, structural modifications to both the antibody-target binding domain and non-binding regions have been used to increase the association rate of antibodies or peptides to their target by order of magnitude or more (Fukunaga and Tsumoto., 2013; Muguruma et al., 2019).
IMPORTANCE OF MONOVALENT-BIVALENT BINDING MODES
Bivalent Binding-Concentration Relationships
The predominant binding mode (i.e., monovalent vs. bivalent) is critical to overall antibody selectivity, distribution, and effector function. The relative concentrations of antibodies and targets critically influence the likelihood of bivalent binding (Zuckier et al., 2000). When target density on the cell membrane is sufficient for antibodies to engage multiple targets, the proportion of bivalently bound antibodies is likely to increase with increasing target density (Zuckier et al., 2000), assuming uniform target distribution on the cell surface, which is not always the case (Wehrman et al., 2006; Byrne et al., 2020). Similarly, when antibody concentrations are low relative to the target, most target molecules on the cell surface are unoccupied and available for antibody binding, assuming little competition from endogenous ligand. A high proportion of antibodies at the cell surface will be bivalently bound under these conditions. In contrast, monovalent bound antibodies will become increasingly prevalent at relatively high antibody concentrations, as antibodies must compete for the free target. These conditions favor monovalent binding and diminishing increases in bivalent engagement with increasing antibody concentration. De Michele et al., suggest antibody size also plays a role in promoting bivalent binding by keeping neighboring molecules at a distance through steric interactions thus ensuring targets within reach of the antibody’s free arm are unoccupied (De Michele et al., 2016).
Work by Bondza et al. demonstrates the influence of free antibody concentration on bivalent binding stability (Bondza et al., 2020). Increasing free antibody concentrations contribute to an increased apparent koff, (i.e., reduced binding stability) for monovalent-bound complexes because bivalent binding events must compete with free antibodies for unoccupied targets. In their study, the apparent koff for both rituximab and obinutuzumab differed approximately threefold in tested concentration ranges despite similar antibody affinities. The authors posited that obinutuzumab’s increased koff, relative to rituximab, led to more dynamic bivalent target binding than for rituximab, demonstrating an important point: antibodies with similar affinities can display significant differences in their predominant binding mode depending on the relative magnitude of their kon and koff. The implications for these concentration-binding-mode relationships are varying bivalent-monovalent ratios of bound antibody on cells/tissues depending on the relative concentration of antibody and target and antibody-target binding characteristics. If bivalent binding stability is advantageous, engineered reductions in koff may be used to promote increased bivalent binding.
Bivalent Binding and Antibody Selectivity
Bivalent binding can be leveraged to facilitate antibody selectivity for cells upregulating therapeutic targets. Increasing antibody koff has been recognized as a strategy to promote selective binding to cells upregulating targets, such as HER2 (Slaga et al., 2018). Bivalent binding on disease-associated tissue is promoted by increased target density, avoiding exceedingly high local antibody concentrations, improved cross-arm binding efficiency, and a rebinding-promoting microenvironment. Increased selectivity for disease-associated cells, has also been proposed to explain the differing toxicity profiles of targeted EGFR therapies (Garrido et al., 2011). EGFR is commonly upregulated in human epithelial cancers and is present in healthy tissues (London and Gallo, 2020). Targeted EGFR therapies often demonstrate toxicity associated with on-target off-tumor target binding (Lacouture, 2006; Izzedine et al., 2010). Garrido et al. postulated that nimotuzumab demonstrates a reduced adverse effect profile relative to other EGFR-targeting therapies, such as cetuximab, due to its intermediate affinity for EGFR (Garrido et al., 2011). Monovalent binding of nimotuzumab was prevalent but not efficient to elicit pharmacological actions in cells with low EGFR expressions. Conversely, monovalent cetuximab binding was efficient to trigger pharmacological actions at all examined EGFR densities. This theory may explain why a ten-fold reduction in EGFR affinity of nimotuzumab compared to cetuximab leads to selective binding in tumor tissue while sparing healthy tissues, thereby reducing adverse effects (Garrido et al., 2011). Simulations in Figure 3 demonstrate the relationship between kinetic rate constants and antibody selectivity for select EGFR targeted therapies, cetuximab and nimotuzumab. The steep slope of nimotuzumab with increasing cell surface target density in Figure 3 demonstrates a sharply increasing proportion of bivalent bound antibody with increasing target concentrations due to an intermediate affinity promoting greater selectivity.
[image: Figure 3]FIGURE 3 | Simulated relationship between target expression and bivalent selectivity. (A) Simulation of select EGFR targeted therapies, nimotuzumab (KD = 2.1 × 10−8 mol/L; kon = 5.2 × 104 (s mol/L)−1; koff = 1.1 × 10−3 s−1) and cetuximab (KD = 1.8 × 10−9 mol/L; kon = 3.1 × 106 (s mol/L)−1; koff = 5.8 × 10−3 s−1) between EGFR expression and maximum proportion of bivalent complex formed. (B) Low affinity of nimotuzumab relative to cetuximab prevents accumulation of antibody on healthy cells. Increasing target density promotes bivalent binding and retention of antibody on tumor cells.
Bispecific Antibodies
As of January 2022, only four bispecific antibody (BsA) products have been approved. However, over 85 bispecific agents were in clinical development in 2019 (Labrijn et al., 2019) suggesting a potential influx of BsA formats in coming years. BsA can be used to bind two targets on the same cell (cis-) or different cells (trans-, i.e., bridge two cells). The ability of BsA to modulate multiple targets may prove advantageous for addressing multifactorial diseases, such as cancer, where target pathway dysregulation, upregulation of alternative pathways, and crosstalk between pathways can lead to treatment resistance (Wu et al., 2015; Thakur et al., 2018). For targets on the same cell, much of the antibody-transmembrane interaction material above applies to BsA; however, antibody affinity must be optimized concerning two targets (Staflin et al., 2020). When density of the therapeutic target is low, an anchoring strategy may be used if other ligands on the cell surface are highly expressed relative to the target. Antibody selectivity can be increased up to 100-fold (Harms et al., 2014) through this strategy if relative concentration conditions between the two targets are met. When expressed in equal proportions, or the anchor target is under-expressed relative to therapeutic target, a bispecific anchor strategy provides only slight advantage over two monoclonal antibodies (Harms et al., 2014). Provided concentration conditions are met, this strategy can improve the selectivity and specificity of the antibody for disease-specific cells, thereby reducing on-target off-site adverse effects. Grugan et al. demonstrate use of an anti-EGFR/c-Met BsA, amivantamab, toward modulating multiple cell surface targets and show binding of one of the two targets is critical to Fc effector function engagement (Grugan et al., 2017).
BsA can also be used to facilitate cell-cell interactions. For example, blinatumomab, the first in class bispecific T-cell engager molecule is used to promote interaction between T cells and CD19-expressing tumor cells (Einsele et al., 2020). Efficacy of this molecule is based on maximizing the number of bivalent bound complexes; achieved through optimal antibody concentration. The relationship between maximum number of bivalent complexes and increasing antibody concentration is demonstrated by a bell-shape (Betts et al., 2019; Schropp et al., 2019). This phenomenon is attributable to target saturation at higher antibody concentrations. Increasing monovalent complexes compete for targets available for crosslinking, interfering with bivalent complex formation and is depicted in Figure 4.
[image: Figure 4]FIGURE 4 | The bell-shaped concentration-effect curves for bispecific T-cell engaging antibodies. (A) Simulated relationship between blinatumomab concentration and maximum amount of bivalent complex formed. (B) At suboptimal concentrations of bispecific antibodies, bivalent complex formation is limited by the number of bispecific molecules. At optimal concentrations, the number of bivalent complexes formed is maximized. Above the optimal concentration range, target saturation leads to inefficient crosslinking and bivalent complex formation is limited. This condition reduces cell-cell engagement and, potentially, therapeutic efficacy.
When used to mediate a bridging strategy between a ligand and receptor attached to cell surfaces, the reaction kinetics will be much different compared to the two species in solution. In this situation, bivalent binding rates are not reflective of interaction affinities, but more generally, the relative rates of cross-linking and intercellular encounter since only adjacent cells can facilitate bivalent binding. Mathematical modeling and experimental interpretation of these reactions is complicated by quantifying the likelihood of cell-cell interaction and potential for additional molecular interactions (e.g., carbohydrates, lectins) between cells contributing to bond avidity (Bell, 1978).
CONCLUSION
The number of antibodies and other protein-based therapeutics on the market is increasing rapidly (Kaplon et al., 2020). Despite improved success rates relative to small molecule drugs, the full potential of these molecules will be further realized through rigorous characterization of their in vivo target engagement. Additionally, identifying lead drug candidates with optimal target engagement within the tissue/cellular context is paramount to minimizing futile resource allocation in drug development programs. Extensive evidence indicates that the engagement dynamics for antibody-target interactions in living systems differ considerably from that observed in vitro. Insight into how the native microenvironment and local physiology influence antibody-target interactions could improve preclinical evaluation, lead optimization, and translation of preclinical candidates to clinical development. Notable takeaways from this work include 1) SPR technologies can serve as a rational basis for antibody screening, but affinity estimates should be used with caution in modeling and simulations depicting target engagement; 2) implementation of local tissue/cellular microenvironment and physiology in preclinical antibody-target engagement models could improve our understanding of in vivo antibody-target interactions; 3) antibody physical characteristics, microenvironment, and antibody-target interactions influence the predominant antibody binding mode and can be leveraged to modulate antibody selectivity, distribution, and effector function. Here we briefly reviewed how the interplay between physiological factors and the kinetics of association/dissociation for an antibody-target interaction can influence their engagement in vivo. We hope to draw attention to the knowledge gap surrounding the characterization of antibody-target interactions in living systems and demonstrate the relevance of this information to preclinical candidate selection and optimization processes.
AUTHOR CONTRIBUTIONS
Conceptualization YC; investigation and analysis TD and YC; writing-original draft preparation TD; writing-review and editing YC; supervision YC; funding acquisition YC. All authors have read and agreed to the published version of the manuscript.
FUNDING
This study was funded by National Institute of Health (GM119661).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abboud, N., Chow, S. K., Saylor, C., Janda, A., Ravetch, J. V., Scharff, M. D., et al. (2010). A Requirement for FcγR in Antibody-Mediated Bacterial Toxin Neutralization. J. Exp. Med. 207, 2395–2405. doi:10.1084/jem.20100995
 Arrhenius, S. (1889). Über die Reaktionsgeschwindigkeit bei der Inversion von Rohrzucker durch Säuren. Z. Phys. Chem. (Leipzig) 4U, 226–248. doi:10.1515/zpch-1889-0416
 Baker, J. H., Lindquist, K. E., Huxham, L. A., Kyle, A. H., Sy, J. T., and Minchinton, A. I. (2008). Direct Visualization of Heterogeneous Extravascular Distribution of Trastuzumab in Human Epidermal Growth Factor Receptor Type 2 Overexpressing Xenografts. Clin. Cancer Res. 14, 2171–2179. doi:10.1158/1078-0432.CCR-07-4465
 Bard, F., Fox, M., Friedrich, S., Seubert, P., Schenk, D., Kinney, G. G., et al. (2012). Sustained Levels of Antibodies against Aβ in Amyloid-Rich Regions of the CNS Following Intravenous Dosing in Human APP Transgenic Mice. Exp. Neurol. 238, 38–43. doi:10.1016/j.expneurol.2012.07.022
 Barta, P., Malmberg, J., Melicharova, L., Strandgård, J., Orlova, A., Tolmachev, V., et al. (2012). Protein Interactions with HER-Family Receptors Can Have Different Characteristics Depending on the Hosting Cell Line. Int. J. Oncol. 40, 1677–1682. doi:10.3892/ijo.2011.1307
 Bell, G. I. (1978). Models for the Specific Adhesion of Cells to Cells. Science 200, 618–627. doi:10.1126/science.347575
 Berkers, J. A., Van Bergen En Henegouwen, P. P., and Boonstra, J. (1992). The Effects of Receptor Density and Cell Shape on Epidermal Growth Factor Binding. J. Recept Res. 12, 71–100. doi:10.3109/10799899209066025
 Betts, A., Haddish-Berhane, N., Shah, D. K., Van Der Graaf, P. H., Barletta, F., King, L., et al. (2019). Correction to: A Translational Quantitative Systems Pharmacology Model for CD3 Bispecific Molecules: Application to Quantify T Cell-Mediated Tumor Cell Killing by P-Cadherin LP DART®. Aaps j 21, 73. doi:10.1208/s12248-019-0348-4
 Birrer, M. J., Moore, K. N., Betella, I., and Bates, R. C. (2019). Antibody-Drug Conjugate-Based Therapeutics: State of the Science. J. Natl. Cancer Inst. 111, 538–549. doi:10.1093/jnci/djz035
 Björkelund, H., Gedda, L., and Andersson, K. (2011). Comparing the Epidermal Growth Factor Interaction with Four Different Cell Lines: Intriguing Effects Imply strong Dependency of Cellular Context. PLoS One 6, e16536. doi:10.1371/journal.pone.0016536
 Bondza, S., Ten Broeke, T., Nestor, M., Leusen, J. H. W., and Buijs, J. (2020). Bivalent Binding on Cells Varies between Anti-CD20 Antibodies and Is Dose-dependent. MAbs 12, 1792673. doi:10.1080/19420862.2020.1792673
 Bournazos, S., Klein, F., Pietzsch, J., Seaman, M. S., Nussenzweig, M. C., and Ravetch, J. V. (2014). Broadly Neutralizing Anti-HIV-1 Antibodies Require Fc Effector Functions for In Vivo Activity. Cell 158, 1243–1253. doi:10.1016/j.cell.2014.08.023
 Brinker, T., Stopa, E., Morrison, J., and Klinge, P. (2014). A New Look at Cerebrospinal Fluid Circulation. Fluids Barriers CNS 11, 10. doi:10.1186/2045-8118-11-10
 Buchwald, P. (2019). A Receptor Model with Binding Affinity, Activation Efficacy, and Signal Amplification Parameters for Complex Fractional Response versus Occupancy Data. Front. Pharmacol. 10, 605. doi:10.3389/fphar.2019.00605
 Byrne, P. O., Hristova, K., and Leahy, D. J. (2020). EGFR Forms Ligand-independent Oligomers that Are Distinct from the Active State. J. Biol. Chem. 295, 13353–13362. doi:10.1074/jbc.RA120.012852
 Cao, Y., Balthasar, J. P., and Jusko, W. J. (2013). Second-generation Minimal Physiologically-Based Pharmacokinetic Model for Monoclonal Antibodies. J. Pharmacokinet. Pharmacodyn 40 (5), 597–607. doi:10.1007/s10928-013-9332-2
 Cao, Y., and Jusko, W. J. (2014). Incorporating Target-Mediated Drug Disposition in a Minimal Physiologically-Based Pharmacokinetic Model for Monoclonal Antibodies. J. Pharmacokinet. Pharmacodyn 41 (4), 375–387. doi:10.1007/s10928-014-9372-2
 Chiu, M. L., Goulet, D. R., Teplyakov, A., and Gilliland, G. L. (2019). Antibody Structure and Function: The Basis for Engineering Therapeutics. Antibodies 8, 55. doi:10.3390/antib8040055
 Cilliers, C., Guo, H., Liao, J., Christodolu, N., and Thurber, G. M. (2016). Multiscale Modeling of Antibody-Drug Conjugates: Connecting Tissue and Cellular Distribution to Whole Animal Pharmacokinetics and Potential Implications for Efficacy. Aaps j 18, 1117–1130. doi:10.1208/s12248-016-9940-z
 Coombs, D., and Goldstein, B. (2004). Effects of the Geometry of the Immunological Synapse on the Delivery of Effector Molecules. Biophys. J. 87, 2215–2220. doi:10.1529/biophysj.104.045674
 Cragg, M. S., Morgan, S. M., Chan, H. T., Morgan, B. P., Filatov, A. V., Johnson, P. W., et al. (2003). Complement-mediated Lysis by Anti-CD20 mAb Correlates with Segregation into Lipid Rafts. Blood 101, 1045–1052. doi:10.1182/blood-2002-06-1761
 Cserr, H. F. (1988). Role of Secretion and Bulk Flow of Brain Interstitial Fluid in Brain Volume Regulation. Ann. N y Acad. Sci. 529, 9–20. doi:10.1111/j.1749-6632.1988.tb51415.x
 Davies, C. D., Müller, H., Hagen, I., Gårseth, M., and Hjelstuen, M. H. (1997). Comparison of Extracellular Matrix in Human Osteosarcomas and Melanomas Growing as Xenografts, Multicellular Spheroids, and Monolayer Cultures. Anticancer Res. 17, 4317–4326.
 Davies, Cde. L., Berk, D. A., Pluen, A., and Jain, R. K. (2002). Comparison of IgG Diffusion and Extracellular Matrix Composition in Rhabdomyosarcomas Grown in Mice versus In Vitro as Spheroids Reveals the Role of Host Stromal Cells. Br. J. Cancer 86, 1639–1644. doi:10.1038/sj.bjc.6600270
 De Michele, C., De Los Rios, P., Foffi, G., and Piazza, F. (2016). Simulation and Theory of Antibody Binding to Crowded Antigen-Covered Surfaces. Plos Comput. Biol. 12, e1004752. doi:10.1371/journal.pcbi.1004752
 Diebolder, C. A., Beurskens, F. J., De Jong, R. N., Koning, R. I., Strumane, K., Lindorfer, M. A., et al. (2014). Complement Is Activated by IgG Hexamers Assembled at the Cell Surface. Science 343, 1260–1263. doi:10.1126/science.1248943
 Eikenes, L., Bruland, Ø. S., Brekken, C., and Davies, Cde. L. (2004). Collagenase Increases the Transcapillary Pressure Gradient and Improves the Uptake and Distribution of Monoclonal Antibodies in Human Osteosarcoma Xenografts. Cancer Res. 64, 4768–4773. doi:10.1158/0008-5472.CAN-03-1472
 Einsele, H., Borghaei, H., Orlowski, R. Z., Subklewe, M., Roboz, G. J., Zugmaier, G., et al. (2020). The BiTE (Bispecific T-Cell Engager) Platform: Development and Future Potential of a Targeted Immuno-Oncology Therapy across Tumor Types. Cancer 126, 3192–3201. doi:10.1002/cncr.32909
 Elson, E. L., Schlessinger, J., Koppel, D. E., Axelrod, D., and Webb, W. W. (1976). Measurement of Lateral Transport on Cell Surfaces. Prog. Clin. Biol. Res. 9, 137–147.
 Erlendsson, S., and Teilum, K. (2020). Binding Revisited-Avidity in Cellular Function and Signaling. Front. Mol. Biosci. 7, 615565. doi:10.3389/fmolb.2020.615565
 Eyring, H. (1935). The Activated Complex in Chemical Reactions. J. Chem. Phys. 3, 107–115. doi:10.1063/1.1749604
 Flessner, M. F., Choi, J., Credit, K., Deverkadra, R., and Henderson, K. (2005). Resistance of Tumor Interstitial Pressure to the Penetration of Intraperitoneally Delivered Antibodies into Metastatic Ovarian Tumors. Clin. Cancer Res. 11, 3117–3125. doi:10.1158/1078-0432.CCR-04-2332
 Fujimori, K., Covell, D. G., Fletcher, J. E., and Weinstein, J. N. (1989). Modeling Analysis of the Global and Microscopic Distribution of Immunoglobulin G, F(ab')2, and Fab in Tumors. Cancer Res. 49, 5656–5663.
 Fukunaga, A., and Tsumoto, K. (2013). Improving the Affinity of an Antibody for its Antigen via Long-Range Electrostatic Interactions. Protein Eng. Des. Sel 26 (12), 773–780. doi:10.1093/protein/gzt053
 Garrido, G., Tikhomirov, I. A., Rabasa, A., Yang, E., Gracia, E., Iznaga, N., et al. (2011). Bivalent Binding by Intermediate Affinity of Nimotuzumab: a Contribution to Explain Antibody Clinical Profile. Cancer Biol. Ther. 11, 373–382. doi:10.4161/cbt.11.4.14097
 Grugan, K. D., Dorn, K., Jarantow, S. W., Bushey, B. S., Pardinas, J. R., Laquerre, S., et al. (2017). Fc-mediated Activity of EGFR X C-Met Bispecific Antibody JNJ-61186372 Enhanced Killing of Lung Cancer Cells. MAbs 9, 114–126. doi:10.1080/19420862.2016.1249079
 Gustavsson, T., Syvänen, S., O'callaghan, P., and Sehlin, D. (2020). SPECT Imaging of Distribution and Retention of a Brain-Penetrating Bispecific Amyloid-β Antibody in a Mouse Model of Alzheimer's Disease. Transl Neurodegener 9, 37. doi:10.1186/s40035-020-00214-1
 Hafeez, U., Gan, H. K., and Scott, A. M. (2018). Monoclonal Antibodies as Immunomodulatory Therapy against Cancer and Autoimmune Diseases. Curr. Opin. Pharmacol. 41, 114–121. doi:10.1016/j.coph.2018.05.010
 Harms, B. D., Kearns, J. D., Iadevaia, S., and Lugovskoy, A. A. (2014). Understanding the Role of Cross-Arm Binding Efficiency in the Activity of Monoclonal and Multispecific Therapeutic Antibodies. Methods 65, 95–104. doi:10.1016/j.ymeth.2013.07.017
 Hill, A. V. (1909). The Mode of Action of Nicotine and Curari, Determined by the Form of the Contraction Curve and the Method of Temperature Coefficients. J. Physiol. 39, 361–373. doi:10.1113/jphysiol.1909.sp001344
 Hu, J., Lipowsky, R., and Weikl, T. R. (2013). Binding Constants of Membrane-Anchored Receptors and Ligands Depend Strongly on the Nanoscale Roughness of Membranes. Proc. Natl. Acad. Sci. U S A. 110, 15283–15288. doi:10.1073/pnas.1305766110
 Hughes-Jones, N. C. (1977). Functional Affinity Constants of the Reaction between 125I-Labelled C1q and C1q Binders and Their Use in the Measurement of Plasma C1q Concentrations. Immunology 32, 191–198.
 Hung, J. J., Zeno, W. F., Chowdhury, A. A., Dear, B. J., Ramachandran, K., Nieto, M. P., et al. (2019). Self-diffusion of a Highly Concentrated Monoclonal Antibody by Fluorescence Correlation Spectroscopy: Insight into Protein-Protein Interactions and Self-Association. Soft matter 15 (33), 6660–6676. doi:10.1039/c9sm01071h
 Izzedine, H., Bahleda, R., Khayat, D., Massard, C., Magné, N., Spano, J. P., et al. (2010). Electrolyte Disorders Related to EGFR-Targeting Drugs. Crit. Rev. Oncol. Hematol. 73, 213–219. doi:10.1016/j.critrevonc.2009.03.012
 Jarmoskaite, I., Alsadhan, I., Vaidyanathan, P. P., and Herschlag, D. (2020). How to Measure and Evaluate Binding Affinities. Elife 9. doi:10.7554/eLife.57264
 Kambayashi, Y., Fujimura, T., Hidaka, T., and Aiba, S. (2019). Biomarkers for Predicting Efficacies of Anti-PD1 Antibodies. Front. Med. (Lausanne) 6, 174. doi:10.3389/fmed.2019.00174
 Kaplon, H., Muralidharan, M., Schneider, Z., and Reichert, J. M. (2020). Antibodies to Watch in 2020. MAbs 12, 1703531. doi:10.1080/19420862.2019.1703531
 Kaplon, H., and Reichert, J. M. (2019). Antibodies to Watch in 2019. MAbs 11, 219–238. doi:10.1080/19420862.2018.1556465
 Kareva, I., Zutshi, A., and Kabilan, S. (2018). Guiding Principles for Mechanistic Modeling of Bispecific Antibodies. Prog. Biophys. Mol. Biol. 139, 59–72. doi:10.1016/j.pbiomolbio.2018.08.011
 Kaufman, E. N., and Jain, R. K. (1992). Effect of Bivalent Interaction upon Apparent Antibody Affinity: Experimental Confirmation of Theory Using Fluorescence Photobleaching and Implications for Antibody Binding Assays. Cancer Res. 52, 4157–4167.
 Kramer, R. H., and Karpen, J. W. (1998). Spanning Binding Sites on Allosteric Proteins with Polymer-Linked Ligand Dimers. Nature 395, 710–713. doi:10.1038/27227
 Lacouture, M. E. (2006). Mechanisms of Cutaneous Toxicities to EGFR Inhibitors. Nat. Rev. Cancer 6, 803–812. doi:10.1038/nrc1970
 Lagerkvist, A. C., Földes-Papp, Z., Persson, M. A., and Rigler, R. (2001). Fluorescence Correlation Spectroscopy as a Method for Assessment of Interactions between Phage Displaying Antibodies and Soluble Antigen. Protein Sci. 10 (8), 1522–1528. doi:10.1110/ps.5701
 Li, X., Jusko, W. J., and Cao, Y. (2018). Role of Interstitial Fluid Turnover on Target Suppression by Therapeutic Biologics Using a Minimal Physiologically Based Pharmacokinetic Model. J. Pharmacol. Exp. Ther. 367, 1–8. doi:10.1124/jpet.118.250134
 London, M., and Gallo, E. (2020). Epidermal Growth Factor Receptor (EGFR) Involvement in Epithelial-Derived Cancers and its Current Antibody-Based Immunotherapies. Cell Biol Int 44, 1267–1282. doi:10.1002/cbin.11340
 Lux, A., Yu, X., Scanlan, C. N., and Nimmerjahn, F. (2013). Impact of Immune Complex Size and Glycosylation on IgG Binding to Human FcγRs. J. Immunol. 190, 4315–4323. doi:10.4049/jimmunol.1200501
 Mager, D. E., and Jusko, W. J. (2001). General Pharmacokinetic Model for Drugs Exhibiting Target-Mediated Drug Disposition. J. Pharmacokinet. Pharmacodyn 28 (6), 507–532. doi:10.1023/a:1014414520282
 Maloney, D. G. (2005). Concepts in Radiotherapy and Immunotherapy: Anti-CD20 Mechanisms of Action and Targets. Semin. Oncol. 32, S19–S26. doi:10.1053/j.seminoncol.2005.01.010
 Meyer, S., Leusen, J. H., and Boross, P. (2014). Regulation of Complement and Modulation of its Activity in Monoclonal Antibody Therapy of Cancer. MAbs 6, 1133–1144. doi:10.4161/mabs.29670
 Morgan, C. L., Newman, D. J., Burrin, J. M., and Price, C. P. (1998). The Matrix Effects on Kinetic Rate Constants of Antibody-Antigen Interactions Reflect Solvent Viscosity. J. Immunol. Methods 217, 51–60. doi:10.1016/s0022-1759(98)00092-1
 Mosqueira, A., Camino, P. A., and Barrantes, F. J. (2020). Antibody-induced Crosslinking and Cholesterol-Sensitive, Anomalous Diffusion of Nicotinic Acetylcholine Receptors. J. Neurochem. 152, 663–674. doi:10.1111/jnc.14905
 Moulard, M., and Ozoux, M. L. (2016). How Validated Receptor Occupancy Flow Cytometry Assays Can Impact Decisions and Support Drug Development. Cytometry B Clin. Cytom 90, 150–158. doi:10.1002/cyto.b.21320
 Muguruma, K., Fujita, K., Fukuda, A., Kishimoto, S., Sakamoto, S., Arima, R., et al. (2019). Kinetics-Based Structural Requirements of Human Immunoglobulin G Binding Peptides. ACS omega 4 (11), 14390–14397. doi:10.1021/acsomega.9b01104
 Mullard, A. (2021). FDA Approves 100th Monoclonal Antibody Product. Nat. Rev. Drug Discov. 20, 491–495. doi:10.1038/d41573-021-00079-7
 Nagy, P., Vereb, G., Sebestyén, Z., Horváth, G., Lockett, S. J., Damjanovich, S., et al. (2002). Lipid Rafts and the Local Density of ErbB Proteins Influence the Biological Role of Homo- and Heteroassociations of ErbB2. J. Cel Sci 115, 4251–4262. doi:10.1242/jcs.00118
 Netti, P. A., Berk, D. A., Swartz, M. A., Grodzinsky, A. J., and Jain, R. K. (2000). Role of Extracellular Matrix Assembly in Interstitial Transport in Solid Tumors. Cancer Res. 60, 2497–2503.
 Olaru, A., Bala, C., Jaffrezic-Renault, N., and Aboul-Enein, H. Y. (2015). Surface Plasmon Resonance (SPR) Biosensors in Pharmaceutical Analysis. Crit. Rev. Anal. Chem. 45, 97–105. doi:10.1080/10408347.2014.881250
 Pereira, P. M. R., Sharma, S. K., Carter, L. M., Edwards, K. J., Pourat, J., Ragupathi, A., et al. (2018). Caveolin-1 Mediates Cellular Distribution of HER2 and Affects Trastuzumab Binding and Therapeutic Efficacy. Nat. Commun. 9, 5137. doi:10.1038/s41467-018-07608-w
 Petrova, T. V., and Koh, G. Y. (2020). Biological Functions of Lymphatic Vessels. Science 369. doi:10.1126/science.aax4063
 Pierson, T. C., Xu, Q., Nelson, S., Oliphant, T., Nybakken, G. E., Fremont, D. H., et al. (2007). The Stoichiometry of Antibody-Mediated Neutralization and Enhancement of West Nile Virus Infection. Cell Host Microbe 1, 135–145. doi:10.1016/j.chom.2007.03.002
 Plückthun, A., and Pack, P. (1997). New Protein Engineering Approaches to Multivalent and Bispecific Antibody Fragments. Immunotechnology 3, 83–105. doi:10.1016/s1380-2933(97)00067-5
 Raghavan, R., Brady, M. L., Rodríguez-Ponce, M. I., Hartlep, A., Pedain, C., and Sampson, J. H. (2006). Convection-enhanced Delivery of Therapeutics for Brain Disease, and its Optimization. Neurosurg. Focus 20, E12. doi:10.3171/foc.2006.20.4.7
 Reitan, N. K., Juthajan, A., Lindmo, T., and De Lange Davies, C. (2008). Macromolecular Diffusion in the Extracellular Matrix Measured by Fluorescence Correlation Spectroscopy. J. Biomed. Opt. 13, 054040. doi:10.1117/1.2982530
 Reverberi, R., and Reverberi, L. (2007). Factors Affecting the Antigen-Antibody Reaction. Blood Transfus. 5, 227–240. doi:10.2450/2007.0047-07
 Rougé, L., Chiang, N., Steffek, M., Kugel, C., Croll, T. I., Tam, C., et al. (2020). Structure of CD20 in Complex with the Therapeutic Monoclonal Antibody Rituximab. Science 367 (6483), 1224–1230. doi:10.1126/science.aaz9356
 Rubenstein, J. L., Combs, D., Rosenberg, J., Levy, A., Mcdermott, M., Damon, L., et al. (2003). Rituximab Therapy for CNS Lymphomas: Targeting the Leptomeningeal Compartment. Blood 101, 466–468. doi:10.1182/blood-2002-06-1636
 Saffman, P. G., and Delbrück, M. (1975). Brownian Motion in Biological Membranes. Proc. Natl. Acad. Sci. U S A. 72, 3111–3113. doi:10.1073/pnas.72.8.3111
 Schropp, J., Khot, A., Shah, D. K., and Koch, G. (2019). Target-Mediated Drug Disposition Model for Bispecific Antibodies: Properties, Approximation, and Optimal Dosing Strategy. CPT Pharmacometrics Syst. Pharmacol. 8, 177–187. doi:10.1002/psp4.12369
 Schuck, P., and Zhao, H. (2010). The Role of Mass Transport Limitation and Surface Heterogeneity in the Biophysical Characterization of Macromolecular Binding Processes by SPR Biosensing. Methods Mol. Biol. 627, 15–54. doi:10.1007/978-1-60761-670-2_2
 Sengers, B. G., Mcginty, S., Nouri, F. Z., Argungu, M., Hawkins, E., Hadji, A., et al. (2016). Modeling Bispecific Monoclonal Antibody Interaction with Two Cell Membrane Targets Indicates the Importance of Surface Diffusion. MAbs 8, 905–915. doi:10.1080/19420862.2016.1178437
 Sevigny, J., Chiao, P., Bussière, T., Weinreb, P. H., Williams, L., Maier, M., et al. (2016). The Antibody Aducanumab Reduces Aβ Plaques in Alzheimer's Disease. Nature 537, 50–56. doi:10.1038/nature19323
 Sharkey, R. M., Gold, D. V., Aninipot, R., Vagg, R., Ballance, C., Newman, E. S., et al. (1990). Comparison of Tumor Targeting in Nude Mice by Murine Monoclonal Antibodies Directed against Different Human Colorectal Cancer Antigens. Cancer Res. 50, 828s–834s.
 Shockley, T. R., Lin, K., Sung, C., Nagy, J. A., Tompkins, R. G., Dedrick, R. L., et al. (1992). A Quantitative Analysis of Tumor Specific Monoclonal Antibody Uptake by Human Melanoma Xenografts: Effects of Antibody Immunological Properties and Tumor Antigen Expression Levels. Cancer Res. 52, 357–366.
 Slaga, D., Ellerman, D., Lombana, T. N., Vij, R., Li, J., Hristopoulos, M., et al. (2018). Avidity-based Binding to HER2 Results in Selective Killing of HER2-Overexpressing Cells by Anti-her2/cd3. Sci. Transl Med. 10, 5775. doi:10.1126/scitranslmed.aat5775
 Staflin, K., Zuch De Zafra, C. L., Schutt, L. K., Clark, V., Zhong, F., Hristopoulos, M., et al. (2020). Target Arm Affinities Determine Preclinical Efficacy and Safety of Anti-her2/cd3 Bispecific Antibody. JCI Insight 5, 757. doi:10.1172/jci.insight.133757
 Strasser, J., De Jong, R. N., Beurskens, F. J., Wang, G., Heck, A. J. R., Schuurman, J., et al. (2019). Unraveling the Macromolecular Pathways of IgG Oligomerization and Complement Activation on Antigenic Surfaces. Nano Lett. 19, 4787–4796. doi:10.1021/acs.nanolett.9b02220
 Syed, V. (2016). TGF-β Signaling in Cancer. J. Cel Biochem 117, 1279–1287. doi:10.1002/jcb.25496
 Syková, E., and Nicholson, C. (2008). Diffusion in Brain Extracellular Space. Physiol. Rev. 88, 1277–1340. doi:10.1152/physrev.00027.2007
 Tajima, N., Takai, M., and Ishihara, K. (2011). Significance of Antibody Orientation Unraveled: Well-Oriented Antibodies Recorded High Binding Affinity. Anal. Chem. 83, 1969–1976. doi:10.1021/ac1026786
 Tang, Y., and Cao, Y. (2021). Modeling Pharmacokinetics and Pharmacodynamics of Therapeutic Antibodies: Progress, Challenges, and Future Directions. Pharmaceutics 13 (3). doi:10.3390/pharmaceutics13030422
 Tang, Y., and Cao, Y. (2020). Modeling the Dynamics of Antibody-Target Binding in Living Tumors. Sci. Rep. 10, 16764. doi:10.1038/s41598-020-73711-y
 Tang, Y., Lou, J., Alpaugh, R. K., Robinson, M. K., Marks, J. D., and Weiner, L. M. (2007). Regulation of Antibody-dependent Cellular Cytotoxicity by IgG Intrinsic and Apparent Affinity for Target Antigen. J. Immunol. 179, 2815–2823. doi:10.4049/jimmunol.179.5.2815
 Teeling, J. L., Mackus, W. J., Wiegman, L. J., Van Den Brakel, J. H., Beers, S. A., French, R. R., et al. (2006). The Biological Activity of Human CD20 Monoclonal Antibodies Is Linked to Unique Epitopes on CD20. J. Immunol. 177, 362–371. doi:10.4049/jimmunol.177.1.362
 Ternant, D., Pfister, M., Le Tilly, O., Mulleman, D., Picon, L., Willot, S., et al. (2022). Infliximab Treatment Does Not Lead to Full TNF-α Inhibition: A Target-Mediated Drug Disposition Model. Clin. Pharmacokinet. 61 (1), 143–154. doi:10.1007/s40262-021-01057-3
 Thakur, A., Huang, M., and Lum, L. G. (2018). Bispecific Antibody Based Therapeutics: Strengths and Challenges. Blood Rev. 32, 339–347. doi:10.1016/j.blre.2018.02.004
 Thurber, G. M., Schmidt, M. M., and Wittrup, K. D. (2008a). Antibody Tumor Penetration: Transport Opposed by Systemic and Antigen-Mediated Clearance. Adv. Drug Deliv. Rev. 60, 1421–1434. doi:10.1016/j.addr.2008.04.012
 Thurber, G. M., Schmidt, M. M., and Wittrup, K. D. (2008b). Factors Determining Antibody Distribution in Tumors. Trends Pharmacol. Sci. 29, 57–61. doi:10.1016/j.tips.2007.11.004
 Tolar, M., Abushakra, S., Hey, J. A., Porsteinsson, A., and Sabbagh, M. (2020). Aducanumab, Gantenerumab, BAN2401, and ALZ-801-The First Wave of Amyloid-Targeting Drugs for Alzheimer's Disease with Potential for Near Term Approval. Alzheimers Res. Ther. 12, 95. doi:10.1186/s13195-020-00663-w
 Tracey, D., Klareskog, L., Sasso, E. H., Salfeld, J. G., and Tak, P. P. (2008). Tumor Necrosis Factor Antagonist Mechanisms of Action: a Comprehensive Review. Pharmacol. Ther. 117, 244–279. doi:10.1016/j.pharmthera.2007.10.001
 Vauquelin, G., and Charlton, S. J. (2013). Exploring Avidity: Understanding the Potential Gains in Functional Affinity and Target Residence Time of Bivalent and Heterobivalent Ligands. Br. J. Pharmacol. 168, 1771–1785. doi:10.1111/bph.12106
 Vauquelin, G. (2016). Effects of Target Binding Kinetics on In Vivo Drug Efficacy: Koff , Kon and Rebinding. Br. J. Pharmacol. 173, 2319–2334. doi:10.1111/bph.13504
 Wang, Q., Delva, L., Weinreb, P. H., Pepinsky, R. B., Graham, D., Veizaj, E., et al. (2018). Monoclonal Antibody Exposure in Rat and Cynomolgus Monkey Cerebrospinal Fluid Following Systemic Administration. Fluids Barriers CNS 15, 10. doi:10.1186/s12987-018-0093-6
 Wang, W., Erbe, A. K., Hank, J. A., Morris, Z. S., and Sondel, P. M. (2015). NK Cell-Mediated Antibody-dependent Cellular Cytotoxicity in Cancer Immunotherapy. Front. Immunol. 6, 368. doi:10.3389/fimmu.2015.00368
 Wehrman, T. S., Raab, W. J., Casipit, C. L., Doyonnas, R., Pomerantz, J. H., and Blau, H. M. (2006). A System for Quantifying Dynamic Protein Interactions Defines a Role for Herceptin in Modulating ErbB2 Interactions. Proc. Natl. Acad. Sci. U S A. 103, 19063–19068. doi:10.1073/pnas.0605218103
 Weinstein, J. N., and Van Osdol, W. (1992). Early Intervention in Cancer Using Monoclonal Antibodies and Other Biological Ligands: Micropharmacology and the "binding Site Barrier". Cancer Res. 52, 2747s–2751s.
 Weiskopf, K., and Weissman, I. L. (2015). Macrophages Are Critical Effectors of Antibody Therapies for Cancer. MAbs 7, 303–310. doi:10.1080/19420862.2015.1011450
 Wigner, E. (1932). Über das Überschreiten von Potentialschwellen bei chemischen Reaktionen. Z. Phys. Chem. Abt. B 19B, 203–216. doi:10.1515/zpch-1932-1920
 Wu, J., Fu, J., Zhang, M., and Liu, D. (2015). Blinatumomab: a Bispecific T Cell Engager (BiTE) Antibody against CD19/CD3 for Refractory Acute Lymphoid Leukemia. J. Hematol. Oncol. 8, 104. doi:10.1186/s13045-015-0195-4
 Wu, X., and Demarest, S. J. (2019). Building Blocks for Bispecific and Trispecific Antibodies. Methods 154, 3–9. doi:10.1016/j.ymeth.2018.08.010
 Yang, Y., Yeh, S. H., Madireddi, S., Matochko, W. L., Gu, C., Pacheco Sanchez, P., et al. (2019). Tetravalent Biepitopic Targeting Enables Intrinsic Antibody Agonism of Tumor Necrosis Factor Receptor Superfamily Members. mAbs 11 (6), 996–1011. doi:10.1080/19420862.2019.1625662
 Zhang, J., Li, Q., Wu, Y., Wang, D., Xu, L., Zhang, Y., et al. (2019). Cholesterol Content in Cell Membrane Maintains Surface Levels of ErbB2 and Confers a Therapeutic Vulnerability in ErbB2-Positive Breast Cancer. Cell Commun Signal 17, 15. doi:10.1186/s12964-019-0328-4
 Zhang, P., Ma, G., Dong, W., Wan, Z., Wang, S., and Tao, N. (2020). Plasmonic Scattering Imaging of Single Proteins and Binding Kinetics. Nat. Methods 17, 1010–1017. doi:10.1038/s41592-020-0947-0
 Zuckier, L. S., Berkowitz, E. Z., Sattenberg, R. J., Zhao, Q. H., Deng, H. F., and Scharff, M. D. (2000). Influence of Affinity and Antigen Density on Antibody Localization in a Modifiable Tumor Targeting Model. Cancer Res. 60, 7008–7013.
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Dunlap and Cao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-13-856961-g003.gif





OPS/images/fphar-13-856961-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Physiological Considerations for Modeling in vivo Antibody-Target Interactions		Introduction

		Antibody-Target Interactions		Antibody-Target Affinity: In Vitro Approaches and Problems

		Factors Affecting Antibody Avidity

		Target Engagement and Antibody Efficacy Metrics

		Target Engagement and Antibody Spatial Distribution





		Antibody-Souble Target Interactions		Biological Fluid Turnover

		Antibody-CNS Target Engagement





		Antibody-Transmembrane Target Interactions		Cell Line Considerations

		Antibody-Transmembrane Target Binding





		Importance of Monovalent-Bivalent Binding Modes		Bivalent Binding-Concentration Relationships

		Bivalent Binding and Antibody Selectivity

		Bispecific Antibodies





		Conclusion

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
* frontiers
in Pharmacology

Physiological Considerations for
Modeling in vivo Antibody-Target
Interactions





OPS/images/fphar-13-856961-g001.gif
— X > =X —

Antbody disrbotonto sieof stion

o <
Qf ) — e
e,

[E———

Memseae gy
oy 0w bindn






OPS/images/fphar-13-856961-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





