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Introduction

N-glycosylation is a post-translational modification that is highly important for the development of monoclonal antibodies (mAbs), as it regulates their biological activity, particularly in terms of immune effector functions. While typically added at the Fc level, approximately 15-25% of circulating antibodies exhibit glycosylation in the Fab domains as well. To the best of our knowledge, cetuximab (Erbitux®) is the only therapeutic antibody presenting Fab glycosylation approved world-wide targeting the epidermal growth factor receptor for the treatment of metastatic-colorectal and head and neck cancers. Additionally, it can trigger antibody-dependent cell cytotoxicity (ADCC), a response that typically is influenced by N-glycosylation at Fc level. However, the role of Fab glycosylation in cetuximab remains poorly understood. Hence, this study aims to investigate the structural role of Fab glycosylation on the conformational behavior of cetuximab.





Methods

The study was performed in silico via accelerated molecular dynamics simulations. The commercial cetuximab was compared to its form without Fab glycosylation and structural descriptors were evaluated to establish conformational differences.





Results

The results clearly show a correlation between the Fab glycosylation and structural descriptors that may modulate the conformational freedom of the antibody, potentially affecting Fc effector functions, and suggesting a negative role of Fab glycosylation on the interaction with FcγRIIIa.





Conclusion

Fab glycosylation of cetuximab is the most critical challenge for biosimilar development, but the differences highlighted in this work with respect to its aglycosylated form can improve the knowledge and represent also a great opportunity to develop novel strategies of biotherapeutics.
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1 Introduction

Immunoglobulins, particularly G1 isotype (IgG1), are the most abundant glycoproteins in circulation and represent one of the most important mechanisms of protection against pathogens (1). They can exert protection through direct interaction with the antigen (2–4) and by recruiting specific receptors, that further activate effector functions such as antibody dependent cell cytotoxicity (ADCC), antibody dependent cell phagocytosis (ADCP), and complement dependent cytotoxicity (CDC) (5–7). IgG1 are often commercialized as monoclonal antibodies (mAbs), potent biotherapeutics used in the treatment against several diseases. From a structural perspective, mAbs are composed of four chains, two light and two heavy (LC and HC, respectively), that are assembled to form a symmetric structure organized in two fragment antigen binding (Fab) domains and one fragment crystallizable (Fc) linked by a flexible hinge region. LCs and HCs are connected by disulphide bonds and contain both variable and constant regions of which the variable ones are involved in the antigen binding (8). The neutralizing effect of mAbs is due to the complementarity determining regions (CDRs), located in the Fab region, that constitute the heterogeneity and uniqueness of the antibody. Moreover, the interaction with immune receptors is determined by the Fc domain, that is very conserved among the different classes of antibodies. A key role in modulating the interaction with Fc receptors is played by the N-glycosylation, a post-translational modification that occurs at the conserved Asn297 in the Fc region (9, 10). It is well known that differences in the N-glycosylation pattern, such as the presence of fucose, can modulate the Fc receptors recognition (11, 12) and several published studies demonstrated a role of this modification not only in modulating the bioactivity of the mAbs (13–20), but also their conformational behavior (21, 22).

Although Fc glycosylation is always present on IgGs and represents an important aspect to be considered during product development and in the post-marketing surveillance, N-glycosylation in the Fab region also needs to be evaluated. Actually, Fab glycosylation has been observed in approximately 15-25% of all circulating antibodies and it is associated with many physiological and pathological conditions (23): e.g., in pregnancy, where Fab-glycosylated IgG antibodies from the mother are directed against paternal antigens (24); in auto-immune diseases like rheumatoid arthritis (25); in primary Sjogren’s syndrome (26); and in B cell malignancies (27–29).

A prerequisite to have a N-glycosylated site in both Fab and Fc is the presence of the N-X-S/T sequence motif, where X is not Pro (9). This condition is however not sufficient to observe the Fab glycosylation, that can happen in both LC and HC, in CDRs, and in framework regions, because it is due to a somatic hypermutation during Ag-specific immune responses (30) and for biotherapeutics it can depend on the chosen germline. For instance, mouse IGKV5-45 allele presents a germline-encoded glycosylation site that is not occupied in both infliximab (31) and cetuximab (32, 33), two therapeutic commercial mAbs. However, the cetuximab produced via mouse IGHV2-2 germline is glycosylated at the same site (32–34). Many factors can also influence Fab glycosylation patterns, including the position (35, 36) and the proximal amino acids (37–39). Even if a certain population of high mannose species has been detected, the most frequent population of Fab glycosylation is based on a biantennary species, which often has one or two terminal α2,6-linked sialic acids, with a pattern that is very similar to the one in the Fc region (40). Several studies report that Fab glycosylation can increase or decrease Ag binding, block binding between two proteins by steric hindrance, extend Ab half-life because of sialylation, and presumably affect Ab aggregation and immune complex formation (23). In the context of biotherapeutic mAbs and to the best of our knowledge, cetuximab, marketed as Erbitux®, is the only antibody presenting a Fab glycosylation approved world-wide. Targeting the epidermal growth factor receptor (EGFR), it is used for the treatment of metastatic-colorectal cancer and head and neck cancer (41, 42). Cetuximab is a chimeric mouse/human recombinant antibody produced in SP2/0 mouse myeloma cell line (42), presenting a wide structural heterogeneity due to a second non-human N-glycosylation site located at Asn88 within the framework 3 of the variable domain of HC (Fab portion), in addition to the classical site at Fc (Asn299) (43). The functional role of Fab glycosylation in cetuximab is still not clear. It seems to not affect the binding to the antigen because it is on the opposite site with respect to CDRs (33). Moreover, Giddens et al. showed that glycoengineered cetuximab uniformly carrying single fully sialylated Fab N-glycans exhibits the same affinity as commercial cetuximab carrying multiple N-glycans (44). On the other hand, the pharmacokinetic profile of cetuximab can be influenced by Fab properties, i.e., charge variants and N-glycosylation, as demonstrated by Schlothauer and colleagues who observed an increase of affinity between Fc and neonatal Fc receptor (FcRn) after the removal of Fab domains (45). As aforementioned, cetuximab is produced in mouse cells and N-glycans show a high heterogeneity. This aspect is linked to severe hypersensitivity reactions in some patients, especially because the 30% of glycans in the Fab contain one or two α1,3-galactose and a significant content of N-glycolylneuraminic acid (Neu5Gc) that are both considered highly immunogenic (43, 46). Cetuximab is also known to activate the ADCC function, which is claimed as secondary mode of action of the molecule (47–49) and that may be influenced by the surface charge of the antibody, since different charge variants can influence the affinity to FcγRIIIa (50). As already reported in our previous works, N-glycosylation at Fc domain can have not only an impact on FcγRIIIa recognition and ADCC activation, but also on the antibody conformational behavior, influencing the preference of the antibody for certain conformational states (21, 22). Accordingly, the scope of this work, that was entirely developed in silico, is to investigate via computational tools the role of Fab glycosylation on cetuximab dynamics, trying to shed light on its mechanism of action. Accelerated molecular dynamics (aMD) simulations were performed to compare the commercial cetuximab glycosylated at Fab and its aglycosylated form to evaluate the structural descriptors that can modulate the conformational freedom of the antibody, potentially affecting the Fc effector functions. This potential role of Fab glycosylation has never been investigated before and can be a focus for the development of a new class of biotherapeutic mAbs, where the modulation of the effector functions is performed throughout the Fab glycosylation.




2 Materials and methods



2.1 Homology modeling

The three-dimensional (3D) structure of cetuximab was built with a chimeric homology modeling approach by the “Homology model” tool of MOE 2022.02 software (51). The X-ray structure of cetuximab Fab was used to model these domains (PDB ID: 1YY8) (32), while the structure of a fully human IgG1, contained in MOE library of crystalized antibodies was used as a template (PDB ID: 1HZH) (52) to build hinge and Fc portion. Before performing homology modeling, all the templates were prepared using the “Structure Preparation” tool of MOE, to correct any crystallographic issue, and processed by the “Protonate 3D” tool to assign the ionization states and add missing hydrogens. 1YY8 structure presents some missed residues at the C-terminal of LC, namely Glu213 and Cys214 that were modeled on 1HZH with the enabled “override template” option. The homology modeling procedure generated 10 intermediate models, and the final structure was chosen based on the highest-scoring intermediate model. The score was determined using the generalized Born-volume integral methodology, which calculates the free energy of hydration by summing the electrostatic energy term with a cavitation energy derived from a volume integral London dispersion energy (53). An energy minimization step was executed until the root mean-square (RMS) gradient reached a value of 0.5 kcal/mol/Å2, opting for the “medium” setting to facilitate a moderate relaxation and alleviate steric strain. The model was then glycosylated at the conserved Asn297 in the Fc (Asn299 in cetuximab) with G0F glycans obtained from 1HZH structure, linking the ND2 of the Asn and the C1 of N-acetylglucosamine (GlcNac). To obtain the cetuximab model glycosylated at Fab, G2F+2αGal glycans were attached unit by unit to Asn88 in the HC and then the model was again energy minimized until the RMS gradient of 0.01 kcal/mol/Å2. G2F+2αGal on Fab domains and G0F on Fc are reported in literature as the most expressed in the commercial antibody produced in SP2/0 cells (43) and for this reason they were considered in this study.




2.2 Classical and accelerated MD simulations protocol

aMD simulations of cetuximab and cetuximab without Fab glycosylation were performed. aMD is a powerful tool able to simulate infrequent events that are required for protein conformational changes applying a bias potential that forces the system to overcome potential energy barriers (54). This method can be used without previous knowledge of the conformational states or, oppositely than metadynamics, without collective variables, a priori defined. Among many applications, aMD has been used to predict peptide folding (55), investigate protein-ligand interactions (56), analyze the behavior of viruses envelope (57), and also to predict the conformational behavior of commercial mAbs, describing the role of N-glycosylation and LC isotype in the IgG1 dynamics (22).

Before running aMD simulations, classical MD (cMD) was necessary to obtain input parameters for the aMD. For both cMD and aMD simulations, the systems were prepared using the CHARMM-GUI webserver (58) and were solvated in a cubic water box with dimensions of 181 Å × 3, ensuring a minimum edge distance of 15 Å and adding NaCl 0.15 M to neutralize the charge. Simulations were run by AMBER20 (59), using CHARMM36 forcefield (60) for solute parametrization and TIP3P water model for solvent. For energy minimization, a steepest-descent algorithm was applied for 5000 cycles, with positional restraints on the protein and sugars, along with dihedral restraints on the sugars. The equilibration phase was run for 125 ps with a time step of 0.001 ps in the NVT ensemble at T = 300 K with the SHAKE algorithm for constraining hydrogen atom vibrations, and the particle mesh Ewald (PME) method (61) with a cutoff value of 12 Å for calculating electrostatic interactions. One cMD simulation 50 ns long was performed for each model (cetuximab and aglycosylated cetuximab) with the scope to obtain the average potential energy (EPTOT) and the average dihedral angle energy (DIHED), that were used as input for aMD. The production phase of these cMD simulations was performed in NPT ensemble (T = 300 K, P = 1 bar) with Langevin thermostat and Monte Carlo barostat. The sample time was set to 0.002 ps and saving energies every 1,000 steps and coordinates every 5000 steps. Additionally, minimized and equilibrated input systems were used for the production phase of aMD that was performed for 1 µs saving energy and coordinates every 100 ps and using a time step of 0.002 ps. The NPT ensemble (T = 300 K; P = 1 bar) with a Langevin dynamics for the temperature control and Berendsen barostat for pressure, and a whole potential boost together with an extra boost to the torsions (iamd = 3) were applied. The equations used to calculate the values of EthreshD, EthreshP, alphaD and alphaP, that are necessary for aMD, are reported in our previous work (22).




2.3 Analysis of trajectories

The motion of Fab domains was characterized using ϕ (longitude) and θ (latitude) angles within a reference frame attached to Fc and centered at the hinge. The axes were defined as follows: the z-axis aligned with Fc and directed toward Fab domains, the x-axis parallel to a vector connecting the mid-Fc (CH2 regions), and the y-axis determined by the right-hand rule. For a comprehensive explanation, please refer to our previous study (21). A reweighting procedure was applied according to methods described by Miao et al. (62) using Maclaurin expansion to the 10th order to approximate the free energy surface (FES) of the system as a function of θ angles. Once identified the minimum energy region of the FES, all the subsequent analyses were performed for those frames, namely 1652 frames for cetuximab and 2271 frames for cetuximab without Fab glycosylation. The root mean square deviation (RMSD) matrices for the cluster analysis were obtained with CPPTRAJ (63), while the clusters were obtained using a customized script based on the GROMOS algorithm (64), considering Cα atoms and a RMSD-threshold of 6.5 Å. The maximum number of clusters was set to 10. Φ angle variation was computed per each Fab and the Δϕ distribution was plotted according to Equation 1:



The angle between Fab domains was computed by the “angle” tool available in CPPTRAJ (63), considering the Cα atom of Val34 in CDRH1, the SG atom of Cys228 in the hinge and the Cα atom of Val34 in the second HC. The contacts between LCs and the hinge region were computed by CPPTRAJ (63) with the “nativecontacts” tool, considering heavy atoms and a threshold distance of 4 Å. The hydrogen bonds (H-bonds) analysis was computed by a customized python script based on the MDTraj H-bonds identification tool (65) and considering a cutoff frequency value of 1%. The CH2 distance was computed between glycosylated Asn299 in the Fc by MDTraj (65). The minimum distance between glycan chains was computed by CPPTRAJ (63) and the “nativecontacts” tool with the “mindist” option. The secondary structure content was computed by the “secstruct” tool of CPPTRAJ according to the DSSP algorithm (66). The correlation matrix was obtained by calculating the covariance matrices of atoms fluctuation along the minimum energy frames of aMD simulations. The covariance matrix was then normalized by the standard deviation. This correlation matrix effectively represents the interdependent relationships between the amount of movement (fluctuation) of all protein residues. The solvent accessible surface area (SASA) was calculated via the “surf” tool by CPPTRAJ (63), while protein patches were evaluated by MOE 2022.02 with the “Surfaces and Maps” tool (51).




2.4 Statistical significance

Statistical significance of the differences between the distributions of Fab-sugars contacts, SASA of hinge, FcγRIIIA and FcRn binding residues, and the angle between Fab domains, was computed using the Student’s t-test and expressing the refusal of the null-hypothesis in terms of p-value. Due to the large sample size, following the work by Lee (67), we also reported the effect size in form of 95% confidence interval of Cohen’s d. As usual we considered small effect d ~ 0.2, medium effect d ~ 0.5, and large effect d ~ 0.8 and above. All the calculations were performed via an in-house python script using SciPy and Pandas libraries (68).





3 Results



3.1 Three-dimensional structure of cetuximab

The 3D structure of cetuximab was obtained via homology modeling as described in “Materials and methods” section. Two models were generated, both glycosylated at the Fc portion with G0F glycans (Asn299 in HC), but only one glycosylated also at Fab domain with G2F+2αGal pattern (Asn88 in HC). The structures are shown in Supplementary Figure 1 with the corresponding Ramachandran plot and a 2D representation of N-glycans according to the Symbol Nomenclature For Glycans (SNFG) scheme (69). As shown, very few outliers are present and all localized in unstructured regions. These models were submitted first to a cMD simulation 50 ns long to obtain the values of EPTOT and EDIHED needed for the following aMD simulations. The values of these parameters were used to compute EthreshD, EthreshP, alphaD and alphaP that are reported in Supplementary Table 1.




3.2 Analysis of Fab behavior



3.2.1 Free energy surface along θ angles

Both models, cetuximab and cetuximab without Fab glycosylation, were submitted to aMD simulations 1 µs long to find an energy minimum corresponding to a stable conformation. The FES of the two antibodies was plotted along θ angles, Theta1 and Theta2, that describe the position of Fab1 and Fab2 domains with respect to Fc. This descriptor allows the classification of antibody conformations in two categories: Y-shaped and T-shaped. Y-shaped forms present θ values < 90°for both Fab domains, while T-shaped conformations show θ ≥ 90° in at least one Fab (22). Accordingly, in Figure 1 the FES profile of both cetuximab forms is reported, showing not only a different exploration in terms of potential energy surface, but also two different conformations, isolated by cluster analysis in the corresponding energy minimum region (Supplementary Figure 2). Specifically, cetuximab presents a Y-shaped conformation while cetuximab without Fab glycosylation presents a form that can be approximately described as T-shaped. The minimum energy region corresponds to the value of potential of mean force (PMF) < 0.5 kcal/mol. Herein, cetuximab presents both Theta angles ≈ 70°, while the aglycosylated form shows Theta1 ≈ 95° and Theta2 ≈ 70°. Considering this result, a role of Fab glycosylation in driving the conformational behavior of cetuximab can be hypothesized and the following analyses were performed in the minimum energy frames thus identified.




Figure 1 | Free energy surface of cetuximab and cetuximab without glycosylated Fab along θ angles. The reweighted free energy profile of cetuximab (A) and cetuximab without Fab glycosylation (B) along Theta1 and Theta2 angles. The molecular surface of medoid structures isolated from the minimum energy region (in dark pink) by cluster analysis is also shown. The color bar represents the PMF value in kcal/mol.






3.2.2 Description of Fab rotation

Another descriptor useful to investigate the behavior of Fab domains is the ϕ angle. This angle is representative of Fab rotation and can define the flexibility of this domain considering movements in a different direction than θ angle. To observe the shift of Fab position with respect to the starting frame, Δϕ distribution (Eq. 1) was plotted (Figure 2). Accordingly, as already observed in our previous work (21), Fab domains move asymmetrically, with Fab2 rotating more than Fab1 in both cetuximab with and without Fab glycosylation. Between the two models, cetuximab with glycosylated Fab domains shows the highest difference in terms of their rotational propensity, with Δϕ values around -70° for Fab1 and 300°for Fab2. In Figure 2A, Δϕ distribution for each Fab domain in each cetuximab model is reported, together with a graphical representation of the movement that Fab domains perform with respect to their starting position (Figure 2B). The graph shows that the angle between Fabs depends on the species, with aglycosylated Fab domains having a median angle of 93.2° and the glycosylated one of 107.1°, compared to the starting angle of 88.1°, suggesting that this parameter can influence the final conformation of the antibody, too. In Supplementary Figure 3, the boxplot showing the distribution of Fab angles is reported. To explain the different rotational propensity of glycosylated Fab domains, an investigation of the interaction network between Fab glycans and the antibody was carried out. The number of contacts between glycans and Fab was computed, showing that Fab1 is involved in much more interactions than Fab2 (Figure 3A). This result suggests both the role of N-glycans linked to Asn88 in stabilizing the movements of this domain and the asymmetric behavior typical of mAbs (Figure 3B). The analysis of H-bonds network between Fab and sugars shows that there is a specific peptide in LC that is involved in the interaction with glycans (Figure 4). This peptide comprises the region from Tyr140 to Asp170 and its interaction network with sugars is less stable for LC2 than for LC1, as suggested by the lower frequency values of the H-bonds (Supplementary Table 2). This asymmetric behavior can explain the different rotational propensity of the two Fab domains, supporting the analysis of contacts number and suggesting a direct structural impact of glycosylation on LC behavior. Accordingly, the secondary structure content of this LC peptide was evaluated in both cetuximab and in the cetuximab without Fab glycosylation showing not only a difference between LC1 and LC2 in the glycosylated form, but also between the two simulated models. As reported in Figure 5A, the presence of N-glycosylation in Fab can induce a rearrangement of the secondary structure of this peptide that, with respect to the aglycosylated form, loses its typical α-helix motif in the region between res. 151-159 in favor of unstructured amino acids (i.e., bend, turn, or no structure). In LC2, there is a complete change of the structure in this region, that from α-helix is converted in extended β-sheets, bend or turn. In Figure 5B the structural representation of Fab domains is reported highlighting also the differences in the LC peptide between the two cetuximab forms. Since the structural proximity of this region to res. 161-191 in HC, also the secondary structure content of this region was evaluated (Supplementary Figure 4). As a result, no big impact was observed, suggesting a stronger effect of Fab glycosylation on LC than on HC. The statistical significance of the observed differences in Fab-sugars contacts and the angle between Fab domains is reported in Supplementary Material (“Statistical significance results” section) and in Supplementary Table 3.




Figure 2 | Δϕ distribution and schematic representation of Fab rotation. (A) Δϕ distribution of cetuximab and cetuximab without Fab glycosylation. (B) Schematic representation of the change of ϕ angles from the starting position (continuous lines) to the minimum energy conformation (dashed lines). Lines corresponding to Fab1 are shown in purple, while those corresponding to Fab2 in pink. Black arrows indicate the angle between two Fab domains.






Figure 3 | Number of contacts between N-glycans and Fab domains and structural representation of the interaction surface. (A) The box plot showing the distribution of contacts number between Asn88 glycans and Fab domains. (B) The structural representation of Fab domains as ribbons and the interaction surface (in blue) between the protein and sugars. N-glycans are shown as light gray sticks.






Figure 4 | H-bonds between N-glycans and Fab domains. (A) A matrix showing the H-bonds between sugars and mAb colored by chain. The size of the markers represents the frequency of the H-bond in the minimum energy frames: low size corresponds to low frequency, high size to high frequency. (B) Structural representation of cetuximab in the minimum energy conformation with the LC residues involved in the interaction with sugars. The antibody is represented as ribbons colored by chain (in blue and light blue, LC1 and LC2, respectively; in dark magenta and pink, HC1 and HC2, respectively). N-glycans are shown as spheres, while LC residues as sticks.






Figure 5 | Secondary structure content of LC peptide in cetuximab forms. (A) Bar plots showing the per residue secondary structure content in the LC peptide (res. 140-170) of cetuximab (top) and cetuximab without Fab glycosylation (bottom). The frequency of each secondary structure type according to DSSP classification is reported in percent on y-axis. (B) Structural superposition of glycosylated (in blue) and aglycosylated (in gray) Fab domains showing the differences in the secondary structure of LC peptides.







3.3 Analysis of Fc behavior

The dynamical behavior of Fc fragment was investigated according to two descriptors previously identified (21, 22). The first one is the distance between CH2 domains that is an indicator of Fc opening. According to literature, larger CH2 distance corresponds to open Fc domains and to higher affinity for FcγRIIIa (70). As shown in Figure 6A the two antibodies present different distributions of this distance, with higher values in cetuximab without Fab glycosylation. This suggests that the presence of glycosylation in the Fab domains could potentially lead to close Fc conformations that are less prone to interact with the receptor (Figure 6B). The second descriptor is the distance between the center of mass of sugar chains inside the Fc cavity (Figure 6C). As previously observed, fucosylated sugars prefer to stay into the Fc hydrophobic pocket more than afucosylated ones (21, 22) suggesting that the lower is this distance the less is the affinity of the antibody for FcγRIIIa. In this case, even if this distance is very small for both systems, cetuximab without Fab glycosylation presents slightly higher values, suggesting that the abrogation of Fab glycosylation can also influence the behavior of sugars at the Fc level, in principle favoring conformations more prone to interact with the receptor (Figure 6D).




Figure 6 | CH2 distance and minimum distance between Fc sugar chains. (A) The density plot of the distance between CH2 domains of Fc. (B) The structural superposition of Fc domains of cetuximab (in steelblue) and cetuximab without Fab glycosylation (in gray). The CH2 distance in the minimum energy structure is also reported. (C) The density plot of the minimum distance between the center of mass of Fc sugar chains. (D) The structural superposition of Fc domains of cetuximab (in light steelblue) and cetuximab without Fab glycosylation (in light gray) showing the position of sugars in the Fc cavity in the minimum energy structure.






3.4 Covariance analysis

An analysis of covariance based on the fluctuation of Cα atoms was carried out to identify the independent correlations among the movements of antibody residues. According to the results, several positive correlations were identified between structured domains both in cetuximab and in cetuximab without Fab glycosylation. Considering the symmetric structure of the mAb, the correlations were classified in inter-chain and inter-halves. Inter-chain correlations refer to the positive correlations between LC and HC belonging to the same half of the antibody, while the inter-halves correlations are those occurring between chains included in different halves (Figure 7A). Regarding the inter-chain correlations, as summarized in Figures 7B, C, in both cases they involve regions that are in structural proximity, i.e., VH-VL and CL-CH1. However long-distance correlations were also observed between CL-VH, VL-CH2, CL-CH2 and CL-CH3 in cetuximab, and between CL-Hinge and CL-CH2 in cetuximab without Fab glycosylation. Considering the inter-halves correlations, they are more complex and evident in commercial cetuximab (Figure 8A) than in the one without Fab glycosylation (Figure 8B). Specifically, looking at LC correlations, they are quite conserved between VL1-VL2 and CL1-CL2, while the correlation between CL1-VL2 is present only in the commercial mAb. Regarding HC, much more correlations among domains are present in cetuximab than in the form aglycosylated at Fab domains, suggesting a direct influence of VH domains behavior on Fc and hinge. VH domains include N-glycosylation at Asn88 site, and this let to hypothesize an allosteric effect of this PTM on the general behavior of the mAb and on its propensity to recognize FcγRIIIa. Globally, the correlation network of the commercial mAb is more complicated than that observed in the aglycosylated antibody, suggesting that Fab glycosylation can generate structural constraints in the whole molecule, inducing a specific conformation.




Figure 7 | Inter-chain correlations in cetuximab and cetuximab without Fab glycosylation. (A) Schematic representation of a classical IgG1 architecture indicating single domains of each chain. Correlation matrices between LC and HC for each half of cetuximab (B) and cetuximab without Fab glycosylation (C). Black squares highlight strong positive correlations (in yellow) between domains.






Figure 8 | Inter-halves correlations in cetuximab and cetuximab without Fab glycosylation. Correlation matrices between corresponding LC and HC belonging to the different antibody halves of cetuximab (A) and cetuximab without Fab glycosylation (B). Black squares highlight strong positive correlations (in yellow) between domains. A schematic representation of inter-chain and inter-halves correlations in the two antibodies is reported alongside the correlation matrices.






3.5 Evaluation of FcγRIIIa and FcRn binding sites behavior

An analysis of the structural behavior of hinge and those residues involved in the interaction with FcγRIIIa was performed to evaluate possible effects of Fab glycosylation on the ability of the antibody to bind the receptor and consequently activate ADCC response. Hinge residues were selected according to IMGT convention (71), while residues involved in the receptor binding were selected according to the work by Shields and colleagues (72). The SASA of these regions was computed showing that both in the case of the hinge and in that of FcγRIIIa binding site, cetuximab without Fab glycosylation presents a higher solvent exposure, suggesting a higher propensity to interact with the receptor than the commercial form (Figures 9A–C). Also, in this case the asymmetric behavior typical of mAbs was observed since the main differences can be seen for Hinge2 and HC2. Furthermore, charged and hydrophobic patches on the binding site were evaluated in the minimum energy conformations, showing that the type of exposed surface can change between the two forms. In Figure 9D, the total amount of patches area is reported for both cetuximab forms, showing that - in the absence of Fab glycosylation - the total area of negative and hydrophobic patches increases, whereas that of positive patches decreases. Figure 9E shows how in particular the hydrophobic patches determined by Leu234 and Leu235 residues are less exposed in the commercial cetuximab. It is well known that these two Leu residues are critical for receptor recognition since mutagenesis analysis showed a reduction of receptor binding when they are mutated in Ala (“LALA” mutation) (73). Overall, these data suggest that Fab glycosylation can have a negative structural impact on the interaction with the receptor and points again out the key role of this modification in modulating the antibody behavior. In addition, an evaluation of the effect of Fab glycosylation on the pharmacokinetics of the antibody, considering the potential binding to FcRn, was performed. Specifically, the SASA of residues involved in the binding to FcRn, selected based on literature data (74–76), was computed and it is reported in Supplementary Figure 5 together with a structural representation of the binding site in the two conditions. According to these data, the negative impact of Fab glycosylation on the behavior of Fc region is confirmed again. Also in this case, in fact, a higher solvent exposure of the FcRn binding residues is observed in cetuximab without Fab glycosylation (particularly on HC2) than the commercial mAb. This corresponds also to a different structural orientation of the A-B turn in CH2 domain that is more exposed and probably more prone to interact with the receptor. The statistical significance of the observed differences in these data is reported in Supplementary Material (“Statistical significance results” section) and in Supplementary Table 3.




Figure 9 | SASA of hinge and FcγRIIIA binding site residues and exposed patches analysis. (A) Boxplot showing the distribution of SASA values for hinge. (B) Structural representation of hinge orientation in cetuximab and cetuximab w/o Fab glycosylation after Fc superposition. (C) Boxplot showing the distribution of SASA values for FcγRIIIa binding residues in the two forms. (D) Analysis of protein patches in the minimum energy structures with a bar plot showing the total area of exposed patches by type. (E) The structural representation of protein patches surface with the position of Leu234 and Leu235 highlighted in the two models. For clarity, only hinge and Fc are shown as ribbons.







4 Discussion

The scope of this study was to evaluate the impact of Fab glycosylation on the conformational behavior of cetuximab (Erbitux®) that is used against metastatic-colorectal and head and neck cancer (41, 42). The potential structural role of Fab glycosylation in modulating immune effector functions was never investigated before, and cetuximab was chosen as a case study because it is the only mAb glycosylated at Fab currently on the market. The study was entirely developed in silico, applying aMD to the commercial cetuximab and to its form without Fab glycosylation to find out minimum energy conformations of the two species. The results clearly show a role of Fab glycans in modulating the conformation of the antibody because, two different conformations were found: the commercial antibody presents a Y-shaped conformation, while the cetuximab without Fab glycosylation a T-shaped like form. The T-shaped conformation has been already observed for classical IgG1 presenting fucosylated N-glycans at Fc level (22) and, for this reason, this result was expected. On the other hand, the observation of a Y-shaped conformation even in presence of fucosylated Fc glycans suggests that Fab glycosylation can modulate the dynamics of the mAb. In addition, glycosylated Fab domains are influenced by the glycans in terms of rotational propensity and secondary structure content, especially at the LC (e.g., res. 140-170). Considering Fc, a more open Fc conformation in cetuximab without Fab glycosylation with respect to commercial mAb was observed. According to literature data, opened Fc structures are more prone to interact with the receptor and to activate ADCC response (70). Therefore our results suggest a negative impact of this Fab glycosylation on the ability of Fc to interact with FcγRIIIa. Considering all these aspects, a correlation between the presence of Fab glycosylation and the ability of cetuximab to bind the Fc receptor, activating ADCC cascade, was hypothesized. An analysis of long-distance correlations among domains was performed showing that in cetuximab without Fab glycosylation there is a prevalence of linear correlations, likely corresponding to a more flexible behavior of the protein. On the other hand, in the commercial mAb, the correlations are transversal and even more complicated, occurring between variable domains, especially the glycosylated VH ones, and the hinge and Fc portion. This result, together with the observation of a blocked Y-shaped conformation, may suggest the presence of structural constraints induced by Fab glycans. Finally, a higher solvent exposure of hinge residues and of those residues involved in the FcγRIIIa recognition was observed in the case of cetuximab without Fab glycosylation, suggesting a higher propensity of this form to interact with the receptor. Looking at the structure, the hinge also presents a different orientation between the two species. Moreover, the evaluation of charged and hydrophobic patches in the minimum energy structure highlighted an increased hydrophobic exposed area in cetuximab without Fab glycosylation. The hydrophobic patches include Leu234 and Leu235, residues known to be critical for receptor recognition, suggesting in another way the negative impact of Fab glycosylation on ADCC activation. In summary, this study suggests that: i) Fab glycosylation has an impact on the antibody conformation and on the dynamics of the whole cetuximab; ii) the impact may be negative because of the lower values of CH2 distance, hinge mobility and exposure, and SASA of the residues involved in receptor recognition. These results let hypothesize that also glycosylation pattern could differently modulate the ADCC function, as already mentioned in literature (77), an aspect that will be further investigated in the next future. Our results are supported by the work published by Lippold and colleagues, who applying affinity chromatography and mass spectrometry observed a higher affinity of cetuximab Fc to FcγRIIIa than the intact antibody (78). A similar investigation was performed for FcRn binding residues, showing a decrease of the solvent exposure of these residues, and suggesting a negative impact of this modification also on the FcRn recognition.

Moreover, even if no data are available specifically for cetuximab, recent studies have shown that Fab glycosylation can affect the binding of IgG to human FcRn. This is in line with the data published by Schlothauer et al. who, using IdeS or Plasmin digests that were processed via affinity chromatography, clearly observed an effect of Fab domains on the interaction between Fc and FcRn (45) and also with the study performed by Brinkhaus and colleagues who, via cell membrane - based assays and crystallographic data, showed a negative effect of Fab arms on the FcRn recognition, hypothesizing a steric clash between Fab and the membrane (79). Furthermore, a study carried out by Volkov and colleagues on different Fab glycosylated recombinant antibodies demonstrated a negative impact of Fab glycosylation on the IgG-FcRn interaction in a cellular context. In detail, comparing glycosylated Fab antibodies to non-glycosylated Fab ones an increase in the binding to human FcRn was observed in absence of Fab glycosylation (80). For what concerns the antigen recognition, even if it was not directly investigated herein, our data support the idea that Fab glycans do not influence this aspect, also because their localization in the structure is far away and on the opposite site with respect to CDRs. Accordingly, at least steric hindrance effects are not expected. In conclusion, it can be hypothesized that Fab glycosylation, representing the highest heterogeneity of commercial cetuximab, is a critical aspect to consider during the development of biosimilars in relationship with the potential impact in modulating the ADCC, pharmacokinetics, and, due to conformational constraints, all Fc effector functions. Of note, since this study was entirely developed in silico, because of the impossibility to mimic all the in vivo physiological conditions, further experimental studies would be required, especially regarding the pharmacokinetics profile and the ADCC activity of cetuximab. On the other hand, the structural complexity due to Fab glycosylation makes the generation of Erbitux® biosimilars very difficult (42) and the results presented in this study can not only provide a rationale to explain this complexity but also pave the way to novel strategies of biotherapeutics development.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Author contributions

SS: Writing – original draft, Visualization, Investigation, Formal analysis. DB: Writing – review & editing, Visualization, Formal analysis. OB: Writing – review & editing, Visualization, Formal analysis. MR: Writing – review & editing, Resources, Project administration. UG: Writing – review & editing, Software, Methodology. IE: Writing – review & editing, Supervision, Funding acquisition. FC: Writing – review & editing, Supervision, Conceptualization.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. DB, OB, UG, and IE were financially supported by grants from MIUR — “Progetto Eccellenza 2023–2027”.





Conflict of interest

SS, MR, and FC are employees of Merck Serono S.p.A.

The remaining 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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1429600/full#supplementary-material




References

1. Vidarsson, G, Dekkers, G, and Rispens, T. IgG subclasses and allotypes: From structure to effector functions. Front Immunol. (2014) 5:520. doi: 10.3389/fimmu.2014.00520

2. Potter, M. Structural correlates of immunoglobulin diversity. Surv Immunol Res. (1983) 2:27–42. doi: 10.1007/BF02918394

3. Kabat, EA, Wu, TT, and Bilofsky, H. Variable region genes for the immunoglobulin framework are assembled from small segments of DNA - a hypothesis. Proc Natl Acad Sci U S A. (1978) 75:2429–33. doi: 10.1073/pnas.75.5.2429

4. Wu, T, Johnson, G, and Kabat, EA. Length distribution of CDRH3 in antibodies. Proteins: Structure Function Bioinf. (1993) 16:1–7. doi: 10.1002/prot.340160102

5. Nimmerjahn, F, and Ravetch, JV. Fc-receptors as regulators of immunity. Adv Immunol. (2007) 96:179–204. doi: 10.1016/S0065-2776(07)96005-8

6. Meyer, S, Leusen, JHW, and Boross, P. Regulation of complement and modulation of its activity in monoclonal antibody therapy of cancer. MAbs. (2014) 6:1133–44. doi: 10.4161/MABS.29670

7. Wang, X, Mathieu, M, and Brezski, RJ. IgG Fc engineering to modulate antibody effector functions. Protein Cell. (2018) 9:63–73. doi: 10.1007/S13238-017-0473-8

8. Edelman, GM, Cunningham, BA, Gall, WE, Gottlieb, PD, Rutishauser, U, and Waxdal, MJ. The covalent structure of an entire gammaG immunoglobulin molecule. Proc Natl Acad Sci U S A. (1969) 63:78–85. doi: 10.1073/pnas.63.1.78

9. Hart, G. Glycosylation. Curr Opin Cell Biol. (1992) 4:1017–23. doi: 10.1016/0955-0674(92)90134-X

10. Wada, R, Matsui, M, and Kawasaki, N. Influence of N-glycosylation on effector functions and thermal stability of glycoengineered IgG1 monoclonal antibody with homogeneous glycoforms. MAbs. (2019) 11:350. doi: 10.1080/19420862.2018.1551044

11. Arnold, JN, Wormald, MR, Sim, RB, Rudd, PM, and Dwek, RA. The impact of glycosylation on the biological function and structure of human immunoglobulins. Annu Rev Immunol. (2007) 25:21–50. doi: 10.1146/annurev.immunol.25.022106.141702

12. Krapp, S, Mimura, Y, Jefferis, R, Huber, R, and Sondermann, P. Structural analysis of human IgG-Fc glycoforms reveals a correlation between glycosylation and structural integrity. J Mol Biol. (2003) 325:979–89. doi: 10.1016/s0022-2836(02)01250-0

13. Pereira, NA, Chan, KF, Lin, PC, and Song, Z. The “less-is-more” in therapeutic antibodies: Afucosylated anti-cancer antibodies with enhanced antibody-dependent cellular cytotoxicity. MAbs. (2018) 10:693–711. doi: 10.1080/19420862.2018.1466767

14. Rothman, RJ, PeRussia, B, Herlyn, D, and Warren, L. Antibody-dependent cytotoxicity mediated by natural killer cells is enhanced by castanospermine-induced alterations of IgG glycosylation. Mol Immunol. (1989) 26:1113–23. doi: 10.1016/0161-5890(89)90055-2

15. Shields, RL, Lai, J, Keck, R, O’Connell, LY, Hong, K, Gloria Meng, Y, et al. Lack of fucose on human IgG1 N-linked oligosaccharide improves binding to human FcγRIII and antibody-dependent cellular toxicity. J Biol Chem. (2002) 277:26733–40. doi: 10.1074/jbc.M202069200

16. Shinkawa, T, Nakamura, K, Yamane, N, Shoji-Hosaka, E, Kanda, Y, Sakurada, M, et al. The absence of fucose but not the presence of galactose or bisecting N -acetylglucosamine of human igG1 complex-type oligosaccharides shows the critical role of enhancing antibody-dependent cellular cytotoxicity. J Biol Chem. (2003) 278:3466–73. doi: 10.1074/jbc.M210665200

17. Li, H, Sethuraman, N, Stadheim, TA, Zha, D, Prinz, B, Ballew, N, et al. Optimization of humanized IgGs in glycoengineered Pichia pastoris. Nat Biotechnol. (2006) 24:210–5. doi: 10.1038/nbt1178

18. Iida, S, Misaka, H, Inoue, M, Shibata, M, Nakano, R, Yamane-Ohnuki, N, et al. Nonfucosylated Therapeutic IgG1 Antibody Can Evade the Inhibitory Effect of Serum Immunoglobulin G on Antibody-Dependent Cellular Cytotoxicity through its High Binding to FcγRIIIa. Clin Cancer Res. (2006) 12:2879–87. doi: 10.1158/1078-0432.CCR-05-2619

19. Masuda, K, Kubota, T, Kaneko, E, Iida, S, Wakitani, M, Kobayashi-Natsume, Y, et al. Enhanced binding affinity for FcγRIIIa of fucose-negative antibody is sufficient to induce maximal antibody-dependent cellular cytotoxicity. Mol Immunol. (2007) 44:3122–31. doi: 10.1016/j.molimm.2007.02.005

20. Liu, L. Antibody glycosylation and its impact on the pharmacokinetics and pharmacodynamics of monoclonal antibodies and fc-fusion proteins. J Pharm Sci. (2015) 104:1866–84. doi: 10.1002/jps.24444

21. Saporiti, S, Parravicini, C, Pergola, C, Guerrini, U, Rossi, M, Centola, F, et al. IgG1 conformational behavior: elucidation of the N-glycosylation role via molecular dynamics. Biophys J. (2021) 120:5355–70. doi: 10.1016/J.BPJ.2021.10.026

22. Saporiti, S, Laurenzi, T, Guerrini, U, Coppa, C, Palinsky, W, Benigno, G, et al. Effect of Fc core fucosylation and light chain isotype on IgG1 flexibility. Commun Biol. (2023) 6:237. doi: 10.1038/S42003-023-04622-7

23. van de Bovenkamp, FS, Hafkenscheid, L, Rispens, T, and Rombouts, Y. The emerging importance of igG fab glycosylation in immunity. J Immunol. (2016) 196:1435–41. doi: 10.4049/jimmunol.1502136

24. Borel, IM, Gentile, T, Angelucci, J, Pividori, J, del Carmen Guala, M, Binaghi, RA, et al. IgG asymmetric molecules with antipaternal activity isolated from sera and placenta of pregnant human. J Reprod Immunol. (1991) 20:129–40. doi: 10.1016/0165-0378(91)90029-P

25. Youings, A, Chang, S-C, Dwek, RA, and Scragg, IG. Site-specific glycosylation of human immunoglobulin G is altered in four rheumatoid arthritis patients. Biochem J. (1996) 314:621–30. doi: 10.1042/bj3140621

26. Hamza, N, Hershberg, U, Kallenberg, CGM, Vissink, A, Spijkervet, FKL, Bootsma, H, et al. Ig gene analysis reveals altered selective pressures on Ig-producing cells in parotid glands of primary Sjögren’s syndrome patients. J Immunol. (2015) 194:514–21. doi: 10.4049/JIMMUNOL.1302644

27. Zhu, D, McCarthy, H, Ottensmeier, CH, Johnson, P, Hamblin, TJ, and Stevenson, FK. Acquisition of potential N-glycosylation sites in the immunoglobulin variable region by somatic mutation is a distinctive feature of follicular lymphoma. Blood. (2002) 99:2562–8. doi: 10.1182/BLOOD.V99.7.2562

28. Zhu, D, Ottensmeier, CH, Du, MQ, McCarthy, H, and Stevenson, FK. Incidence of potential glycosylation sites in immunoglobulin variable regions distinguishes between subsets of Burkitt’s lymphoma and mucosa-associated lymphoid tissue lymphoma. Br J Hematol. (2003) 120:217–22. doi: 10.1046/j.1365-2141.2003.04064.x

29. Sachen, KL, Strohman, MJ, Singletary, J, Alizadeh, AA, Kattah, NH, Lossos, C, et al. Self-antigen recognition by follicular lymphoma B-cell receptors. Blood. (2012) 120:4182–90. doi: 10.1182/BLOOD-2012-05-427534

30. Dunn-Walters, D, Boursier, L, and Spencer, J. Effect of somatic hypermutation on potential N-glycosylation sites in human immunoglobulin heavy chain variable regions. Mol Immunol. (2000) 37:107–13. doi: 10.1016/S0161-5890(00)00038-9

31. Liang, S, Dai, J, Hou, S, Su, L, Zhang, D, Guo, H, et al. Structural basis for treating tumor necrosis factor α (TNFα)-associated diseases with the therapeutic antibody infliximab. J Biol Chem. (2013) 288:13799–807. doi: 10.1074/JBC.M112.433961

32. Li, S, Schmitz, KR, Jeffrey, PD, Wiltzius, JJW, Kussie, P, and Ferguson, KM. Structural basis for inhibition of the epidermal growth factor receptor by cetuximab. Cancer Cell. (2005) 7:301–11. doi: 10.1016/J.CCR.2005.03.003

33. Magdelaine-Beuzelin, C, Kaas, Q, Wehbi, V, Ohresser, M, Jefferis, R, Lefranc, MP, et al. Structure-function relationships of the variable domains of monoclonal antibodies approved for cancer treatment. Crit Rev Oncol Hematol. (2007) 64:210–25. doi: 10.1016/J.CRITREVONC.2007.04.011

34. Qian, J, Liu, T, Yang, L, Daus, A, Crowley, R, and Zhou, Q. Structural characterization of N-linked oligosaccharides on monoclonal antibody cetuximab by the combination of orthogonal matrix-assisted laser desorption/ionization hybrid quadrupole–quadrupole time-of-flight tandem mass spectrometry and sequential enzymatic digestion. Anal Biochem. (2007) 364:8–18. doi: 10.1016/J.AB.2007.01.023

35. Endo, T, Wright, A, Morrison, SL, and Kobata, A. Glycosylation of the variable region of immunoglobulin G—site specific maturation of the sugar chains. Mol Immunol. (1995) 32:931–40. doi: 10.1016/0161-5890(95)00078-S

36. Coloma, MJ, Trinh, RK, Martinez, AR, and Morrison, SL. Position effects of variable region carbohydrate on the affinity and in vivo behavior of an anti-(1→6) dextran antibody. J Immunol. (1999) 162:2162–70. doi: 10.4049/JIMMUNOL.162.4.2162

37. Valliere-Douglass, JF, Eakin, CM, Wallace, A, Ketchem, RR, Wang, W, Treuheit, MJ, et al. Glutamine-linked and non-consensus asparagine-linked oligosaccharides present in human recombinant antibodies define novel protein glycosylation motifs. J Biol Chem. (2010) 285:16012–22. doi: 10.1074/JBC.M109.096412

38. Valliere-Douglass, JF, Kodama, P, Mujacic, M, Brady, LJ, Wang, W, Wallace, A, et al. Asparagine-linked oligosaccharides present on a non-consensus amino acid sequence in the CH1 domain of human antibodies. J Biol Chem. (2009) 284:32493–506. doi: 10.1074/JBC.M109.014803

39. Petrescu, AJ, Milac, AL, Petrescu, SM, Dwek, RA, and Wormald, MR. Statistical analysis of the protein environment of N-glycosylation sites: implications for occupancy, structure, and folding. Glycobiology. (2004) 14:103–14. doi: 10.1093/GLYCOB/CWH008

40. Rao Anumula, K. Quantitative glycan profiling of normal human plasma derived immunoglobulin and its fragments Fab and Fc. (2012) 382(1-2):167-76. doi: 10.1016/j.jim.2012.05.022

41. Graham, J, Muhsin, M, and Kirkpatrick, P. Cetuximab. Nat Rev Drug Discov. (2004) 3:549–50. doi: 10.1038/NRD1445

42. Douez, E, D’atri, V, Guillarme, D, Antier, D, Guerriaud, M, Beck, A, et al. Why is there no biosimilar of Erbitux®? J Pharm BioMed Anal. (2023) 234:115544. doi: 10.1016/j.jpba.2023.115544

43. Fü, F, Trappe, A, Carillo, S, Jakes, C, and Bones, J. Comparative elucidation of cetuximab heterogeneity on the intact protein level by cation exchange chromatography and capillary electrophoresis coupled to mass spectrometry. Cite This: Anal Chem. (2020) 92:5431–8. doi: 10.1021/acs.analchem.0c00185

44. Giddens, JP, Lomino, JV, DiLillo, DJ, Ravetch, JV, and Wang, LX. Site-selective chemoenzymatic glycoengineering of Fab and Fc glycans of a therapeutic antibody. Proc Natl Acad Sci U S A. (2018) 115:12023–7. doi: 10.1073/pnas.1812833115

45. 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) 5:576–86. doi: 10.4161/MABS.24981

46. Chung, CH, Mirakhur, B, Chan, E, Le, Q-T, Berlin, J, Morse, M, et al. Cetuximab-induced anaphylaxis and igE specific for galactose-α-1,3-galactose. New Engl J Med. (2008) 358:1109–17. doi: 10.1056/NEJMoa074943

47. Seo, Y, Ishii, Y, Ochiai, H, Fukuda, K, Akimoto, S, Hayashida, T, et al. Cetuximab-mediated ADCC activity is correlated with the cell surface expression level of EGFR but not with the KRAS/BRAF mutational status in colorectal cancer. Oncol Rep. (2014) 31:2115–22. doi: 10.3892/OR.2014.3077

48. Correale, P, Marra, M, Remondo, C, Migali, C, Misso, G, Arcuri, FP, et al. Cytotoxic drugs up-regulate epidermal growth factor receptor (EGFR) expression in colon cancer cells and enhance their susceptibility to EGFR-targeted antibody-dependent cell-mediated-cytotoxicity (ADCC). Eur J Cancer. (2010) 46:1703–11. doi: 10.1016/J.EJCA.2010.03.005

49. Maréchal, R, De Schutter, J, Nagy, N, Demetter, P, Lemmers, A, Devière, J, et al. Putative contribution of CD56 positive cells in cetuximab treatment efficacy in first-line metastatic colorectal cancer patients. BMC Cancer. (2010) 10:1–11. doi: 10.1186/1471-2407-10-340/FIGURES/3

50. Váradi, C, Jakes, C, and Bones, J. Analysis of cetuximab N-Glycosylation using multiple fractionation methods and capillary electrophoresis mass spectrometry. J Pharm BioMed Anal. (2020) 180:113035. doi: 10.1016/j.jpba.2019.113035

51. MOE. (2022). Molecular Operating Environment (MOE), 2022.02 Chemical Computing Group ULC, 910-1010 Sherbrooke St. W., Montreal, QC H3A 2R7, Canada, 2023.

52. Saphire, EO, Parren, PW, Pantophlet, R, Zwick, MB, Morris, GM, Rudd, PM, et al. Crystal structure of a neutralizing human IGG against HIV-1: a template for vaccine design. Science. (2001) 293:1155–9. doi: 10.1126/science.1061692

53. Labute, P. The generalized born/volume integral implicit solvent model: Estimation of the free energy of hydration using London dispersion instead of atomic surface area. J Comput Chem. (2008) 29:1693–8. doi: 10.1002/jcc.20933

54. Hamelberg, D, Mongan, J, Mccammon,, Andrew, J, and Mccammon, JA. Accelerated molecular dynamics: A promising and efficient simulation method for biomolecules. J Chem Phys. (2004) 120:11919–29. doi: 10.1063/1.1755656

55. Coppa, C, Bazzoli, A, Barkhordari, M, and Contini, A. Accelerated molecular dynamics for peptide folding: benchmarking different combinations of force fields and explicit solvent models. Cite This: J Chem Inf Model. (2023) 63:3042. doi: 10.1021/acs.jcim.3c00138

56. Kappel, K, Miao, Y, and Mccammon, JA. Accelerated molecular dynamics simulations of ligand binding to a muscarinic G-protein-coupled receptor. Q Rev Biophys. (2021) 48:479–87. doi: 10.1017/S0033583515000153

57. Patrick Da Penha Valente, R, Conceição De Souza, R, De Medeiros Muniz, G, Elias, J, Ferreira, V, Morais De Miranda, R, et al. Using Accelerated Molecular Dynamics Simulation to elucidate the effects of the T198F mutation on the molecular flexibility of the West nile virus envelope protein. Sci Rep. (2020) 10:9625. doi: 10.1038/s41598-020-66344-8

58. Jo, S, Kim, T, Iyer, VG, and Im, W. CHARMM-GUI: a web-based graphical user interface for CHARMM. J Comput Chem. (2008) 29:1859–65. doi: 10.1002/jcc.20945

59. Case, DA, Aktulga, HM, Belfon, K, Ben-Shalom, IY, Brozell, SR, Cerutti, DS, et al. Amber 2021. San Francisco: University of California (2021).

60. Lee, J, Cheng, X, Swails, JM, Yeom, MS, Eastman, PK, Lemkul, JA, et al. CHARMM-GUI input generator for NAMD, GROMACS, AMBER, openMM, and CHARMM/openMM simulations using the CHARMM36 additive force field. J Chem Theory Comput. (2016) 12:405–13. doi: 10.1021/acs.jctc.5b00935

61. Nishimura, Y, and Nakai, H. Parallel implementation of efficient charge-charge interaction evaluation scheme in periodic divide-and-conquer density-functional tight-binding calculations. J Comput Chem. (2018) 39(2):105–16. doi: 10.1002/jcc.25086

62. Miao, Y, Sinko, W, Pierce, L, Bucher, D, Walker, RC, and McCammon, JA. Improved reweighting of accelerated molecular dynamics simulations for free energy calculation. J Chem Theory Comput. (2014) 10:2677–89. doi: 10.1021/ct500090q

63. Roe, DR, and Cheatham, TE. PTRAJ and CPPTRAJ: Software for processing and analysis of molecular dynamics trajectory data. J Chem Theory Comput. (2013) 9:3084–95. doi: 10.1021/ct400341p

64. Daura, X, Gademann, K, Jaun, B, Seebach, D, Van Gunsteren, WF, and Mark, AE. Peptide folding: When simulation meets experiment. Angewandte Chemie - Int Edition. (1999) 38:236–40. doi: 10.1002/(sici)1521-3773(19990115)38:1/2<236::aid-anie236>3.0.co;2-m

65. McGibbon, RT, Beauchamp, KA, Harrigan, MP, Klein, C, Swails, JM, Hernández, CX, et al. MDTraj: A modern open library for the analysis of molecular dynamics trajectories. Biophys J. (2015) 109:1528–32. doi: 10.1016/j.bpj.2015.08.015

66. Kabsch, W, and Sander, C. Dictionary of protein secondary structure: pattern recognition of hydrogen-bonded and geometrical features. Biopolymers. (1983) 22:2577–637. doi: 10.1002/BIP.360221211

67. Lee, DK. Alternatives to P value: confidence interval and effect size. Korean J Anesthesiol. (2016) 69:555–62. doi: 10.4097/KJAE.2016.69.6.555

68. Virtanen, P, Gommers, R, Oliphant, TE, Haberland, M, Reddy, T, Cournapeau, D, et al. SciPy 1.0: fundamental algorithms for scientific computing in Python. Nat Methods. (2020) 17:261–72. doi: 10.1038/s41592-019-0686-2

69. Varki, A, Cummings, RD, Aebi, M, Packer, NH, Seeberger, PH, Esko, JD, et al. Symbol nomenclature for graphical representations of glycans. Glycobiology. (2015) 25:1323–4. doi: 10.1093/glycob/cwv091

70. Sondermann, P, Pincetic, A, Maamary, J, Lammens, K, and Ravetch, JV. General mechanism for modulating immunoglobulin effector function. Proc Natl Acad Sci USA. (2013) 110:9868–72. doi: 10.1073/PNAS.1307864110

71. Lefranc, MP, Giudicelli, V, Duroux, P, Jabado-Michaloud, J, Folch, G, Aouinti, S, et al. IMGT®, the international ImMunoGeneTics information system® 25 years on. Nucleic Acids Res. (2015) 43:D413. doi: 10.1093/NAR/GKU1056

72. Shields, RL, Namenuk, AK, Hong, K, Meng, YG, Rae, J, Briggs, J, et al. High resolution mapping of the binding site on human IgG1 for FcγRI, FcγRII, FcγRIII, and FcRn and design of IgG1 variants with improved binding to the FcγR. J Biol Chem. (2001) 276:6591–604. doi: 10.1074/jbc.M009483200

73. Wilkinson, I, Anderson, S, Fry, J, Julien, LA, Neville, D, Qureshi, O, et al. Fc-engineered antibodies with immune effector functions completely abolished. PLoS One. (2021) 16(12):e0260954. doi: 10.1371/journal.pone.0260954

74. Dall’Acqua, WF, Woods, RM, Ward, ES, Palaszynski, SR, Patel, NK, Brewah, YA, et al. Increasing the affinity of a human IgG1 for the neonatal Fc receptor: biological consequences. J Immunol. (2002) 169:5171–80. doi: 10.4049/jimmunol.169.9.5171

75. 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) 289:7812–24. doi: 10.1074/jbc.M113.537563

76. Bertolotti-Ciarlet, A, Wang, W, Lownes, R, Pristatsky, P, Fang, Y, McKelvey, T, et al. Impact of methionine oxidation on the binding of human IgG1 to FcRn and Fc$γ$ receptors. Mol Immunol. (2009) 46:1878–82. doi: 10.1016/j.molimm.2009.02.002

77. Prior, S, Holder, A, Fox, B, Atkinson, E, Hockley, J, Rigsby, P, et al. EXPERT COMMITTEE ON BIOLOGICAL STANDARDIZATION Geneva, 24 to 28 October 2022 Report on a Collaborative Study for Proposed Candidate 1 st International Standard for the biological activities of Cetuximab. (2022).

78. Lippold, S, Nicolardi, S, Wuhrer, M, and Falck, D. Proteoform-resolved FcγRIIIa binding assay for fab glycosylated monoclonal antibodies achieved by affinity chromatography mass spectrometry of Fc moieties. Front Chem. (2019) 7:698. doi: 10.3389/fchem.2019.00698

79. Brinkhaus, M, Pannecoucke, E, van der Kooi, EJ, Bentlage, AEH, Derksen, NIL, Andries, J, et al. The Fab region of IgG impairs the internalization pathway of FcRn upon Fc engagement. Nat Commun. (2022) 13:1–14. doi: 10.1038/s41467-022-33764-1

80. Volkov, M, Brinkhaus, M, van Schie, KA, Bondt, A, Kissel, T, van der Kooi, EJ, et al. IgG fab glycans hinder FcRn-mediated placental transport. J Immunol. (2023) 210:158–67. doi: 10.4049/JIMMUNOL.2200438




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.


Copyright © 2024 Saporiti, Bianchi, Ben Mariem, Rossi, Guerrini, Eberini and Centola. 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.


OEBPS/Images/fimmu-15-1429600-g008.jpg
A Cetuximab

Cetuximab w/o Fab glycosylation

Inter-halves correlation

| < Interchain corsition

Negative Positive
oomelation ‘comelation






OEBPS/Images/fimmu-15-1429600-g003.jpg
Fab-Sugars contacts

#Contacts

] 3






OEBPS/Images/fimmu.2024.1429600_cover.jpg
& frontiers | Frontiers in Immunology

In silico evaluation of the role of Fab
glycosylation in cetuximab antibody
dynamics





OEBPS/Images/fimmu-15-1429600-g006.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        In silico evaluation of the role of Fab glycosylation in cetuximab antibody dynamics

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Homology modeling

          



          		

            2.2 Classical and accelerated MD simulations protocol

          



          		

            2.3 Analysis of trajectories

          



          		

            2.4 Statistical significance

          



        



        



        		

          3 Results

        

          		

            3.1 Three-dimensional structure of cetuximab

          



          		

            3.2 Analysis of Fab behavior

          

            		

              3.2.1 Free energy surface along θ angles

            



            		

              3.2.2 Description of Fab rotation

            



          



          



          		

            3.3 Analysis of Fc behavior

          



          		

            3.4 Covariance analysis

          



          		

            3.5 Evaluation of FcγRIIIa and FcRn binding sites behavior

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-15-1429600-g002.jpg
A g Mieintion.
Cotuximats

o ik =

Cetuximats wio Fob aycosylation

ity

. A

Degrees

Cetuximab w/o Fab glycosylation

360°






OEBPS/Images/fimmu-15-1429600-g009.jpg
B

S| Cetuximab

E Cetuximab w/o Fab
glycosylation
Leu234-Leu23s
Cetuximab
D
Cetuximab w/o
== = = iy
[IMolecular surface [l Negative patch glycosylation

[ Hydrophobic patch [l Positive patch






OEBPS/Images/fimmu-15-1429600-g004.jpg





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-15-1429600-g007.jpg
A B Cetuximab

e

Negative Positive
comelation ‘comslation






OEBPS/Images/fimmu-15-1429600-g005.jpg
S S S— O






OEBPS/Images/M1.jpg
Ap= @, - @y





OEBPS/Images/fimmu-15-1429600-g001.jpg
Cetuximab
o] Yshaped o
i






