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Targeting the epidermal
growth factor receptor
using IgM antibodies:
toward next generation
cancer immunotherapy

Kamolrat Somboon?, Peter J. Bond** and Firdaus Samsudin™

Bioinformatics Institute (BIl), Agency for Science, Technology and Research (ASTAR),
Singapore, Singapore, 2Department of Biological Sciences, National University of Singapore,
Singapore, Singapore

Immunoglobulin G (IgG) monoclonal antibodies dominate current cancer
immunotherapy but face challenges including resistance development, limited
tumor penetration, and suboptimal avidity. In contrast, the pentameric or
hexameric architecture of immunoglobulin M (IgM) offers up to twelve
antigen-binding sites and potent complement activation, positioning IgM as a
promising next-generation therapeutic scaffold. Here, we present integrative
structural modeling and multiscale molecular dynamics simulations of IgM
versions of Cetuximab and Matuzumab targeting the epidermal growth factor
receptor (EGFR), a clinically validated oncogenic driver. Our analyses reveal that
IgM antibodies maintain a rigid, glycan-stabilized Fc core while their Fab domains
exhibit high mobility, enabling multivalent EGFR binding. Compared with 1gG,
IgM antibodies demonstrated enhanced binding avidity, prolonged receptor
engagement, and slower dissociation kinetics. These properties suggest
superior therapeutic durability and potential to overcome current limitations of
IgG-based therapies. By providing mechanistic insight into how IgM isotypes can
improve therapeutic engagement with tumor-associated antigens, our study
supports the development of IgM antibodies as a new class of
cancer immunotherapies.
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Introduction

Monoclonal antibodies (mAbs) have revolutionized cancer therapy by selectively
targeting antigens on cancer cells. This specificity allows mAbs to deliver cytotoxic
agents, mark cells for immune destruction, or inhibit growth signals, thereby limiting
tumor progression while minimizing damage to healthy tissues (1). Unlike traditional
therapies like chemotherapy and radiation, which can cause significant collateral damage,
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mAbs offer improved efficacy and fewer side effects (2).
Furthermore, mAbs can be engineered to enhance their immune-
mediated effects or to carry therapeutic agents directly to cancer
cells (3). While immunoglobulin (Ig) isotype G (IgG) antibodies are
widely used in cancer therapy for their longevity and ability to
activate immune responses (4), Ig isotype M (IgM) antibodies are
gaining attention. The pentameric or hexameric architecture of IgM
in principle allows for higher avidity due to multivalent antigen
binding and an enhanced ability to activate the complement system,
making it highly promising for cancer immunotherapy (5) (6) (7),..
Additionally, IgG therapies face challenges such as resistance
development, limited tumor penetration, and severe immune-
related adverse effects (8) (9) (10) underscoring the need for
novel alternatives like IgM, which could potentially overcome
these obstacles due to its distinct properties.

IgM represents the first-line antibody isotype expressed during
an immune reaction, serving an important role in the primary
immune response due to its strong antimicrobial properties and role
in activating the complement system (11) (12),. Structurally, IgM
antibodies can be configured into either pentamers or hexamers,
which are complexes of five or six subunits, respectively. These
subunits are linked by disulfide bridges, creating a stable,
multimeric complex (13) (14),. Each IgM subunit comprises four
polypeptide chains: two heavy chains and two light chains. The
heavy chains contain four constant domains (Cul, Cu2, Cu3, Cu4)
and one variable domain (VH) for antigen binding. The light chains
comprise one constant domain (CL) and a variable domain (VL).
Each variable domain (VH and VL) contains three
complementarity-determining regions (CDR1, CDR2, and CDR3),
which are hypervariable loops responsible for the exquisite
specificity and affinity of the antibody for its target antigen (15).
Importantly, the Cu2 domain in IgM replaces the hinge region
found in other antibody isotypes such as IgG, providing rotational
flexibility to the fragment antigen-binding (Fab) domains of these
heavy chains (16). This arrangement permits the antigen-binding
sites to adjust flexibly, crucial for the stable and simultaneous
binding of multiple antigens. IgM is typically organized in a
pentameric form, connected by a joining (J)-chain. This essential
short polypeptide not only stabilizes the structure but also facilitates
the polymerization of IgM molecules, significantly enhancing its
functional role in immune responses (17) (18).,. Although their
multimeric structure allows binding to multiple antigens
simultaneously, enhancing their effectiveness over IgG antibodies,
their complex structure presents challenges to researchers in
rational engineering due to the lack of available high-resolution
structural data.

One of the most attractive targets for cancer therapy is the
epidermal growth factor receptor (EGFR), which plays a crucial role
in cell proliferation and survival and is often overexpressed in
numerous cancers (19) (20) (21),,. Cetuximab and Matuzumab,
which target EGFR, have shown significant efficacy in treating
cancers such as colorectal cancer as well as head and neck
squamous cell carcinoma (22) (23),. Developing IgM versions of
these antibodies could enhance their therapeutic effects due to IgM’s
superior avidity and complement activation properties. Thus, the
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primary goal of this research is to develop and validate an accurate
structural model of IgM monoclonal antibodies for Cetuximab and
Matuzumab to explore their unique dynamics and receptor-binding
capabilities compared to their IgG counterparts.

In our previous work, we built a full-length IgM model that
demonstrated the potential of IgM antibodies in targeting cancer
antigens, specifically on the ability of Pertuzumab IgM to bind
multiple human epidermal growth factor receptor 2 (HER2)
simultaneously, thus enhancing its inhibitory effect compared to
IgG (24). In the current study, we present a more comprehensive
computational analysis of IgM monoclonal antibodies, particularly
on Cetuximab and Matuzumab targeting the EGFR. We refined our
full-length IgM model to include the recently published cryo-
electron microscopy (cryo-EM) structure of the human IgM
fragment crystallization (Fc) region in complex with the J-chain
(25) as well as N-glycans from glycomics studies (26) (27) (28) (29),
(30), thus enhancing biological relevance and functional accuracy.
We employed coarse-grained (CG) molecular dynamics (MD)
simulations and enhanced sampling methods to explore their
dynamic behavior and binding interactions under physiological
conditions. Our simulations revealed that Cetuximab and
Matuzumab IgM antibodies exhibit significantly enhanced
binding avidity and stability compared to their IgG counterparts.
Additionally, the refined IgM model demonstrated a more flexible
Fab region, which is crucial for effective multivalent binding and
improved therapeutic efficacy. Through this approach, our research
contributes significantly to antibody-based cancer therapies,
challenging existing treatment models and paving the way for
innovative next-generation antibody therapeutics.

Results

Conformational stability and dynamics of
integrative IgM models

We first built IgM models of Cetuximab and Matuzumab by
integrating data from the cryo-EM structure of human IgM Fc
pentamer in complex with the J-chain and the crystal structures of
the Fab domains, as well as glycomics data for the antibodies
(details in Materials and Methods) (Figure 1A). We subsequently
ran three replicates of 5 s coarse-grained (CG) MD simulations to
assess the stability of the models. Initially, we evaluated the
conformational stability of individual Ig domains within the IgM
models by calculating the average backbone root mean square
deviation (RMSD) of the Fab and Fc domains separately, relative
to their starting structures. Both domains exhibited low RMSD and
rapidly converged (~0.8 nm for the Fc domain and ~0.2 nm for the
Fab domain, as shown in Supplementary Figure 1), indicating
conformational stability with no intradomain structural changes,
as expected due to the elastic network models (ENMs) imposed to
maintain the protein folds. This is in agreement with our previous
CG simulations of IgM protomers, where individual Ig domains
remained stable due to disulphide bonds and the implementation of
ENMs (24).
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FIGURE 1
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Completing the IgM model contributes to enhancing the stability of the overall IgM structure. (A) CG model of glycosylated Cetuximab IgM. Heavy
chain in cyan; light chain in magenta; J-chain in orange; glycans in green. (B) The average root mean square deviation (RMSD) of the backbone
particles for Fc and Fab of Matuzumab (in black) and Cetuximab (in red) IgM is represented. The solid lines depict the mean values obtained from
three independent 5 s simulations, while the shaded regions denote the standard deviations. (C) The average number of contacts made by each
residue of the IgM with glycans from the simulations. The distance cut-off used for contact analysis is 0.6 nm. (D) Root mean square fluctuation
(RMSF) values for individual residues of Cetuximab IgM from a single 5 ps simulation depicted on the protein surface. (E) The first principal motion of
all Cetuximab backbone atoms from one of the 3 independent simulations was identified through principal component analysis (PCA), accounting

To explore the conformational dynamics of the entire IgM
structure, the average backbone RMSD values were next calculated
for the Fab and Fc domains, but after least-squares fitting to the
complete IgM structure. Overall, the RMSD values of both domains
rapidly converged within the first microsecond. Higher RMSD
values and fluctuations were observed in the Fab domains (RMSD
range ~2-4 nm), while the RMSD values of the Fc domain remained
at ~1 nm (Figure 1B). The significantly higher RMSD values on the
Fabs domains indicate that they are more mobile with respect to the
Fc domain. On the other hand, the Fc domain exhibited greater
rigidity, attributed to the presence of glycans on the Cu2, Cu3, and
Cp4 domains, which interacted predominantly with the Fc and
tailpiece regions (Figure 1C). This interaction further reduced
dynamics within the Fc domain, as confirmed by calculation of
the root mean square fluctuation (RMSF) patterns across the
protein (Figure 1D). Additionally, the presence of disulphide
bridges linking each subunit contributes to the rigidity of the Fc
region. These findings are in agreement with Principal Component
Analysis (PCA) conducted to detect significant, dominant motions
within IgM by characterizing the motion along the first eigenvector
for the protein backbone. PCA highlighted the higher flexibility of
the Fab domain compared to the Fc domain (Figure 1E;
Supplementary Figure 2). Overall, the conformational dynamics
observed in these IgM antibodies are consistent with our previous
simulations of Pertuzumab and Trastuzumab, which demonstrated
flexibility within the Fab region while maintaining rigidity in the Fc
region (24).

Frontiers in Immunology

Accessibility to the CDRs on IgM

Interestingly, we observed that the IgM Fabs experienced
decreased accessibility to the CDRs due to the crowdedness of the
Fab domains and their inherent flexibility. PCA calculations
unveiled significant mobility within the Fab domains, leading to
self-association with adjacent Fabs via non-specific, long-lived
interactions (Figure 1E). This inter-domain interaction effectively
limited access to the critical CDR, which is essential for antigen
recognition (Supplementary Figure 3). To further elucidate the
dynamics of the Fab domains and their impact on CDR
accessibility, we computed the accessible surface areas (ASAs) of
the CDR within each Fab domain from the unbound simulations.
The selection of a 3.5 nm probe size was guided by the estimated
dimensions of EGFR’s domain III, which binds to the antibody
(Figure 2A). We acknowledge that using a spherical probe will not
fully capture the anisotropy, inter-domain flexibility, or
conformational motions of the EGFR ECD. However, the probe
will allow for an approximate measurement of the Fab accessibility
to compare between the IgM and IgG isotypes. Notably, we found
that the average ASAs of Cetuximab and Matuzumab IgM Fab
domains were slightly lower than those of equivalent IgG isotypes
(~80 nm? and 60 nm? respectively) (Figure 2A). However, the
differences in ASA values between IgM and IgG are small and
within the error bars due to the dynamic nature of the Fab domain;
hence, the ASA differences caused by Fab-Fab interactions are
likely insignificant.
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FIGURE 2

The likelihood of simultaneous binding of EGFR to Cetuximab and Matuzumab IgM antibodies. (A). Top: The methodology used to estimate the
probe size for CDR Accessible Surface Area (ASA) calculations in the EGFR-Matuzumab complex. The cut-off radius was set based on half of the
maximum width (3.5 nm) of the EGFR binding domain. The crystal structure of the extracellular domain of EGFR from PDB:4UV7 was superimposed
on to the EGFR-Matuzumab complex (PDB: 3C09) to facilitate these calculations. Bottom: The comparison of CDR ASA values between the IgM
(red) and its IgG (black) counterparts. Average values calculated from all the analyzed Fabs are depicted with thick lines, while standard deviations are
represented by shaded areas. (B). Top: The crystal structure of the EGFR-Matuzumab complex (PDB: 3C09). The cut-off radius for analysis was
determined from the minimal width (1.8 nm) of the EGFR binding domain. This radius was subsequently used to calculate the distance distribution.
Bottom: The distance distribution between the center of mass of the CDR on the Fab domain and the nearest residue within the antibody structure.
The data represents different colors for each of the ten Fab domains. These results were derived from three independent simulations of each IgM
antibody. The dotted line marks the critical distance threshold required for EGFR binding.
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To exploit the large number of Fab domains in IgM, the Fab
domain must be able to accommodate simultaneous binding of
multiple receptors. To measure the likelihood of simultaneous
receptor binding, we measured the spatial requirements for
multiple binding based on the size of the EGFR ectodomain
(ECD). We calculated the distance distribution between the
center of mass (COM) of the CDR and the nearest Fab or Fc
domains sampled during our unbound simulations. We established
that a minimum distance of approximately 1.8 nm is required for
EGEFR binding (Figure 2B). Our unbound simulations spanned 5 ps,
with snapshots recorded every 1 ns, resulting in a total of 5,000
frames. Given that each IgM comprises ten Fabs, the cumulative
configurations from three independent runs totalled 150,000 Fab
configurations. The resulting distribution of distances is shown in
Figure 2B, providing valuable insights into the accessibility of the
CDR region for potential simultaneous EGFR binding. We found
that the average probabilities of EGFR simultaneous binding to the
CDR of Cetuximab and Matuzumab IgM from our simulations
were 90.62% and 93.01%, respectively. Despite the observed
decrease in CDR accessibility compared to the IgG counterparts
due to Fab-Fab interactions, the IgM Fab domains still exhibited a
high capacity to accommodate EGFR interaction due to the
dynamic nature of the Fab domains. For comparison, our
previous study showed that less than 5% of the conformations
sampled by Trastuzumab IgM in our CG simulations would allow
for simultaneous HER2 binding (24). Collectively, both Cetuximab
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and Matuzumab IgMs are still likely able to accommodate
simultaneous binding and have improved avidity compared to the
equivalent IgGs.

Simultaneous binding of EGFR to IgM

We next evaluated the avidity of these IgM models by modeling
the binding of Cetuximab and Matuzumab IgM to the EGFR ECD.
Structural alignment of each of the ten Fab domains in the IgM
pentamer with the crystal structures of the Fab domains bound to
EGEFR was performed (details in Materials and Methods section).
Despite Cetuximab and Matuzumab IgM binding to different
epitopes on EGFR ECD, our structural alignment indicated that
simultaneous binding of all ten Fab domains of the IgM pentamer
to multiple receptors is indeed feasible for both antibodies
(Figure 3A; Supplementary Figure 4). This finding is in contrast
with our previous study on Trastuzumab IgM, where simultaneous
binding of HER2 to multiple Fabs was not possible due to steric
clashes between the ECD of bound HER2 receptors with
neighboring Fab domains (24).

To evaluate the stability of simultaneous receptor binding, we
conducted CG MD simulations of the Cetuximab and Matuzumab
IgM pentameric models, with all ten Fab domains bound to the
EGFR ECD. Our analysis revealed stable binding between the two
IgMs and EGFR throughout the simulations. Similar to
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FIGURE 3

The binding of EGFRs to the Cetuximab and Matuzumab IgM. (A) Left: The alignment of ten EGFRs (colored in yellow and purple) onto the

Matuzumab IgM model. The alignment is based on the monomeric binding site, as described in a previous study (22) (23),. Heavy chains, light chains,
J-chains, and glycans are colored cyan, magenta, orange, and green, respectively. Ten EGFRs (colored in yellow and purple) were positioned onto
the Matuzumab IgM model based on the monomeric binding site, as reported previously. Right: Close-up images of a single subunit of Matuzumab
IgM with EGFRs bound. For clarity, the image displays only two EGFR units and one IgM. The IgM unit is shown in licorice representation, with the
heavy and light chains colored cyan and magenta, respectively. The EGFRs are depicted in surface representation, colored yellow and purple. (B) The
average RMSD of the backbone particles, aligned to the overall IgM backbone, for the Fc and Fab regions of Matuzumab (in black) and Cetuximab (in
red) antibodies. The solid lines illustrate the mean RMSD values derived from three independent simulations, each 5 microseconds in length. The
shaded areas around these lines indicate the standard deviations, showcasing the variability of the RMSD across the simulations. (C) The first motion
of all Matuzumab backbone atoms from one of the 3 independent bound simulations, as determined through PCA. The progression of the motion is
represented by a color gradient, starting from blue and transitioning through white to red. (D) The average of the minimum distance between the

Cetuximab IgM (red) and Matuzumab IgM (black).

centers of mass of the CDR region on each Fab and the bound EGFR. The data were obtained from three independent bound simulations of

observations for the IgM unbound systems, the intradomain
RMSDs stabilized after approximately 150 ns, indicating the
stability of individual Ig domains (Supplementary Figure 1).
However, when the simulated structures were least-square fitted
to the overall backbone of the initial IgM model, we observed
increased RMSD values and fluctuations in the Fab domains (range
of ~4-6 nm) and the Fc domains (range of ~2-3 nm), suggesting
heightened mobility compared to the unbound simulations
(Figure 3B). Intriguingly, despite the large distance between the
receptor binding epitope and the Fc region, we still observed an
increase in the RMSD of the Fc domain in the receptor-bound state
compared to the unbound state, suggesting potential allosteric
effects caused by receptor binding. Similar to the unbound
simulations, our PCA demonstrated significant mobility in the
bound Fab domains (Figure 3C). Remarkably, even with the
dynamic nature of the Fab domains, all antigens remained bound
to IgM throughout the simulations, as demonstrated by the stable
and low distance measured between the centers of mass of EGFR
and CDR of IgM throughout the 5 us simulations (Figure 3D).
These results highlight the robustness of simultaneous receptor
binding to the IgM antibodies.
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Binding affinity of EGFR to IgM

We hypothesized that the large number of Fab domains in IgM
enhances the probability of interaction with the EGFR ECD, and hence
should increase the overall effective binding affinity. To accurately
quantify the binding energies, we conducted potential of mean force
(PMF) calculations of EGFR binding to the IgM Cetuximab and
Matuzumab models within an umbrella sampling (US) framework.
The bound EGFR ECD was pulled away from the Fab domain using
steered MD simulations (Supplementary Figure 5). Subsequently, US
simulations were conducted along the dissociation pathway. We then
compared the PMF profiles to that from similar US simulations using
the equivalent IgGs. We observed higher binding affinities (~60 kJ/mol)
for Cetuximab and Matuzimab IgMs compared to their IgG
counterparts (~20-30 kJ/mol) (Figure 4A). Interestingly, the
convergence for PMF calculations using IgMs occurred at a distance
of approximately 5 nm away from the IgM, notably further than that
using the IgGs (~1.5 nm), suggesting more prolonged interactions
between EGFR and the IgMs.

Further analysis based on averaging the number of interactions
between the antibody and the EGFR in each US window revealed
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that both IgM variants engaged in a higher number of interactions
with the EGFR (Figure 4B), suggesting a slower dissociation rate
(Kog) of IgM binding to the EGFR in solution compared to IgG.
These findings highlight the unique binding characteristics of
Matuzumab and Cetuximab in their IgM isotype attributed to the
formation of more favorable contacts with the EGFR. Collectively,
these simulations agree with our hypothesis that the higher number
of Fabs in the IgM could increase binding avidity to EGFR, and
therefore be a more effective therapeutic option compared to the
IgG isotype.

Discussion

Our comprehensive study introduced newly developed models
of full-length IgM antibodies, specifically for Cetuximab and
Matuzumab, providing crucial insights into their conformational
dynamics and receptor-binding abilities. The findings revealed that
the IgM isotypes of these antibodies exhibit superior binding affinity
and stability compared to their IgG counterparts, highlighting their
promising therapeutic potential in cancer treatment.

Our refined IgM models, combining critical structural elements,
including elastic network models, N-glycans, as well as the tailpiece
and the J-chain structures, enhance the overall structural stability
while preserving the essential flexibility of the Fab regions. The use
of an elastic network in our CG model ensures that, despite the
reduced resolution of the model due to the substantial size and
complexity of the IgM, the antibody maintains its functional
conformation under physiological conditions. The overall
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structure aligns well with cryo-microscopy data (31) that depict a
planar Fc domain. However, incorporating the elastic network may
restrict significant conformational changes in the antibody, as we
observed no pronounced bending in the Fc region. This finding
contrasts with a previous study indicating distortions in the Fc
region, resulting in a dome-like shape (32).

Besides the rigidity introduced by the elastic network, the
presence of glycans at the five putative N-linked glycosylation
sites on the heavy chains and one on the tailpiece region
significantly stabilizes the dynamics of the Fc domain, mainly
affecting the Cp3, Cp4, and the tailpiece regions (30). This is due
to extensive glycan interactions with these areas of the Fc domain.
Prior wet-lab experiments and computational studies support the
idea that glycosylation reduces protein dynamics without causing
significant structural changes (33) (34) (35),.. Glycosylation also
plays a critical role in modulating antibody effector functions such
as antibody-dependent cellular cytotoxicity and complement
activation (36) (37),. However, these glycans might hinder the
ability of Cetuximab and Matuzumab to bind multiple EGFRs
due to prolonged interactions between the glycan positioned at
Cul, which is located between the Fab domains of adjacent IgM
subunits, and other glycans. Although this glycan did not form any
interactions with the CDR regions in our simulations due to its
considerable distance from the antigen-binding site, it could still
restrict the flexibility of the Fab domain, thereby affecting the
binding efficiency of IgM. Hence, while individual Fab domain
retains local conformational mobility, their global motions are
constrained by the IgM architecture, including the presence of
nearby N-glycans.
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The inclusion of the J-chain and tailpiece in our IgM models
significantly refine their structural and functional characteristics.
The J-chain links multiple monomers together, thereby enhancing
structural integrity (38). Simultaneously, the tailpiece expands the
functional scope of the Fc domain, providing a scaffold for
complement activation and interaction with Fc receptors (38)
(39),. More than just a structural extension, the tailpiece actively
increases the rigidity of the Fc domain. This modification allows the
Fab regions to move more independently and agilely, potentially
increasing the antibody’s binding affinity and versatility, thereby
enhancing its therapeutic efficacy.

Allosteric regulation plays a crucial role in antibody function by
modulating binding affinity and specificity, which are essential for
effective immune responses (40) (41) (42) (43). While previous
studies have explored allosteric interactions within IgG and IgA,
demonstrating potential communication between Fab and Fc
domains upon antigen binding (40) (41) (44) such mechanisms
in multimeric IgM remain less understood. Our research extends
these findings by examining how conformational changes
propagate through IgM structures upon interaction with antigens.
Specifically, we observed an increase in the RMSD values in both
Fab and Fc domains when bound to EGFRs compared to unbound
simulations, suggesting long-range dynamic structural adjustments.
Interestingly, the individual Fab domains exhibited independent
motion, not influencing the movement of adjacent domains,
corroborating findings from our previous multiscale simulation
study (24). Contrasting with earlier observations (24), the
increased RMSD values in the Fab and Fc domains, compared to
their unbound states, hint at potential allosteric interactions
mediated through the Fc region. However, the presence of an
elastic network and glycans may restrict these movements, as
previously discussed, potentially limiting the extent of
conformational changes necessary for effective allostery. This
study highlights the complex nature of allosteric regulation in
IgM and underscores the need for further investigations to fully
understand the mechanistic basis of its regulatory roles.

IgM monoclonal antibodies (mAbs) were among the earliest
antibody therapies tested in clinical trials (45). Recent research
shows that they are effective across various animal models,
including those involving primates (46) (47),. This research
highlights the increasing exploration of IgM for its distinct
qualities. Despite promising results in animal studies, IgM
antibodies have not progressed much to human trials for cancer
treatment (48) (49) (50) (51). This delay is mainly due to several
obstacles. Typically, these antibodies are derived from natural
sources and consist of germ-line gene sequences that lack
significant somatic mutations, leading to reduced affinity and
specificity (52). Moreover, the substantial size of IgM molecules
may impair their ability to penetrate tissues effectively, a
disadvantage compared to smaller antibodies like IgG or IgE. For
IgM-based therapies to move from laboratory settings to clinical
practice, signiﬁcant advancements in manufacturing processes,
thorough testing, and obtaining of regulatory approvals are
necessary. These steps are costly and time-consuming but
essential for successfully adopting IgM therapies in clinical settings.
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While our simulations demonstrate the strong avidity and
sustained receptor engagement of IgM, it is also important to
acknowledge a recognized limitation of IgM-based therapeutics:
their large molecular size. Pentameric IgM (~970 kDa) diffuses
more slowly through the dense extracellular matrix of solid tumors
than IgG, potentially restricting deep tissue penetration. Thus, the
same multivalency that enhances binding may also constrain tumor
accessibility. Engineering strategies, such as reduced-valency or
activation-dependent IgM formats, may help overcome these
limitations while preserving multivalent binding advantages.

The large size of IgM also limits the types of computational
studies that are feasible. An atomic-resolution simulation of IgM
bound to full-length EGFR ECD would contain tens of millions of
atoms, which is prohibitively expensive to perform. Thus, in this
study, the coarse-graining approach, which reduced the system size
to ~500k provides a practical framework for comparing the IgM to
the IgG isotype. We note that this approach resulted in the loss of
atomic-level interaction details such as hydrogen bonds or pi-
stacking interactions; however, the Martini CG forcefield has been
extensively used to study protein-protein interactions, especially for
larger systems (53) (54),. In our PMF calculations, we employed
only domain IIT of the EGFR ECD, which contains the epitopes for
Cetuximab and Matuzumab, to aid convergence. As such,
contributions of other domains would not be captured by our
PMEF calculation. However, due to the inter-domain flexibility and
the much larger size, longer simulations would have been required
for adequate conformational sampling to reach convergence in
PMF calculations if the full-length EGFR ECD was used.

As we explore the future of cancer therapy with IgM antibodies,
our recent simulation results further emphasize their potential. Our
results demonstrate that IgM can simultaneously bind to multiple
antigens on the surface of cancer cells, a capability not typically
observed with traditional IgG antibodies. This multivalent binding
could provide a significant advantage, potentially leading to more
robust and effective targeting of cancer cells (55). The ability of IgM
to engage multiple antigens simultaneously would enhance its
therapeutic efficacy and offer a stronger blockade against cancer
cell growth and proliferation. In the context of cetuximab
specifically, recent clinical evidence supports the biological
relevance of EGFR-directed antibody mechanisms, as cetuximab
has been shown to rapidly deplete tEGFR-engineered immune cells
in vivo, demonstrating potent EGFR-dependent activity (54). Our
findings are encouraging as they suggest that IgM antibodies could
outperform conventional IgG in certain therapeutic scenarios,
particularly in targeting cancers with high antigen variability or
density. This property of IgM could pave the way for developing
more potent and specific cancer treatments, marking a significant
step forward in the evolution of antibody-based therapies.

Conclusions

In conclusion, our computational study has successfully led to
development and refinement of a model for IgM antibodies,
particularly for Cetuximab and Matuzumab, providing valuable

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1733907
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Somboon et al.

insights into their conformational dynamics and enhanced
receptor-binding capabilities. In future, these findings will be
calibrated and tested in physiologically relevant model studies.
Thus, it is crucial to note the limitations of our current approach,
particularly the absence of modeling of IgM binding with full-length
EGFR within a realistic membrane environment. For example,
factors such as receptor density on cancer cell membranes, along
with cellular characteristics like membrane morphology and
undulations could influence the potential for multiple binding.
Addressing these aspects, alongside expanding the scope of our
simulations to capture more biologically accurate contexts,
represents a key priority for future studies. This underscores the
importance of refining our technique and expanding the scope of
our simulations in subsequent research. Moreover, the application
of our computational simulations in practical therapeutic contexts
still relies on in vivo experimentation and clinical trials. These
essential next steps will not only confirm the effectiveness and safety
of our modeled IgM antibodies but also facilitate their potential
clinical implementation. By shedding light on the conformational
dynamics and functional capacities of IgM antibodies, our research
makes a significant contribution to ongoing research in antibody-
based therapies, opening chances for treating various diseases,
particularly cancer.

Materials and methods

Integrative modeling of IgM antibodies in
an unbound state

The full-length IgM models for Cetuximab and Matuzumab
were built using structural data available in the PDB: i) the X-ray
crystal structures of Cetuximab and Matuzumab Fab bound to the
human EGFR extracellular domains (ECDs) (PDB: 1YY9 (56) and
3C09 (22), respectively), ii) the cryogenic electron microscopy
(cryo-EM) structure of the human IgM Fc pentamer (PDB:
6KXS) (25), and iii) the crystal structure of mouse Cu2 domain
(PDB: 4JVU) (57). A total of 10 full-length IgM pentamer models in
complex with the J-chain were constructed for each antibody. The
best models were selected based on having the fewest
Ramachandran outliers.

Integrative modeling of IgG antibodies in
an unbound state

Cetuximab and Matuzumab IgG models were constructed
based on the X-ray crystal structure of human IgGl-Fc
(PDB:5JII) (58) and their respective Fab domains described
above. The alignment of these domains onto the previously
reported crystal structure of a complete IgG2 antibody
(PDB:1IGT) (59) was performed using PyMOL (60).
Subsequently, Modeller (61) was utilized to introduce the missing
residues and linkers between the domains. Ten models for both
Cetuximab and Matuzumab IgGs were generated, with the models

Frontiers in Immunology

10.3389/fimmu.2025.1733907

exhibiting the fewest Ramachandran outliers chosen
for simulations.

Integrative modeling of IgM and IgG
antibodies in a bound state

To model the bound systems of IgM and IgG antibodies in
complex with the EGFR, we obtained the complete EGFR ECD
structure from a cryo-EM structure (PDB:7SYD) (62). The ECDs of
EGEFR were aligned with our pre-selected models of IgM and IgG, as
mentioned above. This alignment was performed using PyMOL
based on the crystal structures of the Fab segments of the two
antibodies bound to the human EGFR ECDs described above.

Equilibrium coarse-grained molecular
dynamics simulations

We conducted coarse-grained (CG) molecular dynamics (MD)
simulations on the chosen antibody models using GROMACS 2018
(www.gromacs.org) (63). CG models were generated using the
Martini 2.2 force field enhanced by the EINeDyn elastic network
(64) (65), to maintain the secondary and tertiary structure. We then
introduced glycan molecules using the extended Martini 2.2
parameter for N-glycans (66). Based on glycomics data, for the
IgG models, Cetuximab and Matuzumab heavy chains each
received two core-fucosylated complex glycans: one at the Fab
domain and the other at the Fc domain (26) (27) (28) (29). The
IgM models were modified to include four glycans per monomer:
one core-fucosylated complex glycan at Cu2, one core-fucosylated
complex glycan and one high-mannose oligosaccharide at Cu3, and
one high-mannose oligosaccharide at the tailpiece, with an
additional a high-mannose oligosaccharide on the J-chain (67).
Following glycosylation, we solvated the proteins with the standard
Martini water model and 0.15 M Na+ and Cl- ions to mimic
physiological conditions. To resolve any steric clashes, we
performed energy minimization for 5,000 steps using the steepest
descent method. A 100 ns equilibration simulation was then
performed with protein backbone atoms restrained using a force
constant of 1,000 kJ mol™ nm2. We maintained a temperature of
310 K with a velocity-rescaling thermostat (68) and a pressure of 1
atm with a Berendsen barostat (69), each set to time constants of 1
ps and 5 ps, respectively. For the production runs, three 5 ps
independent simulations were performed for each antibody model,
varying initial velocities. The pressure of the system was maintained
by a Parrinello-Rahman barostat (12 ps time constant) (70), and the
temperature was controlled using a similar thermostat as the
equilibration phase. We truncated non-bonded and short-range
electrostatic interactions at 1.1 nm using a potential shift Verlet cut-
off, while long-range electrostatics were handled by the reaction
field method. A summary of all production runs is shown in
Supplementary Table 1. Analysis was performed using the
GROMACS package. Molecular visualization was created with
PyMOL (60) and Visual molecular dynamics (VMD) software (71).
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PMF calculation of EGFR binding to IgM
and IgG

US simulations were utilized to examine the potential energy
across the binding pathway between the antibodies and the EGFR.
We focused these simulations along the z-axis, which is the
principal axis of the IgM model, and limited our sampling to
domain III of EGFR to help reach convergence within the
timescale of our simulations. For initial setup, we positioned this
EGFR domain IIT on the fifth Fab of both Cetuximab and
Matuzumab IgMs (Supplementary Figure 5), using structural
alignment to PDB 1YY9 (56) and 3C09 (22), respectively. Each
system was solvated and added ions followed by a 100 ns
equilibration simulation using the same parameters described
above. We then performed constant velocity pulling simulations
along the y-axis to generate initial inputs for US MD simulations. A
harmonic spring with a force constant of 1,000 kJ mol™? nm™ was
applied to the center of mass of the EGFR. This setup was pulled at a
rate of 0.5 nm/ns for 100 ns. Snapshots along the y-directions were
then selected as US windows with an equal separation of 0.1 nm
between windows (from 0 to 8 nm). Each US window underwent a
500 ns MD simulation, applying a harmonic bias potential with a
1,000 kJ mol! nm? force constant on the center of mass of the
substrates along the y-axis, without any restraints in the x- and z-
planes. To assess adequate sampling, we evaluated the overlap of
histogram profiles visually, as depicted in Supplementary Figure 6.
We calculated the potential of mean force (PMF) profiles using the
Weighted Histogram Analysis Method (WHAM) (72) as
implemented in GROMACS. Additionally, we estimated the
correlation time for each simulation window and calculated the
Bayesian bootstrapping error of each PMF using the built-in
GROMACS tools (73). The PMF profiles are presented in
Figure 4. For PMF calculations of EGFR binding to the IgGs, we
similarly placed domain IIT of EGFR at the initial position on the
first Fab domain (Supplementary Figure 5). The same parameters as
in the IgM simulations were applied, except for the harmonic bias
potential that was applied along the x-axis instead of the y-axis.
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SUPPLEMENTARY TABLE 1
List of all production simulations

SUPPLEMENTARY FIGURE 1

RMSD Profiles for Matuzumab and Cetuximab IgM in Bound and Unbound
States. The average RMSD of the backbone particles for Fc and Fab domains
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of Matuzumab (in black) and Cetuximab (in red) IgM after least square fitting
to the individual domain. The solid lines depict the mean values obtained from
three independent 5 ps simulations, while the shaded regions denote the
standard deviations. Results from unbound simulations are shown on the left,
while bound simulation results are displayed on the right.

SUPPLEMENTARY FIGURE 2

Dominant Motions in Matuzumab and Cetuximab Systems Revealed by PCA.
Porcupine plots of the first eigenvector are shown for three independent
repeats of Matuzumab (top row) and Cetuximab (bottom row). Analysis was
based on backbone atoms. Arrows indicate the direction of the principal
motion (from thick to thin cones), and the color gradient (blue — green —
red) represents increasing displacement, with red highlighting the regions
undergoing the greatest conformational change.

SUPPLEMENTARY FIGURE 3

Fab-Fab Interaction May Induce Steric Hindrance That Can Prevent
Simultaneous Fab—EGFR Binding. Left: Representative top-cluster structure
(accounting for 65.7% of the total sampled configurations) derived from one
of the Cetuximab simulations conducted without the antigen. All
components are shown in surface representation, with the IgM subunit in
cyan, the glycan residues in green, and the CDR and EGFR in magenta and
yellow, respectively. Right: A zoom-in view of the first Fab domain of the IgM
subunit bound to an EGFR monomer. Red circles highlight steric clashes
between the exposed EGFR domain and the adjacent Fab region, thereby
preventing the simultaneous binding of both Fab domains to the antigens.
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